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Preface

Despite great interest in � and large
expenditures for � estuarine water quality
and fisheries management, there have not
been evaluations of the long-terxn trends in
conditions ofxnostof our estuaries. Conse-
quently, little is known about the effective-
ness of past and present management
programs.

This is one of several products of a
study of long-t.erxn trends in water quality
and fishery resources in three important
U.S. estuaries: 1! Narragansett Bay, Rhode
Island, 2! the Albemarle-Paml,ico Sound
systexn in North Carolina, and 3! Galveston
Bay, Texas. The project had four specific
objectives:

1. To document long-term trends in
water quality and, where possible, identify
causes, consequences and significance.

2. To assess whether problems are
sixnilar or unique to each estuary.

3. To assess whether progress is being
made in improving conditions in water
quality and fishery resources and whether
there are examples of success that would
be useful for estuarine xnanagers and
researchers elsewhere.

4. To glean examples of the useful i nte-
gration of research and policy.

The three estuaries chosen for this
study have sufficient long-term data to
permit trend analyses and inter-estuarine
comparisons. In two of them, monitoring
prograxns have been carried out for at least
two decades. The Texas Department of
Health and the Texas Water Commission
and its predecessors, the Water Quality
Board and the Department of Water Re-
sources, have been monitoring dissolved
oxygen, nutrients, metals and bacteria at

many stations in Galveston Bay and along
the Houston Ship Channel since the late
1960s. Likewise, there is a twenty-five
year record of water quality froxn 20-80
stations in the Paxnlico River Estuary in
North Carolina, In the third estuary,
Narragansett Bay, no routine monitoring
program has been carried out, but enough
independent studies have incorporated
water quality parameters to permit con-
struction of a comparable long-terin data
set. In addition to water quality data
bases, there are catch statistics and records
of management efforts for important
fisheries in each bay.

These estuaries are characterized by a
range of pollution problexns, some of which
are unique to each, while others are shared
by all. Narragansett Bay and Galveston
Bay represent heavily industrialized, urban
estuaries with a long history of pollution.
They are subjected to intense port and
shipping activities, massive indus trial dis-
charges and xnajor domestic sewage load-
ings from urbanized centers of population:
Houston in Galveston Bay;and Providence,
Central Falls and East Providence in Nar-
ragansett Bay. In contrast, the Albemarle-
Pamlico Sound system is a relatively un-
developed estuary without major shipping
lanes, industrial activity or a denselyurban-
ized coastline. Instead, it is characterized
by extensive wetlands along its shoreline
with agriculture and forests as the xnajor
land use types within its watershed. Yet it
also is perceived as having a history of
water quality problexns.

This is one of three separate � but
comparable � reports that have been pre-
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role in managing the bay, Also, Kirk Wi]es
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Chapter 1

Profile of the Galveston Bay System

In the short run, the bay's deterioration is
a direct benefit to many, butits protection
is a recognizable value to relatively few.
For one thing, the bay exists at some
remove from the daily lives of most
Houstonians, Because it lacks the constant
proximi ty and the visual splendor of a San
Francisco Bay or a Puget Sound, it is easy
to ignore, Its waters bear a close
resemblance to cafe au lait. Its flat and
timbered shorelines lack dramatic views

and escarpments. Consequently, the casual
visitor is not likely to leave his heart in
Galveston Bay or even consider u, on the
visual evidence alone, a resource worth
saving.

Smith �972!

It is not the purpose of this chapter to
provide a thorough description of the
physics, chemistry, and biology of the
Galveston Bay system. Rather, it is a brief
sketch intended to focus the reader's at ten-
tion on the features of the bay which are
most relevant to the water quality and
fisheries data that will be presented later.
Several more comprehensive reports on
the ecology of the bay are available. One is
the U,S, Fish and Wildlife Service Biological
Services Program summary of environ-
mental literature entitled Texas Barrier
Islands Region Ecological Characterization;
Environmental Synthesis Papers authored
by Shew et a]. �981!. Other useful Fish
and Wildlife Service products include An
Annotated Bibliography of the Fish and
Wildlife Resources of Galveston Bay by
Christman et al. �978!, and the GulfCoast
Ecological Inventory; User's Guide and
InformationBaseby Beccasioet al. �982!.
Another iinportant source is Armstrong's
�987! report on The Ecology of Open-Bay
Bottoms of Texas: A Community Profile. It
is particularly valuable because it provides
comparisons between Galveston Bay and
other Texas estuaries. Finally, the
Galveston National Estuary Program, be-
gun in 1989, has provided a number of
technical repor ts and other documents. All
publications from this program, as well as
many other published and unpublished
works concerning the Bay, can be found at
the Galveston Bay Information Center.
The Center is located at the Jack K.
Williams Library on the Galveston Texas
ARM campus.

The Physical Environment
The Galveston Bay system  sometimes

referred to as the Trinity-San Jacinto estu-
ary! covers about 1,430 square kilometers
and includes East Bay, Galveston Bay,
Trinity Bay, West Bay and several smaller
bays  Figure 1.1!. The gentle slope of the
coastal area of southeast Texas continues
through the estuaries; thus, they tend tobe
very shal low. Trinity and upper Galveston
bays average 1.6 m in depth while lower
Galveston Bay averages 2 m with areas up
to 4m. The contiguous East and West bays
are even shallower, averagingslightly more
tha n 1 rn in depth. Bolivar Roads, the main
tidal channel through the barrier islands,
normally has depths exceeding 10 m.
Depths in the dredged channels range up
to 12 m  Texas Department of Water
Resources 1981a!.
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Profile of the Galveston Bay System

Geological Origin anci Evolutior!
The present estuaries along the Texas

coast had their beginnings during the last
major glacial epoch, about 30,000 years
ago. During that period, sea level is esti-
mated to have dropped more than 50
mete17!, and the coastline moved some 80
km seaward of its present day location.
Then, between 18,000 and 4,500 years
ago, the ice retreated. Sea level rose, and
large barrier islands were deposited as the
Trinity and San Jacinto rivers continued
to lneander through the river plain. As the
sea level rose and thebarrier islands formed,
the river valleys were filled with water,
creating Galveston Bay and other nearby
estuaries. Since then, depositional pro-
cesses have continued, and the bays have
become more shallow. Wind and water
forces have continually changed thebarrier
islands, the tidal deltas, and the bottom
features of the bay  Fisher et al. 1972!.

In 1979 wetlands associated with the
Galveston Bay estuary consisted of 35.5
km' of forested wetlands, 146.6 km' of
freshwater marsh, 473.5 km'of salt marsh,
and a nuinber of freshwater ponds and
lakes totaling 91.4 kmt  King et al. 1986!.
Land subsidence, resulting from excessive
groundwater withdrawals and from with-
drawal of shallow oil deposits, has been
occurring in the Galveston Bay area since
the early part of this century. The City of
Houston and the Texas City area have
experienced subsidence of nearly 122 cm,
while other areas around the bay have
undergone as lnuch as 244 cm of subsid-
ence  Texas Water Quality Board 1975b;
Fisher et al. 1972!. Between surveys in
1956and 1979, Galveston Bay lost approx-
imately 16%of its marshes and anestiinat-
ed 95% of its submerged vegetation. The
problem of wetland loss will be exacer-
bated in the future due to continuing sub-
sidence of coastal areas and to sea level
rise.  Sheridan et al. 1988!.

Table 1.1. Hydrokgie data for Galveston Buy
 Armstrong 1987!. Values are cwerages for ttte
perrod 1941-1 976.

Pumeur
of eau I SufenmuePu rurueee Value

A. Drainage Area
'ninity
San Jacinto
Coaetat
Total

46,640 hm~
10,230 hmt
2,028 kmr

68,798 kmt

79.15
17,40
3,46

100.00

B, Snrface area
Trinity Bay
Gatvceton Bay
East Bay
Weet Bay
Total

30,686 ha
53,016 ha
17,685 ha
27,80S ha

1MI089 ha

27.08
39.26
1S,09
20.58

10L00

C. Vohnne
Trinity Bay
Galveeton Bay
Eeet Bay
Wmt Bay
ToM

.687 km' 23,60
1311 hm* 4504
,224 kme 7,89
,689 hme 23,67

2.911 kme 100 00

D. Average Depth 2.1 rn 2

E, precipitation onto
Eatuary Snrface 1S4.80 cm/yr'

1.93 hm'/yr'

E'. Evaporation from
Eetnary Snrface 118.80 cm/yr'

1.70 km'/yr4

G. Gagert insowe �4,2M laa'!
Trinity basin 6.61 kme/yr' 79.15
San Jacintobaain 1.97 km'/yr' 17,40
San Jacinto-Brasee 0.13 hm~/yr' 3.45
Total 8.71 km~/yr' 10L00

H, Ungagad inttowe  8,876 km !
S.1S hmr/yr'

I. Net inflow � = G t H + E - F!
12.29 ha~/yr '

'Hctetetter �977!
tArmetrong �987!
Penal De~t af Water Reeonrcee �981!

Climate
Galveston Bay lies in the climatic zone

classified as subtropical, characterized as
having hulnid weather with warm suln-
mers. The clilnate is also predominantly
lnarine because of the proximity Of the Gulf
of Mexico. Polar Canadian air masses
frequent the basin in winter causing brief
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s headwaters in southeastern
County, Texas, the West Fork

River flows in a southeasterlydirec-
ts confluence with the Clear Fork

River near downtown Fort Worth.

re, the WestForkTrinitycontinues
erally easterly direction until its

with the Elm Fork Trinity River in
em part of the city of Dallas. At
nt, the Trinity River begins and
a southeasterly direction to Trinity
gure 1.2!. The river is about
5 km, dropping some 381 m froxn
o xnouth.
985 t here were a total of 37 xnajor
rs within the Galveston Bay water-
able 1.2!. All but 4 of the 29
rs on the Trinity River are located

pperhalfofthe basin, in the Dallas-
rth area. Lake Livingston is the

reservoir in the basin and is the

e on the main stem of the Trinity
n Dallas and Galveston Bay. There
major natural lakes in the basin
1985; Texas Departxnent of Water
es 1981a!. There are several other
rs in various stages of planning or
ction in the Trinity Basin. The

Figure 12. Map of Wi nity Ri Uer
Basin, From Warahatu �975!.
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environmentallitigation Wurbs 19S5;U.S.
Army Corps of Engineers 1988!.

The San Jacinto River basin has a
much smaller drainage area � 10,230
km'. Emptying into the Houston Ship

most controversial is the Wallisville Reser-
voir, which would dam the Trinity just
upstream from its mouth. Construction of
Wallisville Reservoir was halted in 1973,
when it was about 75% completed, due to

Tahle ld. Major reserUoirs in. the Galveston Bay basin  Wurbs 1985; Texas Department of
Water Resources 1981; Corps of Engineers 1988!. "R" = Recreation; 'Ms = Municipal Water
Supply; "P" = Steam-Electric Power; "A" = Agricultural Water Supply; "Mi " = Water Supply for
Mining' "F" = Flood ControL

SurfaCe Total
Year area capacity

Uses Built  acres!  acre-ft!Owns aeratorName

1965
1934
1963
1952
1986
1965
1952
1968
1966
1953
1954
1987
1968

Trinity-San Jacinto Coastal Basin
Cedar Bayou Hauetan Power and Light 1972 2,600 20,000

San Jactnto River Basin
Shekk n Texas Parks it Wi!dlife
Lewis Creek Gulf States Utilitiee
Houston City of Haueton
Addicke Carpe of Engineers
Barker Carps of Engineers
Conroe San Jecinto River Authority

5,420
16,4GO

140,520
204,500
207,000
429,800

R
I
M~R,Mi
F
F
M,Mi

1943 1,700
1969 1,010
1954 12,240
1948 220
1945 220
1973 20 980

San Jactnto-Braxoa Coastal Basin
Galvswton County Galveston County 1949 810 7,310M,I

Trinity River Basin
Kiowa Lake Kiowa, Inc.
Halbert City of Corcicana
Trinidad Texas Povrer and Light
Terrsll City City of Terrell
White Rock City of Dallas
Waxsnachie Ellis County
North Dallas Poser snd Light
Weatherford City of Westherfonl
Houston County Houston County
Forest Grave Texas Utilities Service
Mountain Creek Dallas Power snd Light
Amon G. Carter City of Bowie
Anahuac Chambers  b Liberty Cas. Navigation District
Worth City of Fo* worth
Arlington City of Arlington
FairfieM industrie l Ge aerating 8 erv ice
Wallie ville Carpe of Engineers
Bard well Corps of Engineers
Eagle Mountain Tsrrsut County
Navarru MS!e Corps of Engineers
Benbrsok Corps of Engineers
Joe Peal Corps of Engineers
Bridgeport Tsrrsnt County
Grapevine Corps of Engineers
Ray Hubbard City of Dsllse
Cedar Creek Tsrrsnt County
Leven Corps of Engineers
isswisville Corps of Engineers
Ray Roberts Corps of Engineers
Livingston City of Houston, Trinity River Authority

R
M,R
P
M,R
R
M
P
M
M
P
P
M
~i
M
M
p
M,R
F,M,R
MQ
F,M,R
F,M,R
F,M,R
M
FPI,R
M
M
F,M,R
F,M,R
F,M,R
M*R

1968
1921
1925
1966
1910
1966
1957
1967
1966
1937
1937
1956
1914
1914
1967
1969

660
660
740
630

1,120
690
800

1,210
1,280
2,710
2,710

20,050
5,3GG
S,560
2,270
2,350

19,700
6,040
9,200

11,700
7,630
7,470

33,750
12,740
22,740
33,750
29,460
39,080
S6,900
82,600

7,000
'7,420
7,460
8.710

10,740
13,500
17,000
19,470
19,500
22,840
22,840
29, GGG
35,300
38,130
46,710
60,600
58,000

137,060
190,300
206,200
268,600
304,000
386,420
426,500
490,000
679,2OO
748,200
981,8GG

1,064>600
1,750.000
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Channel about 14.48 km above Morgan' s
Point, the San Jacinto depends for its flow
almost entirely upon overflow at the dam
on Lake Houston, which is the principal
water supply reservoir for the City of
Houston, During a year of unusually low
rainfall, such overflow is negligible. On the
other hand, in a wet year overflow from
Lake Houston provides over 60% of the
total freshwater inflow into the ship channel
 Texas Water Quality Board 1975b!.

While the San Jacinto is generally the
most iinportant source of freshwater to the
lower Houston Ship Channel, the principal
source ofinflowto the upperchannel during
dry periods is wastewater discharge. This
is primarily because of the sinall watershed
of Buffalo Bayou, the lower reach of which
was widened and deepened in the early
partof this century to form the ship channel.
The wastewater input voluine does not
fluctuate much seasonally  Texas Water
Quality Board 1975b!. When freshwater
inflow is moderate to high, there is well
defined salinity stratification in the con-
fined portion of the ship channel. When
inflow is low, mixing tends to be more
complete due to tidal action  Texas Water
Quality Board 1977!.

Smaller coastal drainage areas also
contribute freshwater to the bay system.
One ofthese, theweches-Trinity, is bounded
on the east by the drainage of Oyster
Bayou. Two others are the Trinity-San
Jacinto and San Jacinto-Brazos coastal
basins. In total, these coastal drainages
encompass about 2,000 km~.

Galveston Bay receives the largest
amount of freshwater inflowof all the bays
along the Texas coast, in part because the
drainage areas lie in the easter n part of the
state where precipitation is much greater
than farther west. Annual rainfall amounts

diininish 10 mm for every 9.6 km as one
moves east to west across Texas  Armstrong
1987!. The combined annual freshwater
inflow to the bay from all drainage areas
averages 11.61 km' per year  Table 1.1!.

About 78% of this is from the Trinity River
Basin. The peak freshwater influx normally
corresponds with spring rains and usually
over 70% of the total annual inflow occurs
between January and June  Shew et al.
1981!. The seasonal variability is much
greater for the Trinity than for the San
Jacinto, because withdrawals from Lake
Houston by the City of Houston tend to
dampen oscillations in the San Jacinto's
natural flow pattern. Major iinpacts from
the spring peak inflows from the Trinity
include overbank fiooding of marsh areas,
extension and building of bay head and
oceanic deltas, flushing of the bays, and
reduction of salinities  Texas Department
of Water Resources 1982b!.

In addition to the overland runoff, there
is an additional input of 1.93 kin'eachyear
from precipitation directly onto the bay
and an evaporative loss of 1.7 km'. Thus,
the net inflow  combined in flows + precipi-
tation - evaporation! amounts to approxi-
mately 12.3 km'/year. This amounts to an
average basin areal yield of 2,256 m'/ha
 Armstrong 1987!.

Tidal Exchange, Circulation and
F/using

Three inlets connect the Galveston Bay
system with the Gulf of Mexico  Figure
1.1!. Two are natural tidal inlets: San Luis
Pass between Follets Island and Galveston
Island, and Bolivar Roads between
Galveston Island and Bolivar Peninsula.
Rollover Pass, dugacross the base of Bolivar
Peninsula in 1955, connects East Bay and
the Gulf. Approximately 80% of the tidal
exchange in the Galveston Bay system
occurs through Bolivar Roads. Less than
20% of the tidal exchange occurs through
the San Luis Pass, and Rollover Pass ex-
changes less than 1% of the flow carried by
Bolivar Roads  Shew et al. 1981!.

Normal lunar tidal range averages 40
cm in lower Galveston Bay, decreasing to
approximately30cm in East, West, Trinity,
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and upper Galves ton bays, Since the lunar
tide range is small, the effect of wind is
proportionately large in comparison to other
estuaries with larger lunar tides. Thus,
observed water level fluctuations in the
bay depend a great deal on the wind tide
amplitude and on whether the lunar and
wind tides are in or out of phase with one
another  Shewet al. 1981!. Because of the
shallow depths throughout the estuary,
wind can play a major role in the generation
of waves and longshore currents. Thus,
wind is a major factor inAuencing erosion,
accretion and other changes in shoreline
configurations  Texas DepartmentofWater
Besources 1982b!.

An analysis of net circulation patterns
 simulated by a tidal hydrrwlynamic inodel!
by the Texas Department of Water Re-
sources �982b! indicated that the dominant
circulation in Galveston Bay is a net move-
ment of water along the Houston Ship
Channel. Shifting winds associated with
the higher incidence and greater intensity
of weather fronts during the winter in-
creases flushing in Galveston Bay, in corn-
parison to summer months when the winds
are more unidirectional. The circulation
patterns in Trinity, East and West bays
are generally dominated by internal circu-
lation currents. East Bay has compara-
tively poor circulation because of its align-
ment perpendicularr to the prevailing winds
and limited tidal exchange with the Gulf
 Shew et al. 1981!. West Bay, aligned
similarly to East Bay, nevertheless prob-
ably has better circulation and flushing
due to greater volumes of tidal exchange
through Bolivar Roads and San Luis Pass
 Espey, Huston and Associates 1978!.
Armstrong �982!, using the single layer
model calculation, estimated the average
freshwater residence time of Galveston
Bay to be 40 days.

Salinity and Temperature
Mean salinity in the Galveston Bay

complex is around 17 ppt  Martinez 1975!,

but is highly variable, both spatially and
temporally. Trinity Bay is generally the
least saline area because of the Trinity
River's outflow. Salinity along the western
part of Galveston Bay is typically higher
than on t,he east, because of the Trinity
River inflow from the east and because of
the partial barrier formed by the dredge
spoil along the Houston Ship Channel
 Espey, Huston and Associates 1978!. The
ship channel is the primary path for salinity
intrusion into upper Galveston Bay. While
vertical stratification is generally absent
in the bay, the ship channel and other
dredged channels are exceptions. In West
Bay, salinity gradients are generally small
due to the low freshwater input and the
large exchange with the Gulf of Mexico at
either end  Espey, Huston and Associates
1978!. In East Bay, the major flow of
freshwater is from the east, so that the
salinity gradient is from east to west  low
to high!  Shewet al. 1981!. Salinity usually
fluctuates with time as a result of fresh-
water inflows that vary by several orders
ofrnagnitude. In a typical year, the seasonal
average salinity range is approximately 11
ppt  Martinez 1975!.

Mean water temperature for the entire
bay complex averages about 22 C. Season-
ally, water temperatures closely followthe
seasonal change in air temperature. The
monthly average minimums typically occur
between December and February  approxi-
mately 12K!, and the maximum occurs in
August or September approximately 2&6!
 Shew et al. 1981!. At any given time,
water temperatures differ as much as 8'C
within the bay. The lowest temperatures
are usually near the mouth of the Trinity
River while the highest are in the protected
embayinents near shore during low river
inflow. Vertical temperature gradients
are normally negligible in all areas of the
bays except in the dredged channels, where
they may be quite pronounced  Espey,
Huston and Associates 1978!.
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Figure 18. Population
and land area distribu-
tion �987! in the
Galveston Bay watershed.
Data from The Texas
Almanac �988!.

Principal Uses
The rise of the Houston metropolitan

area as a major population and industrial
center hasbeen a fairly recent development;
most of its growth has taken place in the
last 60 years. One hundred years ago, the
four-county region surrounding the bay
had less than 80,000 inhabitants. Galves-
ton, not Houston, was the center of shipping
and commerce of southeast Texas, And
cotton, not petrochemicals, was the major
commodity  Texas Water Quality Board
1975b!,

Much of the growth and development of
the Houston area is attributable to the
completion of the Houston Ship Channel in
1914, in combination with the discovery of
oil in the region by the 1920s, The channel
perxnitted ocean-going vessels to traverse
the shallow Galveston Bay all the way to
Houston, resultingin a tremendousupsurge
in new industrial growth in Houston. Hous-
ton soon replaced Galveston as the center
of coxnxnercial and industrial activity.
Galveston Island and its beaches have
since developed into an important tourist
area  Texas Water Quality Board 1975b!.

By 1930, over 80% of the ocean-going
tonnage froxn the Port of Houston was in
the forxn of oil and related chemicals. By
this time, many large oil companies had
established their offices in the area, and
refineries were well developed along the

upper channel. Other chemical and steel
industries developed in the region during
World War II, so that by 1948 Texas was
sixth in the nation in chexnical production.
It has subsequently risen to first place
 Texas Water Quality Board 1975b!.

Population Distribution
Population distribution is extrexnely

uneven across the Galveston Bay water-
shed. Out of 43 counties lying wholly or
partly in the basin, just three  Harris,
Tarrant and Dallas! contain nearly 80% of
the total basin population. Put another
way, 80% of the basin population lives on
only 16% of the basin land area in these
three counties  Figure 1.3!. These counties
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Figure 1.4, Population Growth in the
Galveston Bay area since l850. "Bay Area"
includes Chambers, Harris, Galveston, and
Brazoria counties. Data are frown Androit
�983! and The Texas Almanac �988!,



Table 1.3. Galveston Bay commercial landi ngsnztch composition �982-1986averages!,
Data are from Osburn et aL �987!.

%of
shellfish

catch

%of
finfish
catch

%of
total
catchlbeSpecies

4.9
1.3
0.9
0.8
0,6
0.2
0,6
0.5

256,190
68,086
49,066
40,271
31,793
12,456
28,092
26,427

564,792
150,100
108,171
88,780
70,090
27,460
61,931
68,260

Finfish
1. Flounder
2. Black Drum
S. Mu get
4, Sheepshead
6. Croaker
6,Other Food Fish
7, For Bait, Reduction

and Animal Food

26.6
19,1
15.7
12.4
4.9

11.0
10,3

95 1
16.0
33.8
16.4

Shellfish
1. Blue Crabs
2. Oysters
3,Brown and

Pink Shrimp
4. White Shrimp

4,952,152
836,412

1,760,331
852,079

10,917,440
1,841,300
3,880,800
1,878,480

16.9
366
17 2

30.428.93,316,860 1,504,628
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are the centers of the two largest urban
areas in Texas: 1! Houston Harris County!,
situated at the upper end of Galveston
Bay, and 2! Dallas-Fort Worth  Dallas and
Tarrant Counties!, located some 643.6 km
up the Trinity River. The Dallas-Fort
Worth area is known as the Metroplex.

Houston is the 9th largest metropolitan
area in the United States  as of 1986! and
was the fastest growing in the late 1970s
andearly 1980s  Texas Water Commission
1988b!. The region has exhibited boom-
town characteristics over most of the past
5 decades  Figure 1,4!. In 1985 over 3.2
million people lived in the four counties
surrounding the bay  Chambers, Brazori a,
Galveston and Harris!. The majority �.8
million! were concentrated alongthenorth-
west shore of the bay in Harris County,
which is dominated by Houston, the most
populous Texas City, and fourtth in the
U.S,, with 1.7 million persons in 1985
 Texas Almanac 1988!.

Houston's population gains during the
1970s and early 1980s were remarkable,
Growth between 1970 and 1980 averaged
3.7% annually, and between 1980 and

1982 Houston's population grew at by an
incredible 12%. Since 1982, however,
population growth has slowed considerably.
Migration has accounted for a large part of
the population changes in the Houston
area duringthe past several decades Texas
Abnanac 1988!.

The eastern shore of Galveston Bay is
far less intensely developed than the
western shore. Chambers County, which
surrounds most of Trinity Bay, is primarily
agricultural, with extensive rice and row-
crop farmlands, cattle range, and timber.
The 1985 population of this county was
only about 19,000.

Industry and the Port of Houston
The production of oil, natural gas, and

petrochemical products  e.g., plastics! dorni-
nates the Houston area economy. Nearly
one-half of the total chemical production in
the U.S. takes place in the four-county
area surrounding the bay. More than 500
chemicals are produced there, including
55% and 34% of the total polypropylene
andpolyethyleneproduction, respectively.
Thirty percent of the total U.S. petroleum
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Figure 1.5. Major
categories of cargo trans-
ported on the Houston
Ship Channel in 1984.
Data are from U.B. Army
Corps of Engi neers'
annual reports of Water-
borne Commerce in the
United States.
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Figure 1.6. Composition ofcatch, as numbers
of fTsh caught, by Galveston Bay recreational
furhermen  aueraged for 1974-1986' perusal!.
Data are from Osburn and Ferguson �986!
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industry is located adjacent to the bay. leuzn products and chemicals and plastics
Mostofthisindustrialdevelopmentiscon are primarily exported, while the crude
centrated in two areas:one alongthe upper petroleum, various mineral ores, steel prod-
Houston Ship Channel, the other in the ucts and motor vehicles are the main im-
Texas Cityvicinity alongthe southwestern ports  Liebow et al. 1980!.
shore of the bay. To accommodate the waterborne com-

Nationally the Port of Houston is the merce associated with this highlyindustri-
third largest in terms of total shipping alized area, a total of 201.126 km of
tonnage  Ditton et al. 1988!. The port is navigation channels have been dredged
located along the upper Houston Ship throughout Galveston Bay  Diener 1976!.
Channel, and it is a 40.2-km-long complex The principal channels within this network
of public and private facilities. Over 4,700 are the Gulf Intracoastal Waterway, Hous-
ships visited the port in 1987 transporting ton ShiP Channel, Texas City Channel, the
an estimated 99.868 million metric tons of channel to Liberty, and the Galveston
cargo, Channel. It has been estimated that be-

The dominance of petroleum and re. tween 1867 and 1986 about 76.11 km of
lated industries around the bay is reflected habitat in the bay was disruPted or elim-
in the typesofcommerceontheshipchannel inated by navigation projects  King et al.
 Figure 1.6!. The major cargo types are 1986! ~
ref mad petroleum products �7%!, chemi- The Houston Ship Channel Figure 1.1!
cals and plastics �1%! crude petroleum extends approximately 80,46 tun from the
 ].3%! and wheat �3%!. The wheat, petro. Port of Houston to the Gulf of Mexico. It
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follows the course of what were formerly
the lower portions of Buffalo Bayou and
the San Jacinto River in Harris County. It
thenjoins Galveston Bay at Morgan's Point,
and crosses the bay to the Gulf of Mexico.
The narrow, confined, 40.225 km long por-
tion of the channel between the Port of
Houston's ship-turning basin near down-
town Houston and Morgan's Point is one of
the most heavily industrialized water
bodies in the world.

Commercial Fisheries
Galveston Bay historically has been

the overall leading fisheries resource base
in Texas. Between 1982 and 19S6, the
annual commercial bay harvest of finfish
and shelNsh has averaged 11,5 million
pounds  Table 1.3!, which was about one-
third of the state total  Osburn et al, 1987!.
The annual finfish catch is a relatively
small part �.9%! of the total harvest,
averaging about one-half million pounds
per year. Four species account for nearly
75% of the total finfish harvest. In decreas-
ing order of importance they are southern
flounder  Parali chthys lethostigma!, black
drum  Pogonias crorriis!, mullet  Mugil
cephalus!, and sheepshead  Archosargrl
probatocephalus!. Other commercial spe-
cies in the bay include spotted seatrout
 Cynoscion nebulosus!, red drum or red fish
 Sciaenops ocellata!, Atlantic croaker
 Micrepogon undulatus! and gafftopsail cat-
fish  Bagre marines!. Spotted seatrout
and red drum were banned from the corn-
mercial harvest in September 1981.

Shrimp, oysters, and blue crabs have
been the dominant shellfish species, making
up nearly 95% of the total annual bay
catch. Three kinds of shrimp � white,
brown and pink -- together accounted for
nearly half the total seafood harvest
between 1982and 19S6. Over threemillion
pounds of white shrimp  Penaeusseti ferns!,
along with 1.9 million pounds ofbrown and
pink shrimp  Penaeus aztecus and Perraeus
duorarure!, were caught in an average

year. The Virginia oyster  Crassostrea
virginica! was the single most important
species harvested in the bay during the
period �.9 million pounds/year!. Finally,
there were about 1.8 million pounds ofblue
crabs  Calli nectes sapidus! in an average
year's harvest  Osburn et al. 1987!.

Offshore, in the Gulf of Mexico, the
annual shrimp harvest is much greater
than that within thebay itself. Since these
animals live in the bay as juveniles, it is
reasonable to argue that this catch should
be included in an assessment of the bay
productivity  Armstrong 1987!. It is impos-
sible to accurately assign the Gulf catch to
individual estuaries, but an indication of
the Galveston Baycontribution is thecatch
for Zone 18, a 12,950 km' area located
offshore from the bay. Between 1959 and
1976, the shrimp catch in this zone aver-
aged nearly 4.536 million kg/year  Texas
Department of Water Resources 1981!.
The 19S6 harvest of shrimp from all areas
off the Texas coast was 34.4736 million kg
 Osburn et al. 1987!. It has been es timated
that the Galveston Bay system is respon-
sible for 30% of thebrown shrimp and 41%
of the white shrimp in this catch  Texas
Water Commission 1988b!.

Mostoftheoyster reefs in the Galveston
Bay system are located in the central por-
tions of East Bay and Galveston Bay, where
fresher waters of the major tributaries mix
with saline waters of the Gulf. The most
recent survey of the bay's oyster reefs was
that of Benefield and Hofstetter �976!.
They mapped 160 reefs totaling 3,076 ha.
The largest reefcomplex 971 ha! is around
Redfish Bar, between Eagle Point and
Smith Point, in central Galveston Bay.
Trinity Bay supports very few reefs due to
the frequent floods on the Trinity River
and unsuitable bay substrate  King et al.
1986!.

Oysters are harvested from both public
reefs �,047 ha! and private oyster leases
 951 ha! in the bay. From 1982 to 1986,
approximately 81% of the reported cornmer-
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cial landings were from the public reef's,
while the remaining 19% were taken froxn
the private leases. Private oyster leases
were originally granted to encourage reef
development and private oyster culture.
But today few oyster leases in the bay are
being used exclusively for oyster culture.
Instead, lease operators harvest oysters
transplanted &om polluted reefs to private
leases. Transplanting from polluted reefs
is permitted to reduce theamount ofoystexa
in polluted waters and therefoxe discourage
the illegal harvest and marketing of con-
tarninated oysterxi. Transplanted oysters
must be depurated  held in unpolluted
waters until contaminants are naturally
cleared! before they can be sold for public
consumption. Transplanting and depura-
tion arecoordinated and xnonitored through
e cooperative eKort by the Texas Parks and
Wildlife Department and the Texas Depart
ment of Health. About 21% �53 hectares!
of the oyster reeh in Galveston Bay are
classified as polluted and therefore oA-
limits for harvesting, by the Texas Depart-
ment of Health  Benefield and Hofstetter
1976; Texas Parlia and Wildlife Department
1988!.

Recreation

In addition to the important commercial
fishery in the bay, there is alsoa significant
sport fishery. In fact, conunercial fishing
on average accounts for only about 14% of
the total catch within the bay, with the
remainder  86%, 498,960 kg in 1986! going
to the sport catch  Texas Department of
Water Resources 198 lb; Texas Water Com-
mission 1988b!. The baysupports approxi-
mately 2million man-hours ofsport fishing
annually, creating economic benefits esti-
mated at $364million in 1986  Texas Water
Conunission 1988b!.
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About three~uarters of the annual
sport fishing eKort, and catch, occurs
between 15 May and 20 November. Atlantic
croaker Qlfi cmpogoni as undulatus!, sand
seatrout Cynosciorr arenarious!, and spotted
sea trout  Cynoscion nebulosus! axe the
most popular sport fishes. Together they
comprised 76% of the total catch  nuxnbers!
between 1974 and 1985  Osburn and
Ferguson 1986!  Figure 1.6!.

Recreational boating is popular on the
Texas coast in general and Galveston Bay
in particular. The Clear Lake-Galveston
Bay area has been referred to as the "yacht
capitol of Texas." Residents in the four-
county area around the bay in 1986 held
104,000 boat licenses and were served by
38 rnarinas and 8,000 boat slips, The bay
system accounts for 30% of the total number
of marines on the Texas coast and 63% of
the total wet slips in commercial marinas
 Texas Water Coxnmission 1988b!.

In addition, the bay is used for other
forms of recreation, such as duck hunting,
swimming, caxnping, picnicking and sight-
seeing, No direct quantitative measures of
these activities are available, but an in-
direct indication of their relative importance
is the amount of money spent. In 1986, the
figure was $122 million, about one-third
the amount spent on sport fishing, and
55% of the total expenditures of this type
on the Texas coast  Texas Water Commis-
sion 1988b!.

Two national wildlife refuges and sev-
eral state parks facilitate recreational activ-
ities in the bay area. The Brazoria Refuge
is at the extremity of West Bay and the
Anahuac Refuge is adjacent to East Bay.
Galveston Island State Park fronts on West
Bay and the Gulf of Mexico. San Jacinto
State Parkborders the Houston Ship Chan-
nel above Morgan Point  Kinget al. 1986!.
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Bay Issues and Management:
An Overview

Smith  l972!

Major Environmental Concerns
Over the past two decades there have

beenseveral inajor issues for the Galveston
Bay system that have been inentioned in
almost everyr assessment of the bay's ecolog-
ical health. Various research and manage-
ment programs have attempted to deal
with these problems, but none of them
have been totally resolved. The summary
below is taken primarily from the recent
Texas Water Commission �988b!
docuinent nominating Galveston Bay as
an Estuary of National Significance, the
first step in yet another attempt to develop
a "comprehensive" management plan to
protect the bay.

Wastewater Discharges
The Galveston Bay system directly re-

ceives more than half the permitted dis-
charges in the State of Texas. More than
50% of the U.S. petrochemicals production
and more than 30% of the country's petro-
leum refining takes place along the bay's
shores. Four thousand vessels cross the

bay each year on their way to Houston, the
nation's third largest port. In addition,
partially treated inunicipal sewage from
nearly three million Houston area residents
imposes a heavy BOD and nutrient burden.

So far, the most obvious impacts of
these industrial and municipal loads have
been in the confined portions of the Houston
Ship Channel above Morgan's Point., but
there continue to be worries that open
waters of the bay system are suffering

If strong laws and institutional presence
were all that was needed to get the job
done, the waters of Galveston Bay would
be clean.

from soine  largely unquanti fied! forms of
degradation, and that conditions will
worsen in the future. Toxic materials
effects are part of the concern, but to date
there is generally a lack of data from which
to quanti fy the impacts. Eutrophication
symptoms have never developed to any
great extent in the open bay, despite the
heavy nutrient and BOD inputs. Light
limitation caused by high turbidity has
been hypothesized as the reason why this
bay has notresponded as much to nutrients
as soine other bays, but not many details of
nutrient cycling have been quantified for
the estuary.

In short, the basic issue is whether
Galveston Bay can support a inajor
industrial/urban complex and still inain-
tain good enough water quality to sustain
the traditional living resources for which
estuaries are so prized.

Chartrt elizatiort
Since the natural depth of Galveston

Bay is only about 1.8 m, the establishment
and continued growth of the Port of Hous-
ton have depended on maintenance of
dredged channels across the bay. Millions
of cubic yards of sediment are scooped out
of the Houston Ship Channel, and other
channels in the bay, every two or three
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years, depending on the degree of silting,
by the U.S. Army Corps of Engineers
 Figure 2.1!. The channelization issue is at
the forefront at this time �989! because of
a proposed new round ofdredgingto widen
and deepen the channel  See Chapter 3!.

There are three major concerns associ-
ated with the channel dredging. The first
is loss of habitat. Dredging opponents
point out that dredge spoils deposited along-
side the channel cover productive estuary
bottom. The second concern has to do with

the effect of the channels on circulation
and salinity in the bay. Deep channels
allow higher salinity water to enter the
upper areas of the bay. Also, the dredge
spoil banks may partially disrupt normal
freshwater/seawater mixing patterns. The
fear is that these changes could affect
oysters and other organisms that need
freshwater inflow to avoid marine predators
and disease. Finally, there is concern that
dredging will resuspend toxic metals and
organic compounds deposited on the bottom
from decades of wastewater discharge from
Houston and the heavily industrialized
upper ship channel  See Chapter 4!.

Freshwater Inflow

This is another issue at the forefront

today. Freshwater is a relatively scarce,
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Figure 2.1. Cubic yards of dredge epoil
removed from the Houeton Ship Channel and
fram other areae in Galveeton Bay. Data are
from the US. Army Carpe af Engi neere Annual
Report ofthe Chiefof Engineers aa Civil Works
Activities �951-1979!.

and therefore valuable, natural resource
in Texas. Hence, there is greatcornpetition
for it. Overall about 75% of the state' s
freshwater is used for agricultural purposes
and 20% is allocated for industrial and
domestic uses. That leaves only about 5%
for the bays and estuaries. For Galveston
Bay, the percentage is somewhat higher
than this state average, because the bay's
watershed lies in east Texas, the wettest
region of the state. But water needs in the
Houston area continue to increase as more

people and industries arrive.
To meet these demands, it was proposed

over twenty-five years ago that a major
reservoir be built on the lower Trinity
River at Wallisville. The dam would be
just above the river's mouth, impoundinga
2266 ha lake to serve as: 1! a water supply
for Houston, 2! a saltwater barrier for rice
farmers, and 3! a navigational channel for
a small upriver port. But it has been
charged that these projected benefits are
nothing more than "bloated, deceptive
promises" based on "manipulated statistics,
congressional chicanery, inaccurately
calculated costs, and the subversion of
federal environmental law"  Robison 1986!.
Bay scientists and some managers worry
that further diversion of Trinity River water
could have the same basic effect as more

channelization. That is, the natural fresh-
water/saltwater balance would be upset,
threatening the bay's valuable oyster har-
vest. The researchers also contend that

more reservoirs will reduce the amount of

nutrients and sediments corning into the
bay, possibly reducing algal and animal
productivity and preventing buildup of
mars hes. Still, after more than two decades,
the debate over Wallisville goes on. As of
February, 1989, the Texas Water Comrnis-
sion was investigating the possibility of
transferring water from the Sabine River
 near the Texas-Louisiana border! to
Houston as a substitute for the dispute-
ridden reservoir project  Scarlett 1989!.
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Figure 24. Evolution of Tasse ur~r agencies.
Redrawn from Smerdon et aL �988!.

ious of Habitat

Comparison of digitized wetlands
maps of the Galveston-Houston area
prepared from photographs taken in 1956
and 1979 give some evidence of the rate of
wetlands losses around the bay. Among
the changes noted are: 1! decreases in
freshwater marshes  -63.2 km~!, salt- and
brackish-water marshes  -41.6 km'!, and
beaches/bars  -4.3 km'! and increases in
freshwater ponds and lakes  +35.3 km~!,
forested wetlands  +9 km~!, and uplands
 +6.5 km'!. Although reasons for gains
and losses in some areas are unclear,
many of the changes are attributed to
human activities, includingconstruction
of channels, impoundments, and "made"
land, as well as to land-surface subsidence
 Longley and Wright 1984!.

It has been predicted that the problem
of wetlands loss around Galveston Bay
could become more serious in the future

due to continuing subsidence of coastal
areas and to sea level rise from planetary
warming. In 1985, the bay system was
surrounded by approximately 290 square
miles of land  mostly marsh! from 0 to 5
feet above mean sea level. With a sea
level rise of 6 feet by the year 2100 as
projected for this area, that 290 square
miles would be converted to open bay,
with a maximum replacement potential
of 140 square miles  the 5-to-10 foot
elevation lands!. This corresponds to a
50% loss in potential marsh land, much of
which is already modified byhousingand
industry  Sheridan et al. 1988!.

The Bay Managers: State and
Locat

Texas has many governmental
entities which infiuence the allocation
and protection of water resources. Several
are state agencies, but there are many
more regional, county and municipal
bodies organized as authorities, councils,

boards, etc. Many of the water quality
programs cut across state agency and local/
regional lines and overlap jurisdictions.
For this reason, coordination of
environmental programs in the state is
sometimes diFicult due to a lackof effective



communication between agencies which
havedifferent�statutoryauthori tie  Texas
Water Cominission 1988b!. There has
been no shortage of criticisin of the state' s
past efforts to manage its estuaries  e.g.,
Carter 1970; Smith 1972; Kingand Kendall
1987; Wiggins and Anderson 1987;
Smerdon et al. 1988!.

State Agencies
Organization of the state agencies has

undergone nuinerous changes since the
Board ofWater Engineers was established,
primarily for the regulation of water rights,
in 1913  Figure 2.2!. Three separate water
agencies emerged by the 1960s. One
handled water rights and legal questions
 Water Rights Commission!; another was
a planningagency that managed loan funds
 Water Development Board!. The third
was responsible for pollution control and
water quality  Water Quality Board!. This
was the first major statewide effort in the
water pollution field  Texas General Land
OfTice 1976; Smerdon et al. 1988!. The
Texas Water Quality Board:

l. set water quality criteria and regu-
lated waste discharges and private sewage
facilities;

2. was responsible for issuing regula-
tions to prevent the spill or discharge of oil
and other hazardous substances into the
coastal waters ofTexas, as well as arranging
the prompt removal of spills or discharges
that did occur; and

3. was the lead state agency for the
areawide waste treatment management
program, which was a part of the federal
pollution control scheme that emerged in
the early 1970s  Texas General Land Office
1976!.

The Water Quality Board existed from
1967 until 1977, when it and the two other
water agencies created in the 1960s were
combinedto form the Texas Departmentof
Water Resources. This single wateragency
continued until 1985 when, in another
reorganization, it, was divided into two
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agencies: 1! the Texas Water Developinent
Board, responsible for longrange planning/
developmentof water resources and financ-
ingof waterresource and wastewater treat-
ment projects; and 2! the Texas Water
Commission, responsible for all other water
activities, including pollution control.

The legislative act which created the
Water Coinmission assigned to it most of
the previous Departinent of Water Re-
sources functions, along with responsibility
for other programs previously administered
by the Texas Department of Health and
the Public Utility Commission. It also
changed the focus of the agency's work
towarda greater emphasis on enforcement.

The Water Quality Division of the
Water Coinrnission is responsible for efforhs
to prevent and control water pollution. It
is organized into three Sections:

1. Standards and Evaluation:One task
of this section is assessment of existing
water quality and identificat ion o fproblem
areas through a Statewide Monitoring
Network in lakes, rivers and estuaries. It
also prepares Waste Load Evalua6ons for
specific river and estuarine segments, com-
piles the biennial statewide Water Quality
Inventory, and develops water quality
standards.

2. Wastewater Permits; Personnel in
this section process wastewater permit
applications. They also evaluate U.S. Army
Corps of Engineers draft permits to deter-
mine if water quality standards will be
violated by the proposed activities.

3. Wastewater Enforcement: This sec-
tion enforces wastewater discharge per-
mits. Resolution of noncompliant activities
involves negotiation with permittees, ad-
ministrative enforceinent actions, litiga-
tion, and technical support  Texas Water
Commission 1989!.

In addition to the Water Commission,
there are several other state agencies which
have roles in managingthe bay. The Texas
Parks and Wildlife Department has most
of the responsibility for the bay's fish and
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Multidisciplinary, Management-
Oriented Research Projects
Tf!e Galveston Bay project: f968-
1974

The Galveston Bay Project was in-
tended to be a comprehensive study of
Galveston Bay which would provide the
basis for a sound water quality manage-
ment plan for the bay. A consortiuin of
t.hree universities - the University ofTexas

wildlife resources. Programs of this depart-
ment include: 1! the Fisheries Monitoring
Program to compile commercial landings
data; 2! on-site pollutionlfish kill investiga-
tions; 3! fisheries enhancement; 4! fish
and game regulations enforcement�and
6! the shell, sand, and gravel removal
perinit program.

The Texas Departmentof Health works
with the Water Commission to design
wastewater treatment plants. The Depart-
ment also runs the Shellfish Sanitation
Program, which involves opening and clos-
i ngareas of the bay for shell fish harvesting
and inspecting shellfish plants to ensure
that sanitary conditions are met.

Regional and Local Management
The Gulf Coast Waste Disposal Author-

ity GCWDA! is aspecialgovernmententity
created by the Texas legislature in 1969.
Its jurisdiction is the three-county area
 Harris, Galveston, and Chambers! sur-
rounding Galveston Bay, Its purpose is to
prevent water pollution by providing for
disposal of wastes on a regional basis.
GCWDA enforces its own and other agency
rules concerning waste disposal, regulates
septic tank installation, and may contract
with industry to supply pollution control
systems. GCWDA can construct, acquire,
and operate disposal systems. It conducts
studies concerning the control of water
pollution and is authorized to prepare a
master plan forpollutionabatement, waste
disposal, and wastewater treatment. Tech-
nical assistance tomunicipalities and other
government bodice is another function of
GO%A  Sinith 1972!.

Local Environmental Groups
Local citizens, sometimes in co@junction

with national environmental organizations,
have also been active from time to time as
specific bay-related issues arose. For exam-
ple, the Bayou Preservation Association, a
early 1970s homeowners coalition in Hous-

ton, successfully fought Corps of Engineer
plans to straighten the Buffalo Bayou up-
stream from the ship channel f' or flood
prevention  Smith 1972!. About the same
tiine, a suit was filed in federal court to stop
construction of the Wallisville Dam by the
Corps. The suit was filed by the national
Sierra Club and its Houston Chapter, the
Houston Sportsinen's Club, the Houston
Audubon Society, the Texas Shrimp Asso-
ciation, and two individuals.

More recent,ly, in early 1988, the
Galveston Bay Foundation was organized.
Inspired by a speech in Houston by a board
ineinber of the very successful Chesapeake
Bay Foundation, this new organization
has been described as not being an environ-
mental group in the conventional sense of
the term. Rather, it represents the view-
point of manydi fferent groups who use the
bay, such as cominercial and recreational
fishermen, the boating and yachting coin-
munity, industiy and business, and the
private citizen  Dawson 1987; Robison
1988!. To accomplish its goals, the Founda-
tion plans to: 1! educate, 2! lobby to the
extent possible, 3! litigate as necessary,
and 4! encourage, conduct and/or fund
research about the bay ecosystem
 Galveston Bay Foundation 1988!. Two of
the Foundation's first efforts will be forrnal
opposition to the Corps of Engineers pro-
posal to deepen and widen the Houstori
Ship Channel, and developing a position
on another contested Corps project, the
Wall isville Dam  Robison 1988!.
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at Austin, Texas A 5 M, and Texas Techno-
logical University-prepared the Galveston
Bay Work Plan in 1966  Texas A 4 M
Uxuversity et al. 1966!. According to this
plan, the specific goals of the study would
be: 1! to determine the freshwater inflow
needed to sustain a desirable aquatic envi-
ronment; 2! to evaluate the costof achieving
incremental levels of water quality; 3! to
determine the social benefits associated
with incremental improvexnents in water
quality; 4! to determine the benefits to
marine life associated with increxnental
improvexnents in water quality; and 5! to
determine the optimuxn management pro-
gram for the Galveston Bay system.

The Texas Water' Quality Board began
to implexnent the plan in June, 1967. The
project was managed jointly by personnel
of the board and two engineering firms.
Funding came primarily from the state of
Texas and the U.S. Departmen.t of the
Interior through the Federal Water Pollu-
tion Control Administration, and later the
Environmental Protection Agency. The
U9. Arxny Corps of Engineers also con trib-
uted services.

The original Bay Work Plan drawn up
in 1966was modified several times during
the course of the study. In late 1967 it was
decided to redirect selected elements in the
plan toward a more practical "physical
planning program". This involved xnore
emphasis on xnunicipal wastewater collec-
tion systems and wastewater treatxnent
plants, both xnunicipal and industrial.
Thus, activities such as the selection and
evaluation of alternative treatment sys-
tems received more attention, while other
prograxn elements, such as land use plan-
ning, were reduced. Other modifications in
theplan were made when the U9. Congress
passed, in 1972, PublicLaw92400, entitled
the Federal %ah.r Pollution Control Act
Amendxnente of1972. The Galveston Bay
Project was changed in scope to help provide
the type of input needed by the state of
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Texas to fulfill its planning requireinents
under PL 92-600.

The report summarising the Galvestori
Bay Project results  Texas Water Quality
Board 1976b! lists these accomplishments:

1. A systexn of self-reportingon indus-
trial effiuents was developed by the Texas
Water Quality Board.

2. An eight-county regional sewerage
system plan was adopted for the Houston
area.

3. A water quality sampling network
in the bay was established.

4. Mathematical models were devel-
oped to predict the effects on the receiving
waters of varying waste load levels.

5. A study of sediment loadings in the
bay and Houston Ship Channel was made
to evaluate the sources and fates of pollut-
ants associated with the sediments,

6. Oxygenation studies were xnade to
evaluate the processes affectingreaeration
in the bay. This information was used to
refine the dissolved oxygen model.

7. A water reuse study was accom-
plished to deterxnine the optimum use of
available supplies of used water.

8. Aground-water investigation report
was prepared to deterxnine the availability
of groundwater from principal aquifers in
the area.

9 Toxicity studies were conducted
10. Waste load evaluations, required

by PL 92-600, were made for most stream
segments within the Galveston Bay water-
shed.

11. Much of the data gathered by the
project was used to help determine the
waste discharges which couM be allowed
with each of approximately 600 newpermits
to discharge issued in the study area.

12. Water quality improved in the
Houston Ship Channel between 1968 and
1974. The yearly incan dissolved oxygen
in the Turning Basin  upper end of the
channel! rose from 0.30 mg/liter to 2.60
mg/liter. The suxnmary noted that the DO
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in the bay itself had never been as critical
as in the channel, and that the bay waters
were continuing to maintain a healthy
dissolved oxygen level.

13. Thetelative levels oPnet plankton"
 at about the rnid-point of the channel
between Morgan's Point and the Turning
Basin! increased between 1972 and 1974.

14. A significant reduction in waste
loads to Galveston Bay occurred during the
project period. The BOD load in the ship
channel in 1974 was about 37% of the load
that had existed in 1968.

Management Conference for
Galveston Bay

With the nomination, and acceptance,
of Galveston Bay to the National Estuary
Program in 1987-1988, a second major
integrated effort at managing the bay got

underway. The goal is to develop ~Cornpre-
hensive Conservation and Manageriierit
Plans" for nationally significant estuaries
threatened by pollution, development, +r
overuse. EPA is the federal agency reepoii-
sible for overseeing and funding t~e
program.

In general, the goals of the Galvestori
Project will be to maintain ambient water
quality in the bay and to enhance estuarine
productivity. Current and proposed projects
are intended to prevent water quality
deterioration in the Houston Ship Chanriel
and to improve certain parameters such as
dissolvedoxygen concentrations where poe-
sible. Efforts to prevent man-induced wet-
lands losses and control shoreline erosion
will also be studied during the project
 Texas Water Commission 1988b!.



Chapter 3

The Houston Ship Channel:
Growth and Pollution

History of Houston and
the Ship Channel

The Houston area was an uninhabited
swampbefore 1836. In thatyear Augustus
and Kirby Allen, land speculators from
New York, bought a nine square mile tract
of land at the junction of BuA'alo and White
Oak bayous, twenty-five miles upstream
from Galveston Bay. The city was born in
a real estate ad, drawn up by the brothers
to promote it as a point "which must ever
command the trade of the largest and
richest portion of Texas" and a place that
was to be "the great interior comm.ercial
emporium of Texas"  Sibley 1968!. Hous-
ton did nat remain in obscurity for long.
The Aliens had shrewdly chosen to name it
after Sam Houston, the hero of the Battle
of San Jacinto, so as to convince the Texas
Republic to move its capitol there in 1837.

Their plan worked, and although the
capitol was moved from Houston to Austin
only two years later, Houston began to
grow. Between then and 1900 its develop-
ment centered around cotton, railroads
and timber. Cotton was king in nine-
teenth-century Houston, and middlemen
helped develop the city as a center for
shipping the "white gold" to Northeastern
and British textile mills by means of rail
and steamboat. Timber was also moved
through Houston by a railroad line linking
the city with the East Texas Piney Woods
to the north. By the 1890s a network of
railroads made transportation by rail more
important than by the bayou and gave the
town its motto: "Houston, Where Seven-

Houston, the perennial boom town, has for
over 140 years sustained the ethic that
motivated its founding by two New YorR
real estate speculators: "liberated
capitalism," the belief in the superiority
and sacredness of the individual's right to
promote, speculate, build, buy and sell
without outside restraint or control.

Car le ton and Krencck 1979

teen Railraads Meet at the Sea"  Carleton
and Kreneck 1979!.

In the spring of 1837 John James
Audubon, on a visit to the Galveston Bay
area, had described Buffalo Bayou, now
the upper Houston Ship Channel, as being
"usually sluggish, deep and bordered on
both sides with a strip of woods not
exceeding a mile in depth"  Farrar 1926!.
Audubon collected several ivory billed
woodpeckers, and called them "abundant"
in the area. Another description of the
bayou from about the same time is of
interest because it was somewhat
prophetic:

"Its banks are high and lined with
the cypress knee which shoots up along
the edge of the water. In passing over
this singular body of water, which is
confined, with few exceptions, to pre-
cipitous banks on either side, covered
with massive timber, whose rich dense
foliage throws a melancholy, somber
shade over its dark and sluggish wa-
ters. Throughout its whole extent it
bears a strong resemblance to a canal."
 Farrar 1926!.
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Later that saine year, on December 31,
1837, the steamboat LaarrL became the
first to visit Houston. In part, this was a
publicity stunt to prove that Buffalo Bayou
was navigable  McComb 1981!. The Hous-
ton Telegraph published an extra edition
telling about the ship coming up to the
newly-formed city. In 1839, a committee
was appointed to plan the clearingof major
obstacles such as logs and sandbars from a
portion of the bayou. City oFicials passed
an ordinance establishingthe PortofHous-
ton, which included "all mads on the banks
of the Buffalo Bayou as well. as all wharves
and landings within the city limits." The
Congress of the Republic of Texas granted
the city the right to remove obstructions
from and improve navigation on the bayou
in 1842. By the time Texas was annexed by
the United States in 1845, Houston was
permanently established on the only de-
pendably navigable waterway in Texas.

The latter half of the nineteenth centu-
ry saw the beginning of efforts to signifi-
cantly widen and deepen Buffalo Bayou to
accommodate larger vessels, and develop-
inent of an intense ports rivalry between
Houston and Galveston. Dredging in up-
per Galveston Baybegan in the early 1870s
when local interests cut a channel 4.3
mdeep and 45.7 m wide through Morgan' s
Point inta upper Galveston Bay for a dis-
tance of five miles. Meanwhile, federal
participation in building the Houston Ship
Channel had originated with the River and
Harbor Act of 1872, which provided for the
U.S. Army Corps of Engineers to provide
funds to dredge a deeper channel all the
way from Houston to Bolivar Roads at the
Gulfentranoe to Galveston Bay. The pmject
was completed in 1876. Now, ships draw-
ing 2.7 m of water could use the port at
Houston, and a city newspaper bragged
that its merchants were "free of the extor-
tions of... Galveston's hideous wharf
monopoly"  Sibley 1968!.

Nevertheless, Galveston was emerg-
ing as a major port. Lying just inside

Bolivar Roads at the seaward end of
Galveston Bay, it requiredonly short dredge
cuts to be linked to the Gulf. By 1896,
Galveston was a deep-water port, with a
7.6 m channel and jetties to help prevent
shoalingof the cuts through Bolivar Roads
 Sibley 1968!. By the year 1907, Galveston
ranked second among all U.S. ports in the
value of foreign exports, second only to
New York. Cotton was the predominant
article of export  Alperin 1977!. Another
port was established in the 1890s with the
dredgin gof a 4.9 m deep channel from deep
water in Galveston Harbor across to Texas
City, on the southwestern edge of the bay.

The deep water channel to Galveston
brought Houston close to a rn@or crisis in
its economic development, and Housto-
n ians launched a deep-water movement of
their own in the late 1890s. Then, a
devastating hurricane swept across
Galveston in 1900, decimating the island
and killing thousands of people. This nat-
ural disaster added weight to Houston's
arguments in fs.vor of a more protected
port, but work on a deeper channel was
proceeding slowly. Finally, in 1910, a new
Federal Rivers and Harbors Act changed
the name of the project to the "Houston
Ship Channel," and by 1912, financing was
assured and work on the channel got un-
derway in earnest  Alperin 1977!.

The work was completed a year ahead
of schedule and on November 10, 1914,
President Woodrow Wilson pushed a pearl-
topped button in Washington to set off ia
cannon on the banks of the turning basin
near downtown Houston, formally mark-
ing the opening of the Houston Ship Chan-
nel to  Sibley 1968!. The channel was 82. 1
kin in length, and had a maximum depth of
7.9 m and a maximum width of 45.7 na.
Warehouses and wharves began to line the
banks of the upper ship channel from the
Turning Basin downstream to Morgan'a
Point. The first regularly scheduled steam.-
ship service was inaugurated August 22,
1915  Bernard Johnson 1975!.
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By the mid-19203, pressure was on to
have the channel deepened even further,
to widen some portions, and to construct a
new Turning Basin  Smith 1972!. This was
necessitated by the discovery of oil in the
area and the concurrent development of'
the internal combustion engine. These
developments and the resource
requirements of World War I combined to
produce a heavy demand for products from
this region. By 1927, 83% of the ocean-
going tonnage from the Port of Houston
was in the form ofoil andrelatedcIMmicals.
Only 20 years before, cotton had. been the
main commodity  Bernard Johnson 1976!.

The Riverand HarborActof1935autho-
rized further enlargement of the channel
to a depth of 9.8 rn and a width of 121.9 m.
Refineries were well developed along the
channel. By this time Texas led all states
in refiningof petroleum with Harris County
leading all other counties. Many large oil
companies had established their offices in
the area, as had oil supply services and
other related industries  Bernard Johnson
1975!.

During and after World War II, new
major industries were established,
including a primary steel producer and a
major ordinance plant. Construction of
countless miles of pipelines accompanied
by continued development of chemical and
petrochemical industries further
established the channel area as a major
production and distribution center.
Between 1940 and 1948, Texas rose from
tenth to sixth place in chemical production
and has subsequently risen to first place
 Bernard Johnson 1976!. The channel has
since been enlarged to a depth of 12.2 m;
the width has remained at 121.9 m  King
et al. 1986!.

Substantial increases in the tonnage of
cargo moving through the channel have
followed each of these ship channel en-
largernents  Figure 3.1!. For example,
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Figure 3,1, A. Trendsi n u aterborne commerce
on the Houston Ship Channel. "Internal
refers to cargo transported only >vithi n the bay:
"Foreign I Coastwise "cargo origi nated from, or
roas bound forports outside the bay. B. Number
of ships entering and leaving Galveston Bay
through the Bolivar Roads Pass. C. Changes
in the frequency distribution of various sised
tankers and dry cargo ships  as measured by
draft i n feet! entering and leaving Galveston
Bay. The data are from, U.S. Army Corps of
Engineers annual reports of Waterborne
Commerce i n the United States �922-I 988!.



24

since it was deepened and widened in 1966,
the tonnage of cargo borne by ships on the
channel has about doubled, from around
70 million tons/yr to about 140 million
tons/yr. The increase has come not so
much as a result of increased numbers of
ships, bu t rather primarily because larger,
deeper draft vessels have been able to
enter the bay  Figure 3.1!.

A $350 million plan to increase the
dimensions of the ship channel once more
� to 15.2 m deep by 182.9 m wide in most
areas � was put forth by the U.S. Corps of
Engineers in 1966. The sponsor of the
project, the Port of Houston, argued that it
is needed to permit Houston to continue to
compete successfully with other deep wa-
ter Gulf ports  Rice Center 1988!. One
project;ion is that the enlarged channel
would nearly double the voluine of grain
exported from Houston, as larger vessels
would cause the rerouting of Corn Belt
grain away from New Orleans and other
lower Mississippi ports  Houston Post 1987!.

But work on this project has never
begun, because of widespread opposition
from most environmental groups and some
Federal and State agencies, including the
US. Fish and Wildlife Service, the Texas
Parksand %wildlife Commission, the Texas
Land Commission, the state attorney
general's office, and the Texas Depart-
ment of Agricuhure. The project has be-
come one of the most controversial, com-
plex, and protracted battles in the history
of the ship channel.

The U8. Fish and Wildlife Service con-
ducted a study to determine the expected
impact of the ship channel enlargement.
In Octoberl986 it released a report in
which it was concluded that the plan should
"not, be submitted to Congress for authori-
zation because of severe, long-tenn im-
pacts that cannot be mitigated with any
predictability". The agency based its ob-
jechon to the plan on the following areas of
concern:
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1. the anticipated loss of 60%-80% of
the Galveston Bay oyster fishery due to
increased salt water intrusion;

2. the loss of productivity associated
with the disposal of dredged material on
44.3 km' of bay bottom;

3. the cumulative adverse effects of
the project when superimposed upon pre-
vious alterations to the estuarine system
and alterations from the implementation
of future navigation and water supply
projects; and

4. the potential for remobilization of
toxic chemical contaminants in dredged
material placed in a confined bay, vrith
subsequent fishery losses caused by chemi-
cally-related mortality  U.S. Fish and Wild-
life Service 1986!.

There is evidence that the drecQjng of
channels, along with increased withdrawal
of Trinity River water, has substantiaoy
altered salinity patterns, mixing and cir-
culation, and the distribution of some or-
ganisms, in the bay. Bernard Johnson
�975! noted that before dredging started
in the 1850s, the main body of Galveston
Bay was divided into twobasinsby Redfish
Reef. Reports from the time indicate that
this shell reef consisted of a chain of small
islands covered in some areas with brush,
with one main channel about 2 meters
deep near Edward's Point. The upper
portion of Galveston Bay including Trinity
Bay must have been considerably fresher
than today, especially at times ofhighriver
flow. Evidence for this comes from surveys
that have shown few fossil oyster reefs in
the upper bay, whereas many reefs ~re
found on Redfish Reef and in the southerri
part of the bay. Today, however, active
oyster reefs are found in the upper bsLy,
especially along the path of the Houston
Ship Channel. River flow has decreased
due to man's use of the river water, and the
dredged channels have increased the mr
culation between the two portions of t~
bay. This indicates better mixing in this
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part ol'the bay; that is, freshwater does not
predominate for such long periods of time
in the upper bay as befoxe, when Redfish
Reef was more effective in hindering mix-
ing of fresh and salt waters  Bernard John-
son 1975!.

Pollution in Buffalo Bayou and
the Ship Channel

Pollution of Buffalo Bayou and other
streams near Houston had become a con-
cern very early in the city's history. In the
1830s large amounts of sand washed into
the bayou in front of Houston's Main Street
with every heavy rain. Problems with
silting and water pollution appeared, and
the success of industry intensified the pol-
lution. On March 8, 1841, the city council
took its first action to prevent industrial
wastes from endangering navigation. An
ordinance was passed forbidding deposits
of sawdust on the banks of Buffalo Bayou
or White Oak Bayou  Bernard Johnson
1975!.

Before 1881, Houstonians obtained
water froxn thebayous and from rain which
was stored in cisterns and barrels, but in
that year the Houston Water Works Com-
pany came into operation, providing piped
water froxn a reservoir created by dam-
ming the Buffalo Bayou. But the water
works was not very successful, as the sup-
ply was often inadequate for fighting fires
and citizens complained about the quality
of the drinking water. The Water Works
Company began to drill artesian wells in
1888, and by 1891 it operated fourteen
wells to supply a 18.1 km' area through
64.4 km of pipe. To meet the demands of
firefighting, however, the company resorted
to its old source, again placing Buffalo
Bayou water i n the mains  McComb 1981!.

In 1893, people complained that tap
water was no better than bayou water; fish
died in the bayou as a result of creosote
poisoning,"tar water" flowed from the pipes.
Physicians noted a rise in "bowel" trouble,

and even the wife of the president of the
Water Coinpany complained about the
water. The presidentof the company pmm-
ised more wells. But the trouble persisted.
The Houston Cotton Exchange, referring
to the bayou as "an iinmense cesspool,
reeking with filth and emitting a stench of
vilest character, asked the city council to
halt. pollution. The city engineer asserted
that solids from toilets appeared in the
bayou, and a reporter noted a sewer outlet
dumping forty thousand gallons daily from
the Houston and Texas Central shops into
the stream above the Water Works dam
GCcComb 1981!. Individuals and organi-
zations like the Houston District Medical
Association, waged a war of words with the
president of the Water Coxnpany over the
next six years, but conditions remained
about the same.

In the late 1890s, some improveinents
finally seemed imininent. The city ap-
pmved a $300,000 bond issue for a sewer
systein which would use advanced sewage
methods in operation in only a few other
places in the world. The reason for the
city's sudden interest in waste treatinent
was an announcement by the Ariny Corps
ofRngineers that Houston hadbetterclean
the sewage out ofBuffalo Bayou if it wanted
federal help in constructinga ship channel.
The system that was built consisted of
collection pipes and pumps to convey the
sewage to a treatment facility where it, was
filtered through various layers of broken
stone, gravel, coke and sand, Heavy mat-
ter stayed on the surface of the beds where
it dried and was later removed with rakes.
The filtered efIiuent flowed in a longcanal
leading to Buffalo Bayou. At the opening
inspection of the system the consulting
engineer bragged about the purity of the
eNuent and demonstrated his conviction
by dramatically drinking some of the
treated water, declaring it quite palatable
 McComb 1981!.

But just a few years after its coxnple-
tion in 1902, the new facility was in a state
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of almost. total inoperability, having been
abused and neglected. On a tour of the
facility, the Houston mayor found that the
filters processed only half of the sewage,
that sand beds were clogged and five feet
deepin water, and that one of the beds was
not in use at all because it leaked into the
keeper's house. At the spot where the
consulting engineer had drank, the mayor
noted the malodorous atmosphere and corn-
mented, "Well, I do not know how the
water looked when [he] drank it, but I
readily relinquish any claim that I may
have on any portion of it to [him] or anyone
else who desires the quaf from it"  McComb
1981!.

Yet this finding apparently did not
spur substantial repairs. By 1916 it was
estimated that 70% to 80% of the city' s
sewage was going directly into Buffalo
Bayou. The same year, a reporter from the
Houaton Post found 35 private sewers drain-
ing into the bayou. By this time, however,
a main impetus for cleaning up the bayou
had been removed. The city no longer
obtained its drinking water from the reser-
voir on Buffalo Bayou, having converted
its entire system to artesian wells. In
addition, the main body of the ship channel
had already been built and there was no
longer anythingcompellingthe city to clean
up its waste. It was far easier and cheaper
to simply dump it into the water and let it
move down to the bay. Buffalo Bayou was
on its way to becoming a virtual open sewer
 Smith 1972!.

Althoughthe municipalities builtmore
sewage treatment plants and made some
moves to clean the streams and prevent
pollution, the efforts were not successful,
especially after 1940, when Buffalo Bayou
becameeven moreseriouslycontaminated.
Growing at increasingly rapid rates  more
than 2,000 newcomers a month by the
early 1970s!, Houston was hard put. to
update its collection system and waste
treatment plants. In addition to the
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approximately 150 sewage treatment
plants which discharged raw or partially
treated municipal and industrial wastes
directly into the channel, or indirectly to its
side channels and tributaries, the phalanx
of petrochemical, chemical, steel-making
and paper-making plants dumped raw or
partially treated industrial wastes into
these waters. In 1945, after complaints by
residents and a polio scare, the U.S. Public
Health Service inspected a sidearm of the
bayou and found flowing into the stream
enough raw sewage to equal that produced
by a town of 54,000 people. Buffalo Bayou
was 80% sewage. Only four industries
responded to suggestions for improvements,
and the Public Health Service investigator
found himself maligned as having a per-
sonal interest in chlorine sales, since be
recommended the disinfection of sewage
 Environmental Protection Agency 1980;
McComb 1981!.

Apparently there was still no improve-
ment during the 1950s and early 1960s,
despite the creation of new federal, state
and local institutions to deal with water
pollution problems. Texas created a state
water pollution control program in 1961,
with a permit system for pollution dis-
charges. Ironically, the City of Houston
had no program for monitoring or enforc-
ing water pollution until 1971. But Harris
County, in which the city is located, had
acted back in 1953 to create a Air and
Water Pollution Control Section. Ita direc-
tor, Dr. Walter A. Quebedeaux became
known as a reforiner in pollution control.
This intrepid investigator once had gar-
bage dumped on his head from the stern of
an It,alian tanker while he was out in a
rowboat searching for an oil leak  McComb
1981!, but his cleanup and enforcement
proposals faced continuous opposition from
other local and state authorities  Smith
1972!.

In spite of these new institutions, the
ship channel remained critically polluted.



The Houston Shop Channel: Growth and Pollution 27

Smith �972! concluded that the perfor-
mance of the various governmental au-
thorities in the two decades preceding 1970
had been a "dismal failure." Laws dealing
with water poilu t.ion remained unenforced.
Many industries along the ship channel
dumped wastes far in excess of their per-
mits, yet only a handful of prosecutions
against these polluters had been started
by the state. Municipal authorities in the
Galveston Bay area were even more lax,
Smith contended. The federal government
had also moved too slowly to make its
authority felt, doing "virtually nothing to
secure compliance with federally approved
standards or to initiate enforcement of
laws on the books."

Ship Channel Cleanup:
i 965-Present

The Situation in the Late 1960s
Dr. Quebedeaux, the Harris County

pollution-control oNcer, reported in 1964
that most of Houston's sixty-four sewage
treatment plants worked poorly and
twenty-two operated at near capacity or
beyond. The same year, the Texas Water
Pollution Control Board claimed that most
of the water in some tributary bayous
carne from treatment plants, and that 90
million gallons of sewage eNuent flowed
daily into the ship channel. In 1966 fire,
feeding upon flammable material floating
on the water, swept across the channel and
burned a shipyard worker to death. In
1967 a Baylor Medical School doctor
warned, "It's just plain sewer water. You
shouldn'tbathe in this water. You shouldn' t
even get it on your skin. You shouldn' t
have anything to do with it. It should be
put in a closed pipe and carried out to sea."
A commissioner of the Federal Water Con-
trol Administration commented after a
1967 inspection that "The Houston Ship
Channel, in all frankness, is one of the
worst polluted bodies of water in the na-

tion. In fact, on almost any day this chan-
nel may be the most badly polluted body of
water in the entire world. Most days it
would top the list." A group of students
from San Jacinto College even went so far
as to hold a funeral service for t,he ship
channel in rnid-October, 1970. A large
crowd gathered at San Jacinto Park next
to thechannel ands Harris County Health
Department official read the death certifi-
cate. "Death," he said, "was caused by
strangulation by municipal sewage and
industrial slops in utter disregard of stat-
utes".  Environmental Protection Agency
1980; McComb 1981!.

By 1968, the load of pollution placed on
the upper and lower Houston Ship Chan-
nel in terms o fbiochern ical oxygen demand
 BOD! � a measure of the organic matter
in water which consumes oxygen during
biological processes that break it down-
was 208,656 kg per day, or the equivalent
untreated sewage load produced in one day
by a city of 2 million people. Approxi-
rnately 69% of this load came from the
concentration ofindustrial plants pouring
improperly treated wastes into the chan-
nel, and 31% came from the inadequately
treated sewage of local municipalities. In
1969, state water quality specialists rnea-
sured dissolved oxygen levels of zero from
the City of Houston's malfunctioning
Northside Sewage Treatment Plant down-
strearn to the San Jacinto Monument. Not
only were there no fish and aquatic life
alongthis upperchannel 25.7 km segment,
but water quality degradation had also
caused frequent and massive fish kills in
the upper portion of Galveston Bay  Envi-
ronmental Protection Agency 1980!.

Concentrations of the plant growth
nutrients nitrogen and phosphorus in the
channel were extremely high compared to
those in Galveston Bay. For example,
phosphate phosphorus  PO,-P! levels had
been measured as high as 16 mgiliter in
the channel, while typical concentrations



out in the bay were around 0.2 mg/liter. In
addition to the phosphorus problem, levels
of nitrogen, especially ammonium nitro-
gen, were consistently above 3 mg/liter,
compared to typical open-bay levels of 0.1
mg/liter, or less. Contributions of inor-
ganic nitrogen and phosphate phosphorus
to the bay from the Houston Ship Channel
for the 1968-1970 period were estimated to
be approximately 6,360.4 kg and 19,958.4
kg, respectively  Texas Water Qua]ity
Board 1977!. The concern was that these
high nutrient loadinga might adversely
impact phytoplankton algae growth pat-
teflis farther out in Galveston Bay  Espey
et al. 1971!.

In addition, petrochemical and chemical
wastes discharged atcertain locations along
the upper channel had colored the water
black. Industrial oil spills from tanker
transfer operations degraded the shoreline,
and sludge from organic solids settled on
the bottom, sending foul-smelling gas
bubbles to the surface, also creating a
tremendous dissolved oxygen demand.

Fecal coliform bacteria counts, a meas-
ure ofbacteriall pollution from human and
animal wastes, posed a severe health
threat. The state water quality standard
for the upper ship channel was 2,000 fecal
coliform organisms per 100 ml, but as late
as 1973, fecal coliform readings at one
monitoring station on the upper channel
averaged over 72,000 organisms per 100
ml, and were sometimes as high as 2.2
million organisms per 100 rnl  Environ-
mental Protection Agency 1980!.

The Houston Enforcement
Conference

Several times in the late 1960s teams
of federal officials had visited the Houston
Ship Channel, "reaped publicity by point-
ing to it with shocked disbelief, and then
returned to Washington and forgotten
about it  Smith 1972!. But an important
milestone in the history of pollution in the
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channel came in June 1971, when UB.
Environmental ProtectionAgencyperson-
nel, along with state and loca1 ofFicials,
descended upon Houston for a sixty
meeting formally known as the Federal
Conference on Pollution Affecting Shell-
fish Harvesting in Galveston Bay

The Federal Water qualityActof1965
had required Texas and all the otherstates
to establish water-quality standards, sub
ject to approval by the federal government,
for all interstate waters within their juris-
dictions, including Galveston Bay. Texas
responded quickly with a set of relatively
strong standards, requiring that the ship
channel be kept at "an esthetically accept-
able quality, that it be aerobic, and that
the main portion of it be suitable for non-
contact body recreation  the regulations
were more strict for the open waters of the
bay!. Enacted in 1967, these channel stan-
dards proved to be little more than a sham
according to one critic  Smith 1972!, since
state and local authorities were doing so
little to bringenforcernent. RPA had three
courses of action it could pursue to seek
enforcement of the standards. It could:
1! warn the state to come into compliance
within 180 days; 2! convene a standard-
enforcement conference, but only if re-
quested to do so by the governor of the
state; or 3! call a shellfish conference, by
which the federal government could try to
make a case that the shellfish industry had
suffered from pollution.

EPA decided to pursue the shellfish
enforcement conference remedy, even
though their case was weak. Oyster
harvests in the bay had been down in 1968
when federal officials hadbegu to consider
a shellfish conference. Oyster production
nearly doubled during the next two years,
following the opening of more oystering
grounds and a decrease in the size limit for
harvestable oysters by Texas state
agencies. As a result, federal oIIicials
shelved the shellfish conference id.ea,
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fearing that they would not be able to make
a convincing at'gument. But it was decided
to go ahead with the conference in 1971
because of pressure from concernedcitizens
and environmental groups, and a newly-
released, critical Ralph Nader task force
report. The focus of the meeting was EPA's
contention that pollution, primarily from
discharges into the Houston Ship Channel,
was causing about half of the bay to be
closed to oyster harvesting, thereby making
a substantial dent in the economic returns
of the shellfish industry  Environmental
Protection Agency 1971a, 197lb!.

Thus, to no one's surprise, the Houston
conference did not conclude that economic
harm to shellfish was occurring. In fact,
state and federal evidence showed there
was no substantial economic injury to
Galveston Bay's shellfish taken from
approved areas, and that these shellfish
were, moreover, likely safe to eat. However,
ajoint state and federal program, based on
an exhaustive EPA report of conditions in
the channel and the bay presented during
the conference, triggered a new and
increased effort to abate pollution in the
Galveston Bay system.

As a result, the Texas Water Quality
Board agreed in Deceinber, 1971, to approve
a pollution plan for the Houston Ship
Channel's industries and municipalities
which was expected to cost $800 million
over a twenty-year period  Environmental
Protection Agency 1980!. A primary goal
of the plan was to eventually limit the total

pollution discharges into the channel to
16,876 kg of BOD a day, about one-sixth
the load allowed under existing permits,
with a slice of the total allocated to each

municipal and industrial discharger. It
had been calculated that this reduced BOD
load would assure a minimum of one pprn
dissolved oxygen in the ship channel  Smith
1972!.

To achieve this goal, hundreds of
millions of dollars would have to be spent
to buiM and upgrade municipal and
industrial wastewater treatment plants.
Between 1973 and 1979, the EPA awarded
442,4 million to Houston and the cities of
Pasadena and Bellaire to upgrade and
expand several existing waste treatment
plants to provide advanced secondary
treatment, and also construct ancillary
equipment such as sludge dryers, sludge
handling equipment and an interceptor
sewer system. These activated sludge
secondary facilities were designed to
remove 96% of the BOD and 93% of the
total suspended solids in their discharges.
In addition, between 1977 and 1979, the
EPA awarded the City of Houston $166.7
million to construct the 69th Street
Wastewater Treatment Plant, the largest
and most advanced secondary sewage
treatment facility in the Houston
Metropolitan Area and one of the biggest
activated sludge facilities in the United
States  Environmental Protection Agency
1980!.



CHAPTER

The Houston Ship Channel;
Water Quality Trends

BOD Loading
For the purpose of setting water qual-

ity standards, the Texas Water Commis-
sion divides that part of the Houston Ship
Channel between the Turning Basin and
Morgan's Point into three segments, Be-
ginning at the upper end, Segment 1007
includes the portion af the channel from
the Turning Basin down to Green's Bayou;
Segment 1006 extends from that point on
down to the San Jacinto River; and Seg-
rnent 1005 extends from there downstream
to Morgan'a Point. These three segments
make up the "confined" part of the ship
channel. Even though the channel extends
beyond Morgan's Point across Galveston
Bay to the Gulf of Mexico, it is the portion
above Morgan's Point that is widely known
as "the Houston Ship Channel"  Texas
Water Quality Board 1977!. This chapter
concerns only this part of the channel above
Morgan's Point.

The Texas Water Development Board
began to follow ship channel trends in BOD
loading in the late 1960s. Details about
how the numbers were computed are not
given in most of the reports. The basic
procedure seems to have been to compute
a BOD loading for each industrial or mu-
mcipal discharge by multiplying averaged
BOD values  rng/liter! times averaged dai-
ly wastewater discharge rates. The indi-
vidual BOD loads were then summed to
give the total daily BOD load for the whole
channel. Actually, in most of the reports,
two totals were presented; one for munic-
ipal wastes  sewage treatment plants!, and

The Houston Ship Channel is not a
swimming pooL It can never be a mecca
for Sunday sailors and swunmers, for
regardless of the increasing cleanliness of
it's water, a sailboat and a human being
are no match for immense ocean-going
ships and tankers which have barely
enough room to pass each other.
Nevertheless, the plain fact is that we' ve
improved an industrial stream that was
once a sick pesthole, and by doing so, have
improved water quality conditions in
Galveston Bay, the most productive estuary
in Texas.
Texas State officials, quoted in EPA �9SO!

another for the industrial wastes.
There are some discrepancies in the

early 1970s BOD loadings given in the
various reports  Table 4.1!. The value for
1971reported in the GalvestonBay Proj ect
Summary Reportby the Texas Water Qual-
ity Board �975b! is two-to-three times
higher than numbers fmm two other source.
For 1970, both of the Water Quality Board
reports �975 and 1977! gave values that
were about three times that in a 1984
Texas Department of Water Resource re-
port summarizing historical trends in BOD
loading to the ship channel. A less serious
discrepancy involves the 1972 data, where
the range in reported values is between
120,469 and 153,000 lb/day BOD. In other
years, there were only minor differences in
the numbers in the different reports. I do
not know the reason for these differences.
However, a retrospective review of avail-



32

able data, its sources, reliability and corn-
pleteness was made by the Texas Depart-
ment of TArater Resources before publish-
ing the 1984 Wasteload Evaluation for the
Houston Ship Channel. The Texas Water
Commission considers the data denoted by
asterisks in Table 4.1  and plotted in Fig-
ure 4.1! to be the most accurate available
 D.E. Beckett, personal communication!.

There has been an impressive down-
ward trend in the ship channel BOD load-
ing during the past two decades  Figure
4.1!. In 1968 the combined municipal and
industrial load was about 460,000 lbs/day.
By 1971 the total had been reduced to
around 100,000-150,000 lbs/day, due pri-
marily to improvements in the industrial
waste treatment. Both industrial and

municipal loading gradually declined
through the 1970s and 1980s so that by
1986 the total load was only about 25,000
lbs/day, or around 5% of what it had been
eighteen years before.

Historically, a large majority of the
total BOD discharge to the ship channel
has come from only a few of the hundreds
of discharges. The most significant ones
during the period November 1975-October
1976 were five sewage treatment plants in
Houston. They contributed 63% of the total
loading at, that time. The Houston
Northside Plant was the largest, with 53%

0.&
BOD LOADING

0
> O.2O- INDUSTRIAL

MUNICIPAL

-';�Allllli&ii-.;.i
t 968 I 972 1 97S 'I980 1984

YEAR

Figure 4.1, Trends in BOD, loading to the
Houston. Ship Channel between 1 968 and 7 986.
See FabLe 4.1 for data souroes,
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of the total  Texas Water Quality Board
1977!, By late 1986, the number of permit
ted discharges to the channel had grownto
675 �34 domestic and 141 industrial!,but
70% of the total wastewater flow, and two-
thirds of the total BOD, originated hma
only six of the facilities. Gulf Coast%'aste
Disposal Authority, Washburn Tunnel
Plant, discharged the greatest BOD load
�,766 lb/day!, followed by Houston's 69th
Street WWTP �,841 lb/day!, Houstmr's

Table 4.1, BOD loadi ng data for the Houston
Ship Channel. Data Sources: I! Texas Water
Quality Board � 975b!; 2! Texas W'af er Qualify
Board � 977!; 3! Texas Department of Water
Resources �984b!. 'This data used in J ignore
4,L,

lndustriarYear Source Municipal

140,000 320,000

140,000
45,318

192,000
68,086

95,000
46,515

57,000
55,160

50,000
35,700

103,000
84,769

42,000
35,250

77,000
77,947

133,000
134,414
106,000
104,859
60,000
66,906
44,832
59,659
61,028
60 990
58,656
46,869
33,260
20,316
16,287
14,360

37,000
34,689
19,000
25,986
27,000
22,579
33,996
21,368
18,194
18,451
16,704
14,569
15,067
14,307
12,360
10,956

1968 1
2

1969 1
1970 1

2
e3

1971 1
2

~ 3
1972 1

2
e3

1973 1
2

43

1974
2

e3

1975 2
e3

1976 2
e3

1977 '3
1978 e3
1979 e3
1980 e3
1981 e3
1982 3
1983 e3
1984 e3
1985 e3
1986 '3

480,GGO
460,000
358,000
300,GGO
332,000
113,404
882,000
152,000
101,895
123,675
153,000
120,4$
119,GOO
119,000
11$,197
171,000
170,000
169,101
125,000
180385

87,000
88,485
78,828
81,027
79~
69,441
75+80
61,438
48~
34,623
28,648
25,316
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Sirns Bayou WWTP �,234 ib/day!, Hous-
ton's Northside WWTP �,046 !b/day!,
Exxon-Baytown Refinery Outfall ¹I �,914
Lb/day! and St. Regis Paper Company �,321
ib/day!  Texas Water Coinmission 1987b!.

From 1968 to around 1975, the ship
channel industrial polluters were much
more successful than the mun icipaii ties in
reducing their BOD contributions. This
caused a drainatic shift to occur in the
relative proportions of the total load attrib-
utable to these two source categories. In
1968, industry contributed 69% of the total
pound-pertly BOD loading to the chan-
nel, and municipal dischargers contrib-
uted 31%. In 1972, this ratio changed
sharply; municipalities now accounted for
67% of the BOD loading, while industry's
share dropped to 33%. In 1981, this dispar-
ity was even greater; the municipal contri-
bution jumped to 77% while industry's
share dropped to 23%. By 1986, however,
the municipal plants had made more
progress, so that the ratio stood at 55%
municipal and 45% industrial. A 1980
Environmental Protection Agency surn-
rnary report entitled Lower Houston Ship
Channel and GalvestonBay, Texas: AWater
Quality Success Story, praised industries
role in eliminatingmostoftheBOD loadby
noting that:

"In terms of pollution abatement, in-
dustry - long excoriated as the de-
stroyer of the channel and Galveston
Bay - no longer wears the black hat.
For it has cleaned up its wastewater to
the point that Harris County's Dr.
Quebedeaux, known in the past as a
vocal critic of industrial pokkuters, could
say with confidence in 1976: "There
are still some cases where industry
needs to use better techniques, But
the industrial segment, as a whole,
has come a long way."  Environmen-
tal Protection Agency 1980!

powelson O978! attempted to identify
and analyze the major factors responsible

for the dramatic decline in industrial BOD
Loading to the ship channel between 1968
and 1976. He concluded that the reduction
resulted from several interdependent fac-
tors, including: I! low permitted BOD vol-
umes, 2! Opemtion Clean-Sweep, 3! in-
dustrial anticipation of future strict legis-
lation, 4! regional collective treatment
plants, and 5! the 1972 Federal Water
Pollution Control Act Amendments. Here
are Powelson's findings summarized:

1. Low permitted BOD volumes as
early as 1968 encouraged some of the dis-
chargers to improve treatment facilities
without bei ngcoerced through governmen-
tal enforcement. Powelson contends that
duringthat period of time the Texas Water
Quality Board rarely referred permit vio-
lators to Civil or District Courts, but rather
tended to pursue compliance through ne-
gotiation.

2. Operation Clean Sweep was an
enforcement policy initiated by the Texas
Water Quality Board in November 1968.
Its objective was to systematically investi-
gate every waste discharge in Texas, to
determine whether or not the discharger
was in compliance with existing permits,
and to specify any corrections needed "for
protection of the waters of the State." By
July 1972, over 1,500 dischargers had been
surveyed, with 238 of these appearing be-
fore the Texas Water Quality Board. The
program was criticized for concentrating
on small-town municipal discharges rather
than large industries, and for levying fines
that were insignificant for large indus-
tries. However, the incentive to avoid
adverse publicity seems to have resulted in
many industries complying with instruc-
tions given by the Texas Water Quality
Board for improvement of treatment facili-
ties.

3. Powelson speculated that several
industries, including Petro-Tex, I ubrizol,
Shell Oil, and U.S. Gypsum, reduced their
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BOD loading in anticipation of future rig-
orous regulations by state and federal
agencies, Shell Chemical Company, for
example, was one of the largest BOD
dischargers in 1968, with an average load-
ing of 43,000 lbs/day. At that time it had
already started construction on additional
treatment facilities, including an eKuent
incinerator for secondary solids, an ail
separator, and pH controls. The conse-
quences of these alterations was a decline
in the BOD loading to 1,400 lbs/day by
1976. The company received no enfarce-
ment orders of any kind during this pe-
riod. Developing, or maintaining, a posi-
tive public relations image may have
played a role also. Powelsan pointed out
that by the late 1960s, it was becoming
increasingly common for large industries,
particularly oil refineries, to stress expen-
sive treatment facilities in their advertis-

ing.
4. The Gulf Coast Waste Disposal

Authority  t" CWDA! was created by the
Texas legislature in 1969 to help control
water pollution in the Galveston Bay area.
The nine-member Board of Directors is
composed of three representatives from
each of the three bay area counties under
its jurisdiction  Harris, Chambers, and
Galveston!. GCWDA is ane of the few
authorities in the U.S. which gives indus-
tries the incentive to weigh the costs of
individual treatment versus the costs of

contracting a large regional collect ive au-
thority, with its inherent economics of
scale. The powers of the Waste Authority
are broad; it can acquire in any legal
manner, construct, improve, maintain,use
or operate any faci'l i ty needed to pursue its
purpose. Additianally, the Authority has
the power to tax up to 10 cents per $100
valuation if approved by the voters, and
may issue revenue bands to construct
treatment plants. Finally, it may conduct
hearings, investigations, and inspections,
with the ability to sue for violations of
Texas Water Quality Board permits.
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Generally, the industrial participants
pay the debt service on municipal bonds, as
well as plant aperation and maintenance
casts. Industries also pay a management
fee to the autharity. The chiefbenefit to the
public is that a government agency can
monitor and control the dischareers. In-
dustry also gets some advantages; its inter-
est rate on the bonds is lower than it would

be on industrial bonds. As of 1976, the
industries contributed 70% of the revenue,
and the State of Texas contributed 24%.

Municipal users and administrative fees
accounted for the remaining 6% of the bud-
get.

The Authority maintains that one
advantage of the central treatment of vari-
ous types of waste is that the large-scale
central facility, with sophisticated back-up
and emergency facilities, is better designed
to absorb occasional disruptions in its facili-
ties, But critics have charged that indus-
tries are much less accountable for their
own pollution and that, the large fiow mask
the taxic pollutants of some industries,
making them harder to detect and control.

In 1976, the main treatment plant oper-
ated by the GCWDA was the Washburn
Tunnel Plant in Pasadena which began
operatian in 1973. This plant initially con-
tracted with five industries ta treat their

wastes in a single biological waste treat;
ment facility.

6. The 1972 Federal Amendments had

an impact on the treatment facility im-
provements of some firms. One example
was Southland Paper, an industry not af-
fected by Operation Clean Sioeep. It was
reviewed, but was never called before the
Water Quality Board, presumably because
improvements in its treatment facility were
progressing on schedule. Southland indi-
cated to Powelson during his survey that
the 1972 Federal Amendments influenced

the company's abatement schedule. Be-
tween 1967 and 1977, its BOD load de-
creased from 6,400 lbs/day to 2,300 lbs/day.
Another factor mayhave been the age af the
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plant; that is to say, this was a new plant,
built in 1967, which had installed rela-
tively advanced treatment at the start.

It is noteworthy that the uppermost
segment of t,he ship charm.el was not re-
ferred to in the title of the 1980 KPA report
on the BOD reduction "success" story. Most
of the industrial discharges, from which
most of the BOD had been eliminated,
were located in the middle segment of the
ship channel, about a third of the way
between the Turning Basin and Morgan' s
Point. Farther upstream, near or above
the turning basin, were most of the Hous-
ton municipal wastewater discharges, in-
cluding the largest - the Houston Northside
plant. The fact was that in the 1970s there
had not been nearly as much improveinent
in these plants, so that conditions were still
rather poor in the uppermost ship channel
segment. Designed to handle 56 million
gallons perday MGD!, the Northsideplant
in 1975-76 was receiving 70-100 MGD,
and it released nearly half' the total BOD
load to the ship channel  Texas Water
Quality Board 1977!. Instal!ation of new
sludge handling equipment in 1975-76 did
bring down the plant's BOD loading by a
great amount  Figure 4.2!. This was the
major factor in the downward trend in
total BOD loading to the ship channe!
between 1974 and 1977  Figure 4.1!.

The domestic loading did not decrease
any further, however, between 1977 and
the early 1980s. A Wasteload Zvaluation
for the ship channel by the Texas Depart-
ment of Water Resources �984b! cited two
reasons for this: "First, a number of do-
rnestic dischargers have not yet finished
construction of wastewater treatment fa-
cilities capable of meeting the effluent
limitations recommended by the 1974
Houston Ship Channel Waste Load Evalu-
ation. Second, rapid population growth in
the Houston area has caused a significant
increase in domestic wastewater flows...
The City of Houston treatment p! ants are

$0.2

! 0.1
5

0.0
i 975 19771i 976

being renovated and expanded under the
timetable dictated in an enforcement order
issued by the Texas Department of Water
Resources. The Houston 69th Street Waste-
water Treatment Plant began operation in
October 1983, alleviating a portion of the
loading to the Houston Northside facility.
By the middle of 1984, the loading to the
Houston Ship Channel that has resulted
from the overloaded Houston Northside
wastewater treatinent plant shouMbe sig-
nificantly reduced."

Indeed, by 1986 the municipal loading
was down significantly from those of the
early 1980s  Figure 4.1!. Besides the new
69th Street plant, there was another factor
that probably contributed to this dec!ine;
namely, the economic recession that hit
Houston in the early part of the decade.
Between 1983 and 1986, the total flow
from the municipal wastewater plants ac-
tually declined slightly, due to population
emigration  Texas Water Commission
1987b!.

Dissolved Oxygen
Standards for dissolved oxygen

concentration have existed for segments of
the Houston Ship Channel since 1967

F!gare 42. Effluent BOD and total euepe nded
eolide loading to Buffa& Bayou by the City of
Houeton Northeide Sewage Treatment Plant
during the period March l 978 to October 1978.
From Texae Water Quality Board g 977!.
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 Texas Water Quality Board 1976; Policy
Research Institute 1986!. As early as 1973
they were set at 1.5 mgtliter in Segment
1007  the Turning Basin area!; 2,0 mg/
liter in Segment 1006, from Green's Bayou
down to the San Jacinto River; and 4.0 mg/
Uter from there on down to Morgan's Point
 Segment 1005!  Texas Water Quality
Board 1977!. A 1984 Wastelaod Evalua-
tion for the ship channel recommended
that the standard for Segment 1007 be
reduced from 1.5 to 1.0 mg/liter. It was
stated in the report that this could be done
without affecting the desired water uses
 Texas Department of Water Resources

EH AVERAGE M <1.5 hkG/L

1958 6 5 4 3 2 1 0 20 40 60 50 100
O.o.  MG/LITER! PERCENT OF SAMPLES

Figure 4S, Trends in annual mean surface
dissolved axygen  mg/liter! in Houston Ship
Channel Segment 1007 r7'urning BaSin!. See
Appendices 2 and 3 for station locations.

Z3 AVERAGE ~ <2.0 MG/L

1963
I

1 g56 6 5 4 3 2 1 0 20 40 60 60 100
D.o.  MG/LITER! PERCENT OF SAMPLES

Figure 4A. Trends i n annual mean surface
dissolved oxygen  mgl liter! in Houston Ship
Channel Segment 1006  Greens Bayou to San
Jacinto River!. See Appendi ces 2 and 3 for
station locations.

1984b!.
These rather modest dissolved oxygen

standards for the ship channel are based
on designated "uses to be protected" forth'
different segments that are an outgrowth
of the controversial "zoning" of the channel
by the Texas Water Pollution ControlBoard
in 1964. In October of that year the Board
adopted the policy that the upper part of
the ship channel was to be considered as
existing principally for purposes of naviga-
tion and industry, and not for recreation or
for the support of marine life. The portion
from the San Jacinto Monument to
Morgan's Point would serve as a buffer
zone to protect and preserve Galveston
Bay for fishing and recreational activities
 Williams 1972!.

But until r ecently, even these lowstan-
dards for Segment 1007 and 1006 were
often violated, Figures 4.3-4.5 show the
trends in annual mean surface water dis-
solved oxygen in the ship channel since
1963  See Appendices 2 and 3 for descrip-
tion of data sources and stations!. The
Turrung Basin, at the head of the channel,
has historically had the lowest D.O. Rela-
tively isolated from tidal exchange with
Galveston Bay, this region depends on
Buffalo Bayou inflow following periods of
stormwater run-offto flush the heavyBOD

- 'AVERAGE ~ �,0 MG/L

1963

19M � '-,� � . --:,,... j
10 6 6 4 2 0 20 40 60 50 100

O.O.  MG/LITER! PEROENT oF sAMPLES

Figure 4.5. Trends in annual mean surface
dissolved axygen  mg/liter! in Houston Ship
Channel Segment 1005  San Jaci nto Ri ver to
Morgan's Point!. See Appendices 2 and 3 fbi
station locations.
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load it receives from the Houston munici-
pal waste plants. During periods when
fresh water input is moderate to low, most
of the oxygen in the Turning Basin is
consumed by decornposingorganic wastes.
High ambient temperatures and calm
weather that characterize summer low
flow periods also contribute to oxygen deple-
Cion.

In the 1960s and 1970s the annual
average dissolved oxygen in Segment 1007
increased slowly, but declined again in the
late 1970s and early 1980s, following the
same trends as the BOD loading. The 1968
annual average was <0.6 rng/liter, com-
pared to mid-1970s values around 1-2 mg/
liter. Since 1981, however, dissolved oxy-
gen in this segment had improved rapidly.
By 1985-1986 it was up to between 4 and
5 mg/liter. The percentage of samples
violatingthestandard alsohas fallen rap-
idly in recent years. In most years during
the 1960s and 1970s 40% to 80% of all the
samples were below 1.5 mg/liter. In fact,
many had undetectable dissolved oxygen.
But 1981, the percentage of violations has
decreased rapidly to less than 10% in 1985
and 1986.

Farther down the ship channel, in
Segment 1006, there has also been
improvement in oxygen conditions,
although they were never as low as in the
Turning Basin area. Since 1963 the annual
mean has risen from around 1 mg/li ter to 4-
5 rng/liter  Figure 4.4!. Most of the
improvement had taken place by 1973,
pet haps a reflection of the early eKorts to
remove BOD by some of the industries in
this segment. The percentages of standard
violations have declined,but still, in recent
years 10%-30% of the samples have fallen
below the 2.0 mg/liter standard.

Decreasing BOD loading in the upper
ship channel has also led to increases in
oxygen in Segment. 1005 between the San
Jacinto River and Morgan's Point. This
segment receives most of its oxygen

demanding wastes from the segments
farther upstream rather than from indus-
tries along its shores. Also, situated closer
to the bay, it has better tidal flushing. A
third factor is flushing by the San Jacinto
River, which empties into the channel at
the upper end of this segment. Thus,
historical dissolved oxygen concentrations
have been relatively high here  Figure
4.6!. In the 1960s the annual means were
around 4-5 mg/liter. Since then they have
increased to about 8 mg/liter. Again, the
cause of the improvement is decreased
BOD loading from Segments 1006 and
1007 farther up the channel. The 4 mg/
liter standard for this segment is seldom
violated.

Nitrogen and Phosphorus
There have never been standards for

nitrogen and phosphorus in the ship chan-
nel or any other part of the Galveston Bay
system. But there has been concern about
ammonia nitrogen levels, since nitrifica-
tion  oxidationofamrnonia to nitrate nitro-
gen! is an oxygen consuming, biological
process. The Texas Departinent of Water
Resources, and more recently the Water
Commission, have attempted to control
ammonia nitrogen in the ship channel by
means of the Wasteload Allocation Pro-
cess. This involves setting limits on the
NH, concentrations in the discharges from
waste treatment plants  Policy Research
Institute 1986!,butdoes notsetastandard
for waters in the ship channel. In recent
years, the discharge concentrations were
supposed to be in the 3-5 mg/liter  as NH,-
N! range for the sewage treatment plants
 Texas Department of Water Resources
1984b!. But the measured ammonia con-
centrations in a 1985 Intensive Survey of
some of the municipal and industrial e6lu-
ents ranged up to 50 mg/liter  Texas Water
Cornrnission 1987b!.

Nevertheless, better waste treatment
has led to significant decreases in ship
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change from about 1977 through 19@
with the concentrations rernaining<tgrr sborrl
1.5 mgfliter. Finally, in the most d
stream ship channel segment, 1005 NH
N went from around 1,5 mg/liter in197p~
less than 0.3 mg/liter in 1986

In the early 1970s, nitrate rritn,
 NO,-N! was not very concentrated j� tl�
ship channel, compared to ammprrirr
as the ammonia nitrogen decima tl�
nitrate nitrogen levels increased, esprit g.
in the two upper segments. The resrrlt�rrr
that by 1986, nitrate concentrations brett
equal to, or greater than, the arrrrlrrir
concentrations. For example, in Segrrrerrl
1007, the 1973 nitrate was only ahorrtp,i
mg/liter, or about 5% of the total dilolvsrl
inorganic nitrogen  DIN - the sum pf rrrrr.
monia plus nitrate!. In 1986, however,tbs
nitrate averaged nearly 2 mgfliter, whiclr
was about two-thirds of the DIN total,

Undoubtedly, one important reason for
this shiA was that nitrification becarM

more pronounced, especially in the rrpper
channel segments, as the dissolved oxygerr
concentrations rose.

The consequence of this increaserl
nitrification rate is that the DIN corrcerr.

trations have not declined as much in th<
channel as would be indicated frrrrrr tlr<
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Fi gure4 7 Trends rnamrnonra NH N!and
nitrate gVO;N! nitrogen concentrations in
Houston Ship Channel Segment 1008  Greens
Bayou to San Jacinto River!. See Appendices
2 and 3 for station locations.
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ch l monia nitrogenconcentrations
during the past two decades  Figures
4.8!. At the turning Basin  Segment
N07!, NH,-N averaged around 4-5 mgf
liter in the early 1970s. It came down a
little duringthe next decade, but has shown
the most improvement since 1983, drop-
ping from 4 mg/liter to around 1,5 mg/liter
 Figure 4.6!, In Segment 1006, upstream
from the San Jacinto River, NH,-N also
decreased, from about 5 rng/liter in 1970 to
less than 1 mg/liter by 1986. Most of the
dschne here seems to have taken place in
the mid-'70s. There was actually little

0 1963 1968 1973 1978 1983 '1 988
YEAR

Figure 4.6. Trendsin ammonia  NH;N! and
nitrate CÃO;N! nitrogen concentrations i n
Houston Ship Channel Segment 1007 r7'urning
Basin!. See Appendices 2 and 3 for station
locations.
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ammonia nitrogen data alone. Appar-
ently, the improved waste treatment pro-
cesses employed to remove much of the
ship channel BOD load have not been
nearly so effective in removing nitrogen.
This comes as no surprise, since it is well
known that conventional secondary sew-
age treatment processesremove only 25-
45% of the nitrogen in sewage  Gakstatter
et al. 1978!.

Phosphorus concentrations in the ship
channel have shown about the same tem-
poral spatial trends as those for nitrogen
lFigures 4.9-4.11!. Both total phosphorus
 TP! and phosphate phosphorus  PO,-P!
are more concentrated in the upper chan-
nel segments, and both have declined sub-
stantially since the late 1960s. For ex-
ample, in Segment 1007, TP was about 3
mg/liter in the early 1970s, but now is
down to around 1.5 kg/liter  annual aver-
ages!. Phosphate phosphorus has de-
creased from 2.3 mg/liter in 1977 to 1.2 mg/
liter in 1986, The similarity in the TP and
PO,-P concentrations indicated that most
of the TP is inorganic. In other words, only
a small fraction of the TP is particulate or
dissolved organic phosphorus

1988 4 3 2 1 0 1 2 3 4
MG/LITER MG/LITER

Figure 4.8. Total phosphorus and phosphate
phosphorus  PO;P! trends in Houston Ship
Channel Segment 1007  Turning Basin!. See
Appendices 2 and 3 for station locations.

Metals
Petrochemical industries along the

Houston Ship Channel use large quanti-
ties of metals as catalysts in a variety of
manufacturing processes, such as the pro-
duction of styrene chromium, copper, iron,
and zinc! and polyethylene  chromium and
nickel!. Zinc chromate, which has algicidal
properties, is added to coolirig water to
prevent fouling of the cooling equipment
by algae. In addition, some metals ate
present in significant amounts in munici-
pal wastewater discharges. Thus, it is rea-

1988 5 4 3 2 1 0 1 2 3 4
MG/UTER MG/LITER

Figure 4.10. Total phosphorus and phos-
phate phosphorus  PO;P! trends i n Houston
Ship Channel Segment 1006  Greens Bayou to
San Jaci nto River!, See Appendices 2 and 3 for
station locations.

1988 '
4 3 2 1 0 1 2 3 4

MG/LITER MG/UTER

Figure 4,11. Total phosphorus and phos-
phate phosphorus  PO;P! trends in Houston
Ship Channel Segment 1005  San Jaci nto River
to Morgan 's Point!. See Appendices 2 and 3 for
station locati ons.



Table 4d. Comparison of trace !metals
discharged to the Houston Ship Channel by
selected dischmgers in 19N and 1972'-1 978.
AQ values are pounds per day. Prem Texas
8'ater Qaakty Boa+I �977j.
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sonable to assume that toxic materials
ld be a moor issue for the Galvestonwou a

Baysystem. In fact, however, these po ut-llut-

ants have been studied not nearly as thor-
ougMy as BOD loading and oxygen nutri-
ents, and freshwater inflow. In fairness, it
should be kept in 1nind that the same
applies to most other estuaries around the
nation, including those in other highly
industrialized areas. Sotne of the reasons
for this are the lack of reliable, sensitive
measurement techniques in the past; high
analytical costs; and uncertainty about the
degree of toxicity of a given concentration
Of a particular metal Or OrganiC pol tutant.
Also, the chemical behavior of toxic metals
in aquatic ecosystems is very complex,
involving exdumges among water, sedi-
ments and organisms. The rates of these
exchanges are determined by a number of
physical/chetnical conditions, and the tox-
icity of the 1netals variea, depending on
their chemical form in the environment.

Heavy 1netala have bmn sampled mOre
often than toxic organic compounds in the
Galveston Bay system, and as would be
effected, most of the metals samples have
come from the water and sediments in the

Meta1 Discharger 1969 1973

Chaqle 
Houston Ship Channel
TeXas Water Quality Board a d tnce 1974 ii�

an the>aCorr1rnlss ion have sampled
four sites in the ship channel

s

take water samples qu~ l r y at siz l9Channel stationa, Rout1nel th l
samples come from one %2fe

neatl1 tl�surface, and the Sediment Sa1n l
taken with eitheran Eckmanorp ~'u11np oS On

type dredge, wh1ch samples t
inches of sediment  Texas g  

aterCommission 1986c! Earlier data, f  h,
late 1960s and early 1970s we~> ~
by Copeland and Fruh �97p! a dH
and Slowey �972!.

A 1969 grab sample survey pfefllue4
showed that thousands of pounds pfom
metals were being discharged herds ~
the Houston Ship Channel Of tie g
metals analyzed, zinc was being relsmel
at a rate of 7,886 pounds/day, fpllpvalt
capper �,332 pounds/day!, lead �63il g
day!, cadmium �,098 ib/day! ao<1
chrom1um �36 lb/day!, A few n1dustns
and!Or municipal waate plantS, vow
responsible for high percentages Of  is
total praduction of each 1netal. For eramP'2
the HOuS ton 'Northside Sewage TreatmOO 
Plant and three ship channel indootris
acCOunted for abOut two-thirdS Oftlmaot'

lOad; and over 95% Of the cadmium tooa
from one i ndus try  E nvirpno1eo ol
Protection Agen~ 197 la!.

But in the late 1960s and early Ã>
metals waste loads from the indpstrsl
plants probably began to decline, At  ss 
this was the conc! usion reached in»<'
Texas we te r Qua l i ty Board rsPo"
corn paring the 1969 data with data op"~
between 1972 and 1974  Table 4.2! >
report's authors called the generally~
of reduction by these selected indus
"representative," and concluded tQ~il

mainly reflected recent imptovernesest5 S

the treatment afforded in« go tnt l

waste wa ter.
mo�'As would be expected redu~

loading to the ship channel tuu' l~
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Figure 4.13. Surface sediment metals concentrationsi n the Houston Shjp Channel, 1974-2 I
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substantial declines in concentrations of
these materials in the water than in the
sediments. Figures D4. 12 and D4.13 show
plots of all the data collected by the Texas
Water Quality Board and Water Cornmis-
sion between 1974 and 1987. Arsenic,
chromium, and lead have shown the stron-
gest declines in the water samples. In the
1970s arsenic was frequently greater than
30 pg/liter, but since 1984 almost all the
readings have been below 10 pg/liter.
Maximum chromium levels have decreased
from 70-100 p g/liter to around 40 pg/liter,
and lead levels have fallen from a maxi-
rnurn of 300 @.g/liter m 1974 to a maximum
of 100 pg/liter in 1986  Figure 4.12!.

Arsenic, cadmium and lead levels in
the ship channel sediments appear to be
trending downward, but for the other met-
als there are no obvious trends  Figure
4.13!. Before 1982 about half the arsenic
values were above 8 mg/kg sediment; since
then they have all been below 8. Average
lead levels in the 1984 and 1985 samples
were also down by about 50% from those
taken a decade earlier. Similarly, cad-
rnium concentrations seem to have de-

clined modestly since the 1970s. In 1986
the maximum was 6rng/kgsediment, com-
pared to 11 mg/kg sediment in 1974 and
1978.

Both water column and sediment val-
ues for a given metal have ranged widely,
but there are several factors that could
explain this. One is that the highest con-
centrations are probably very localized
because, as was noted above, some of the
metals are discharged in large quantity by
only a few industries. Second, the data
plotted in Figure 4.13 are for the whole
ship channel  Segments 1006-1007!. It
has been shown by Harm and Slowey �972!
that, in the early 1970s at least, there was
a clear trend of decreasing sediment met-
als concentrations as one moved down the
ship channel. This is a reflection af the
high concentration of municipal and indus-

trial outfalls along the upper one-third of
the channel. Finally, as White et al. �986!
pointed out, estuarine sediment concen-
trations of many of the metals are natu-
rally highest in muddy sediments and low-
est in sandy sediments.

Nevertheless, sediment concentrations
of several of the metals have remained
substantially above screening levels for
dredged sediment disposal proposed by the
U.S. EPA �974!  Figure 4.13!. Most of the
arsenic, cadrniurn and lead samples col-
lected by the Texas Water Quality Board
and Water Commission since 1974 have

been above the screening levels, while
nickel, manganese and mercury levels have
usually been below the EPA thresholds.
About 26% of the chrorniurn and copper
values were above the thresholds.

Knowledge of the impacts that metals
and other toxics have had on Galveston

Bay organisms is very sketchy. Copeland
and Fruh �970! showed that various spe-
cies diversity indices were inversely re-
lated to the calculated concentrations or

discharges from the Houston Ship Chan-
nel. It was also demonstrated that estua-

rine waters that were more concentrated

in wastewater discharges exhibited a toxic
or growth depressing effect on natural and
pure cultures of phytoplankton. Further
work showed that unknown toxic materi-
als being introduced via the Trinity River
and the Houston Ship Channel depressed
phytoplankton growth rates.

King et al. �986! criticized the rnoni-
toring for organic contaminants in ship
channel sediments performed by the U.S.
Army Corps of Engineers before dredging.
Sediments are normally analyzed for 21
parameters, but nine of these are chlori-
nated hydrocarbons that have been banned
fram use in the United States. King et al.
contended that since levels of these con-
taminants have been declining since 1972
in most locations that are monitored
through the National Contaminant
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Biornonitoring Program  Cain 1981; Cain
and Bunck 1983; Schmitt et al. 1983!, they
shou!d be dropped from the Corp's routine
monitoring of channel sediment. On the
other hand, they argued, there are some
chemica!s that are not currently moni-
tored, but which should ba induded: sele-
nium, phthalate cstars, phenols, polycyclic
aromatic hydrocarbon  PAH! compounds,
and chlorinated styrenes. A preliminary
study by the U.S. Fish and Wildlife Service
has shown that vo!stile � or 3 ringed!
polycyclic aromatic hydrocarbons  PAH!
were below liinits of detection in the ship
channel. But it was suspected that larger
� and 5 ring!, lass volatile PAH com-
pounds, which were not measured, maybe
present in concentrations high enough to
cause "significant contamination" of bay
sediment. However, this conclusion was
based on indirect evidence � no actual
measurements of these compounds had
been made at the time of this report  King
et al. 1986!.

Plankton, Benthos. Fish, and

Public Perceptions
Although the Houston Ship Channel

had been "irrevocably altered in terms of
its capacity to support certain kinds of
wildlife" according to a Texas Water Qua!-
ity Board report �977!, it is inhabited by
s substantial portion of the biological com-
munity that characterizes the Galveston
Bay coinplex as a whole." "Furthermore,"
the report stated, "The numbers and kinds
of organisms present have increased in the
past five years [1972-1977], due largely to
water qua! ity improvement resulting from
reductions in waste discharges." The re-
port wanton todeecribe in detailthechangee
in abundance for different kinds of organ-
isms in the ship channel. Here is a sum-
mary of the findinoi:

1. Both pollution-tolerant and other
kinds of phytoplankton algae grew in the
ship channel. The highest species and
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individual counts ware found at Morgan' s
Point. It is ahnost certain that phyto-
plankton production in the channel is !im-
ited by contaminants, as both nitrogen and
phosphorus are present in amounts to sup-
port a much larger standing crop of p~
plankton. Cope!and and Fruh �970! tox-
icity test results -as described above- were
cited as supporting evidence for this con-
clusion.

2. Zooplankton concentrations a!co
decline up the channel froin Morgan's Point.
Probable reasons for this pattern inc!ude
the gradient in dissolved oxygen, snd !ees
availability of food  algae, bacteria, or other
zooplankton!, and increased toxicity up-
stream.

3. Theear!ieststudiesoftheshipchan-
nel benthos were by Chainbers and Sparks
�959!. They found no living organisms in
sainp! es from the deep  dredged! portion of
the channel. More recently �972-1976!,
benthic organisms were stil! scarce or com-
pletely absent at the Turning Basin, but
were present in samples taken farther
down the channel.

4. The low concentrations of oxygen
and higher levels of some toxic materials in
the upper channel depress nektonic life
there. Oxygen depletion snd toxic sub-
stances, probably aggravated in their ef-
fects by sudden teinperature and salinity
changes during heavy storm runoff peri-
ods, have also been responsible for fish and
invertebrate kills. There is good evidence,
however, that water quality is becoming
more suitable for a variety of nekton.
Shrimp and crabs were being caught oa
the water intake screens at an industrial

facility 11.5 miles downstream from the
Turning Basin as early as October 1971.
"We counted 8,000 organisms in 1973,
78,000 in 1975, and almost 117,000 in
1977, a 75% increase at this upper chanae!
location," a Texas Department of Water
Resources biologist was reported to have
said. In Noveinber, 1972, fish and crabs
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began to be collected from another intake
20 miles below the Turning Basin  Texas
Water Quality Board 1977!.

$ccounts from newspaper articles writ-
ten in the early-to-mid 1970s were used by
EPA in its 1980 summary of ship channel
pollution cleanup. These stories suggest
that there were some changes in the public's
perception of the channel and Galveston
Bay. The following is froin that report,
entitled A Water Quality Success Story:
Lower Houston Ship Channel and
Galveston Bay, Texas  U.S. KPA 1980!.

It didn't take long for people working
and living along the channel to notice
snd appreciate these improvements.
In late 1972, the executive vice
president of the Pasadena Chamber of
Commerce was invited to eat at
Diamond Shamrock's snack bar, where
he was served shrimp cocktail made
with fresh shrimp from the channel.
'They were delicious," he said, "end I
haven't had any ill effects." A year
later, an officer with a company even
farther upstream wrote to the Texas
Water Quality Board: " Your! hard
work in improving the Houston Ship
Channel is paying oK We recently
repaired a condenser using ship
channel water for cooling. Part of the
blockage was shrimp and crab. We
know they were showing up
downstream, but this is the first we' ve
heard of this type of marine life this far
upstream," According to a diver
working these waters, "not too long
ago the channel water ate the zipper
right out of my diving suit in two or
three months, but not it takes a year or
more. I can see much better
underwater, the water tastes as if it
had fresh water mixed in with it, and
the odor is much better, too." A boat

captain and the founder of a canoe
club were also impressed, According
to the captain, "this stream is cleaner
than I' ve ever seen it. The sea life is
improving and coming fhrther up the
channel. Fact is, I have to scrape
barnacles off my hull that weren't able
to grow a few years back." "I agree
with that," said the canoe club direc-
tor. "Our club folded up because of
pollution, but now we' ve reorganized
because the channel is much, much
improved � and there's plenty of fish
and aquatic life. While we know that
the channel is a busy transportation
artery," he added, "we' re still going to
give it a sportsman's try."

In an article which appeared in the
November 2, 1976 issue of the Houston
Chmnicle, outdoor staff writer Joe Doggett
had more good news for local sportsinen.
"Up to last week," he wrote, "I would have
vowed that a fisherman would be more apt
to catch typhus than tarpon from the upper
reaches of the Houston Ship Channel...
but an employee of a power plant in
Pasadena rewrote my thinking when he
discovered hundreds ofbaby tarpon milling
around the plant's warm water discharge
pipe at the junction of the ship channel and
Vince Bayou..." Shortly after, Doggett,
who admitted that he was "immediately
skeptical," drove out to the site to see for
himself. "We fished for several hours and
saw hundreds of tarpon within a hundred-
yard stretch. Most of them were about a
foot long, but some were as small as five or
six inches, and others looked close to 10
pounds. Wejumped about 10 fish each and
landed two, and I was goggled at the sight
of so inany tarpon bei ng so close to where
they had no business being."
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Water Quality in the River in
1975

Since 1976 the state of Texas has sub-
mitted Wafer Quality Invenfories to the
U,S. EPA every year, or more recently,
everyotheryear. Thesereports summarize
existing water quality problems in the
state, fulfilling requirements of Section
306 b! of the Federal Water Pollution Con-
trol Act passed by Congress in 1972.

The Trinity is one of 23 inland and
coastal basins designated by the Water
Commission for purposes of water quality
management and planning. Like the
others, the Trinity is subdivided into seg-
ments  Figure 6.1!. All the numbers
assigned to the Trinity segments begin
with the prefix 08, and there are 36 seg-
ments in the basis. The principal segments
are described in Table 6.1. Generally, the
low-numbered segments are farthest down-
river.

In the first Inventory, it was reported
that:

Another indication of the poor water
quality in the Trinity in 1976 was the low
ranking of some of its segments, compared
to other streams in Texas. For example,
Segments 804 and 806, between Lake
Livingston and Fort Worth, were ranked
as the sixth and fourth worst  out of 288! in
the state. Segment 803, Lake Livingston,
was the 16th worst. Farther upstream,
stretches of the West Fork of the Trinity
below Lake Worth  Segment 806!, and the
East Fork of the Trinity  Segment 819!
were also poorly ranked. None of these
segments met the stream standards appli-
cable at that time, and some were deemed
unsuitable for contact recreation or

The Trinity River

The main stem of the Trinity River
receives all the municipal and indus-
trial effluent from the Dallas-Fort
Worth area and during low flow condi-
tions, these eflluenta comprise the total
flow' of the upper Trinity... The East
Forlrofthe Trinityistotallydominated
by sewage eKuent and imposes a vast
w aste load on the main stein. The Elm
Fork tributary and Ten Mile Creek
also add waste loads. The result is
extremely low dissolved oxygen read-
ings and coliform bacteria violations
for quite some distance down the main

The overall condition of parts of the river,
particularly the East Fork is disgracefu L
Even though I was prepared mentally for
what I was going to see... it was amazing.
8'a ter in the East Fork runs as a thick

sludge � almost black in color with no
fish. But the Trinity River has a lot of
potential. It 's coming back The river is
downright beautiful in some places. I think
it's wor th saving.

R, irwin, U.S. Fish and wildlife service,
quoted in Houston Post article �985!,

stem of the Trinity  well into Segment
804!.

Many reservoirs in the Trinity Basin
are experiencing rapid eutrophication
and resulting nuisance algal conditions
and high pH levels due to critical con-
centrations of nutrients contributed
by municipal erfluents.

 Texas Water Quality Board 1976a!
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FIIpare 5.1. Tri nity River Baai n segments, aa
designated by the Texas Water Commission for
management paarpoaea Redrawn from Texas
Department of Water Reaocarcea �98lb!.
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domestic raw water withdrawal  Texas
Water Qua/ity Board 1975a!.

In addition to low dissolved oxygen and
high coliform counts, the Trinity River
below the Metroplex area has historically
carried very heavy loads of nitrogen and
phosphorus. In the 1970s, total nitrogen
averaged about 15 rng/liter in the Dallas
area under low Iiow conditions, and total
phosphorus was 8-10 mg/liter  Figure 6.2!.
Typical total nitrogen and phosphorus loads
in this river segment were around 36,000-
40,000 pounds per day and 16,000-20,000
pounds per day, respectively  Texas Depart-
rnent of Water Resources 1978!.

An early Texas Department of Health
report in 1925 had described fish kills
along the Upper Trinity River where there
were heavy loads of organic materials dis-
charged from the packinghouses and waste-
water facilities of Dallas and Fo*Worth.

The state began a fish kill inventory in
1970, and an analytical study of the thirteen.
kills documented between 1970 and 1986
indicated that most kills in the Trinityare
caused by low dissolved oxygen levels
 Texas Water Commission 1987a!.

A 1972-74 study by the Texas Parks
and Wildlife Department showed that the
Upper Trinity River fishery was depauper-
ate in a segment downstream from the
Metroplex, with an average of less than
one species per sampling period and a total
of only four species  Figure 5.3!. Fish were
totally absent during four of the six collect
ingperiods. Farther downriver, the fishery
improved gradually and was relatively
healthy in the Lower Trinity above Lake
Livingston  Texas Parks and Wildlife
Department 1974!.

In a 1975 report, it was concluded that
there had been no improvement in water
quality in the upper Trinity River  Segment
0806! in the preceding 15 years  Warshaw
1976!. This conclusion was based on a lack
of trend in either dissolved oxygen or total
suspended solids  Table 5.2! at a station 20
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Figure 62. Historical Low- flow nutrient con-
centrations  C! and loads  L! in the Trinity
River betueen Dallas and State Highway 7
near Crockett, Texas �972-1975!. River JViks
indkate distance upstream from Galveston
Bay . Redrawn from from Texas Department of
Water Resources  978!,

Table 5.1. Locations of sekcted segments of
the Trinity River Basin, aa designated by the
Texas Water Commission,

0801 Trlrdty Elver Tidal: from the confluencc with
Anahuac Channel in Charubers County to a
point 3.1 hm downstream of U3. 90 in Chambem
County,

0802 Trlrdty lU ver below Lake Ltvlnttnton: from a
point 3.1 km downstream of V,S, 90 inChambera
County to Livingston Dam in Polk/San Jacinto
County,

0803 Lake Llvlngnton: from Livtngrton Dam to a
point 1.8 km upstream of Boggy Creekin Houston/
Leon County, up to the normal pool alevatian of
131 tt,

0804 Trtrdty Iver Above Lake Livingston: from
a point 1.8 km upstreara cf Boggy Creek in
Houston/Leon County to a point 100 m upstream
of SH 31 in Henderson/Havarro County-

0803 Upper Trlnlty Blver/Lower West For%
Trinity %ver: from a point 100m upstream of
Beach Street at Forth Worth in Tarrant County
to Lake Worth Dam in Tarrant County

0806 East Fork Trhdty River. from the confluence
with the Trinity River in Kaufman County to
~D-Forney Dam in Kaufman County.
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Figure 54. Number offish species colkctedi n
the Trinity River, July l972-April 1974  from
Texas Parka and Wildli fe Department 1974!.
Vertical bars in panels A and B represent the
range. and dots represent' the mean for
individual colkctiona Triangks on dotted
line represent the total number of speciea
colkcted duri rrg the entire study period. Panel
C ia the number of small fis speciea collected
by Iru/in g986! by seiningin the Trinity River,
August 1986. Redrawn from Texas Water
Commission � 987a!.
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miles below the Dallas-Fort Worth area
that had been inonitored since 1957 by the
Geological Survey and the State Health
Department.

Cleanup Activities: 1975-1985
The North Central Texas Council of

Gcivernment  NCEC93! is a regional organi-
sation responsible for water quality man-
agement in a 3,376 square inile area sur-
rounding the Dallas-Fort Worth Metroplex.
It includes all of Dallas and Tsrrant Coun-
ties, and parts of Coliin, Denton, Ellis,
Johnson, Kaufman, and Rockwall counties.
In 1970 the council developed the Upper
Tnnity River BasiN CornprehensiveSeiver-
age Plan, the first regional plan in the
country approved by the EPA pursuant to
the 1965 Federal Water Pollution Control
Act. The plan called for abandonment of
manysmaller wastewater treatment plants
and consolidation of service by designated
major joint systems, By 1986 most of what
the Comprehensive Bewerage Plan recom-
mended had been implemented.
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However, unprecedented growth in the
Dallas/Fort Worth area has occurred in
recent years, so that the council continues
to struggle to increase treatment plant
capacity rapidly enough to keep up with
the growth  North Central Texas Council
of Government 1986!. More people were
added to the region during the five-year
period froin 1980-1985 than in the previous
ten years from 1970-1980  Figure 6.4!. In
1985 the region's population stood at 3.9
inillion, and was projected to reachbetween
4.5 and 5 inillion by theyear 2,000  NCICCM
1985!.

Since its creation in 1966, one of the
highest priority of the NCTCOG has been
the cleanup of the Trinity River through
iinproveinent in dissolved oxygen levels.
The Council reported in 1985 that the
composite BOD loadings and concentration
for the 24 major plants in the Dallas/Fort
Worth area had decreased substantially
since 1970, even though average annual
wastewater flows had increased by over
100% during the same period  NCMO9
1985!.

Table 5$. Trends in dissolved axygen and
total euepe nded aohdsat Trinity River Station
0806.0looduringl967-1973 Warehaw 1976!.

Flow DO TDS
Year cfa mgtl mg/I

1957 6.513 4.1 329
1956 8,932 3.1 328
1959 1,407 3.2 474
1960 1,551 4.5 467
1961 1,504 3.2 420
1962 2,599 3.4 397
1963 9SB 3.8 539
1964 848 525
1965 S,928 823
1966 8,774 387
1967 997 483
1968 S,798 6.2 812
1989 8,786 4.8 372
1970 2,777 8.9 SVS
1971 774 2.8 416
19V2 2,892 2.9 400
197S 3,445 3.3 382

0
1840 1870 1900 1930 1960 1990

YEAR

Figure 5.4. Population trends in, the North
Central Texas Council of Government Planni ~
Region. This region includee all of Danae cmcf
Tarrant Countiee, and portions of six other
counties comprising the Dallas/Fort Worth
Metropkx. Modified from North Central Texas
Council of Government �985!.



The Trinity River

The historrcal wastewater flows, BOD,
loadings, and dissolved oxygen levels in
Trinity River Segments 0804 and 0806
between 1970 and 1986 are shown in Fig-
ures 6.6 and 5.6. The loadings are based on
monthly self-reporting data, and the in-
stream oxygen data were collected by the
Texas Department of Water Resources.
Segment 804 wastewater flows and BOD,
loading have gradually increased since
1970, but this is a relatively rural part of
the basin, and the flow and BOD loads are
minuscule compared to those farther up-
river in Segment 0806. There, population
growth in the Fort Worth-Dallas Metroplex
more than doubled the wastewater flow
between 1970 and 1984, from 180 MGD to
380 MGD. However, improved wastewater
treatment resulted in an impressive decline
in the BOD, loading to this segment  Figure
6.6!. In 1983 and 1984, the loads were
around 26,000 pounds per day, compared
to 90,000-106,000 pounds per day in the
mid-1970s. In 1984, about 96% of the
wastewater flow and over 99% of the BOD,
were from municipal sewage treatment
plants; industrial sources made very minor
contributions to the totals  Texas Water
Commission 1986b!.

Between 1978 and 1986, Trinity River
dissolved oxygen levels improved signifi-
cantly just downstream from the major
treatment plants in the Dallas-Fort Worth
area  Figure 6.7!, although there were still
low summertime values at the CAM 4
sampling site below Dallas. This was
attributed to a continuingproblem ofover-
loaded facilities where construction to
either expand or improve treatment had
not kept. up with increased wastewater
volumes  NCTCOG 1986!.

The reduced BOD loading from the
Dallas-Fort Worth area also resulted in
improved oxygen conditions farther down-
stream in the Trinity  Figures 6.6 and 5.6!.
In the 1970s Segment 0805 dissolved oxy-
gen readings were mostly between 3.6-6.6
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mg/liter  annual means!; but in the 1980s
the annual averages have risen to 6-8 mg/
liter. Also, the minimum oxygen levels
have risen above the 3.0 mg/liter standard
for this river segment, Farther downriver,
in Segment 0804, both the minimum and
annual average oxygen levels have irn-
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Figure 5 J$. Historical total ruastew ater flotve
 MGD!, BOD, loading  pounds/day!, and dis-
solved oxygen  mg/liter! in Trinity River Seg-
ment 0804. Valuesplotted are annual averages,
and the dissolved oxygen data is from Station
0804.0800 at State Highway 81 west of Trin-
idad, Texas. Data from Texas S'ater Commis-
sion �986b!.
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proved also  Figure 5.5!. However, the
State standard for that segment, � mg/
liter! is not always met. In fact, the annual
minimuins have been below 5 rng/liter in
most years  Texas Water Cominission
1986b!.

Goss �987! presented trends analysis
results for several parameters sampled in
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Figure 5.B. Historical total wasteu ater flois
 htGD!, BODs loading  pounds/day!, and dis-
solvedoaygen mg/liter! in Trinity River Seg-
ment 0805. Valuesplotted are annual averages,
and the mygen datais for Station 0805.01 00 at
State Highway 84 southwest of Rosser, Texas,
Data from Texas%'ater Commission �986b!.

the Trinity River near Crockett Texas be-
tween 1964 and 1885. This USOS stream-
flow an water quality station is about 100
km upriver from Lake Livingston, in Seg-
ment 0804. Trends were defined as mono-
tonic changes with time, and tests for trends
were conducted using the Seasonal KendaH
procedure as described by Sinith et al.
�982! and Crawford et al. �983!. Results
of the tests were that BOD showed a small
downtrend  Table 5.3!, but there were up-
trends in nitrogen and phosphorus. In
1986, it was estimated that wastewater
treatment plants in Dallas and Fort Worth
were discharging about 39,000 pounds of
NH,-N per day. This was nearly twice the
instream NH,-N load measured in the
Dallas area ten years earlier  Texas Water
Commission 19S6b; Texas Department of
Water Resources 197S!. Thus, the
improvements in wastewater treatment in
the Fort Worth-Dallas region in the 1970s
and 1980s reduced the BOD loading but
had little effect on nutrient loading, which
is typical forsecondarybiologicaltreatment
processes.

Some improvement in the health of the
Trinity River fishery has occurred, as indi-
cated by the results of a 1985 study by the
U.S. Fish and Wildlife Service  Irwin 1985!.
A longitudinal pattern still existed, with
lowest species diversity in the Metroplex
area, and greater species diversity up-
strearn from Fort Worth and downriver
from Dallas to Lake Livingston. But there
were more fish found at the sties in the
Dallas-Fort Worth vicinity than in the
earlier study described above  Figure 6.3!,
Beginning in 1979 the flathead catfish
 Pylodictis olivaris!, a highly desirablegarne
fish that is sensitive to environmental dis-
turbance, appeared in samples from some
of the upper reaches. It was concluded that
this improvement in the fishery was attrib-
utable to more favorable oxygen conditions
in the river  Irwin 1985!. Ironically, the
enhanced condition of the fishery in the
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upper reaches seems to have made this
area more susceptible to fish kills in the
early 1980s  Texas Water Commission
198 7a!.

Tahle 6.3, Trend test results for tvater-quality
conetituentsin the Trinity Ri ver near Crockett,
Texas, February 1964 to August 1985. + =
uptrend; - = dou ntrend; -- = no trend. Fmm
Goes �987!.

Median
Concen- rate of Percent
tration change per

unit per year yearConstitutent

mg/liter
mg/liter
mg/liter
mg/liter
mg/liter
ing/liter

Total nitrogen
Total organic nitrogen
Ammonia nitrogen
Nitrite nitrogen
Nitrate nitrogen
Organic+ ammonia N

+0.22 +4.89
+0.11 +9.52
+0.01 +2.07
+0.01 +9.11
+0.20 +6.51
+0.03 +1.73

Total phosphorus mg/liter +0.02 +1.62

mg/liter -0.13 -2.38BOD

Dissolved oxygen mg/liter

Does Dallas-Fort Worth

Pollution impact Galveston
Bay?

As will be shown below, Trinity Bay,
the upper area of the Galveston Bay system
that receives Trinity River Basin water, is
relatively clean, at least in terms of BOD
and nutrient loadings. There appear to be
two major factors responsible for this:
1! the great distance  over 600 miles! be-
tween the bay and the Fort Worth/Dallas
metroplex, and 2! Lake Livingston.

As would be expected, the longitudinal
trend in Trinity River dissolved oxygen is
toward increasing concentrations the far-
ther one goes downstream from the Metr@-
plex area  Texas Water Cominission
1987a!. The form of this profile is well
known as a "dissolved oxygen sag curve,"
and is typical in any stream receiving

discharges containing oxygen demanding
substances. The remarkable thing about
the Trinity sag curve is its length,
approximately 300 river miles from Fort
Worth to Lake Livingston  Figure 6.8!.

Historically, a nutrient "loss" phenom-
enon has been observed to occur during low
flow conditions in the mid-portion of the
upper Trinity River  Figure 6.2 and Texas
Department of Water Resources 1978!.
These losses represent about one-half to
two-thirds of the nitrogen load and about
one-half the phosphorus load generated in
the Metroplex area  Figure 6.2!. Several
physical and biological processes have been
hypothesized tobe responsible for the losses:
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Figure 6.7. Dissolved oxygen trends at turbo
sites on the Trinity Ri ver beloie major
tcasteurater treatment facilities in the Fort
Worth/Dallas area. CAM-2  Continuous
Automated hfonitori ng System Station 2! is i n
the West Fork Trinity River at Beach Street,
Forth Worth; CAN-4 is in the Trinity River at
South Loop 22, Dallas. Data from North
Central Texas Council of Government  l985!.
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1! uptake by periphyton and macrophytes,
2! loss to the sediments through algal die-
off and suspended sediment affinity, and 3!
nitrogen losses to the atmosphere through
ammonia stripping and denitrification.

In 1976-76 the Trinity River Authority
made a study to try to determine which of
these processes are the important causes
of the instream nutrient losses. A typical
low-flow nutrient loss profile from that
study is depicted in Figure 6.9. Sediment
and water concentrations of N and P showed
similar trends. Highest concentrations
were in the upper portion of the river, and
they decreased going downstream. The
studyconcluded that much of the aminonia
nitrogen and phosphate phosphorus losses
were due to phytoplankton uptake and
nitrification  conversion of aminonia to
nitrate!. Chlorophyll a trends in the river
lend support to this hypothesis, in that the
algal biomass tends to be highest in the
mid-river area downstream froin the heavy
nutrientloadingzone Figure6.10!. Ammo-
nia volatilization was found to account for
less than 6% of the total nitrogen loss.
Denitriffcation was thought to be a moor
nitrogen sink because of anoxic conditions
in the sediments, but this was not quantified
in the study  Texas Department of Water
Resources 1978!.

Thus, the Trinity River between Fort
Worth/Dallas and Lake Livingston has
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Figure 5~. Dissolved oxygen prafde on the
Trinity giver for summer low-fkcv conditions,
From. Trinity giver Authority �974!.
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been characterized as "one long, effluent
doininated loading-and-recovery zone"
 Trinity River Authority 1974!. The self-
purification in the Trinity is not complete,
however; certain probleins remain in the
water entering Lake Livingston, a reservoir
on the river about 80 miles upstream from
Galveston Bay. Built in 1968, the lake isa
water supply and recreational impound-
ment inanaged jointly by the Trinity River
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Figure 5.9. Lots- flor nutrient pm flie for
mid-Trinity River sampling conducted on
October 18, 1976. "giver Miles represent
distance upstream fiom Galveston Bay. From
Tes'as Department af Water Resources � 978!.
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Authority and the City of Houston. It is by
far the largest reservoir in the Trinity
River Basin, with a surface area of 82,600
acres and a storage capacity of 1.76 million
acre-feet  Wurbs 1986!.

Garison's �977! trophic state indices,
basedon Secchi disc depth, total phosphorus
concentration, and chlorophyll a levels,
have been calculated for Texas reservoirs
in recent years and presented in the semi-
annual Water Quality Inventory reports
 Texas Department of Water ReSOuroes
1980, 1982a, 1984a; Texas Water
Commission 1986!. Between 1980 and
1986, the sum of the indices computed for
Lake Livingston averaged about 230, and
there was little variation. These sums
placed this lake among the most eutrophic
of all the reservoirs in Texas included in
the sampling  Table 5.4!. High chlorophyll
aand high total phosphorus were the causes
of this relatively eutrophic ranking.
Between 1976 and 1986, total phosphorus
concentrations in the reservoir averaged
318 kg/l iter.

In 1976 it was reported that:

Lake Livingston has exhibited severe
eutrophic conditions since its impound-
ment. Algal blooms, together with
large areas of ntacrophytee  water hya-

0 250 300 350 400 450 500 550
TRA RIVER MILE

Figure 6.10. Chlorophyll a concentration
pro@de an the Trinity River for sttmmer kttv-
floto oondttions. Fmm Trinity River Authority
�974!.

cinth, duckweed, hydr illa and coontail!,
are common in the reservoir. Nutrient
levels are high and hypolimnetic
anoxia persists for a large portion of
the year  Hydroscience 1976!.

The authors of this report calculated
nitrogen and phosphorus mass balances
for the lake  Table 5.6!. The budgets
showed that, the principal nutrient source
is the Trinity River, which supplies about
39.6million pounds nitrogen/yearand 10.8
million pounds phosphorus/year. Direct
wastewater dischargere and land runo6'to
the lake is minor  <0.2 million pounds
nitrogeniIyear and <0.1 million pounds phos-
phorus/year!. On the order of 90% of the
total annual loading occurred during the
highriver flo period from January through
June. For 1976 there was a 29% loss of
total nitrogen and a 62% loss of total phos-
phorus through the lake, based on a com-
parison of the measured inputs and esti-
mated outputs. This overall nutrient loss
is attributed to several mechanisms. The
largest nutrient sink is settling of particu-
late materials to the sediments. The effect
of this is reduced somewhat by the release
of inorganic nutrients from the sediments
during periods of bottom water anoxia.
However, the nutrient settling rate far
exceeds the nutrient release rate  Hydro-
science 1976!. The second nutrient sink is

Table 6.4, Trophic status calculations and
rek6tive raekings for Lake Livingston, 1980-
1986. Data from Texas Department af Water
Resottrces �980, 1982a, 1984a! and Texas
Water Commission �986a!.

Y~ seedu ChlceophyU u 'lv

l880 220 8@87
1982 264 72t82
t 086 46 99 BM Bssts
l 988 48 89 90 260 86/98
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Table 6 Jk Summary of 1 9M mass balances
for nitrogen and phosph.orus in LNke
Livingston, Data are from Hydroscience �9'F6!.

Gains/Loeses  lbs/year!  !bs/year!

Galas
River inflow

 NO, + NO, = 7.0!
 NH = 5.5!
 Organic N = 16.0!
 PO =3.4!

Wastewater discharges
Nitrogen 6xation
Sediment regeneration
Total

39.6 10.8

<0.2 <0.1
9.6
2.8 0.7

524 1135

28.4 5.2River outflow
 NO + NO, = 7.0!
 NH, = 5,5!
 Organic N = 16.0!
 PO, = 3.4!

Macrophyte production
Denitrification
Total

7.6 2.6
0.8

3833 7.7

associated with the macrophyte uptake of
nutrients, but this pathway was not quanti-
fied. Of course, some of this nutrient would
be returned to the water column later via
remineralization. An additional postu-

lated, but unquantified, loss xnechanism is
denitrification, the biological conversicn of
inorganic nitrogen to nitrogen gas.

In summary, a large part of theoxygen-
demanding organic waste and nutrient
loads originating in the Fort Worth-Dallas
region is dissipated upstream froxn Gal-
veston Bay. Oxidation of labile organic
matter, and xeoxygenation of the water
occurs gradually over the 500-mile course
of the river between Dallas and Lake
Livingston. Soxne amxnonia nitrogen is
converted to nitrate nitrogen in the Trinity
via nitrification, and a substantialamount
is probably lost via denitrification, espe-
cially in the upper river segment where
bottoxn water and sediments are often
hypoxia or anoxic. Soxne fraction of the
instream phosphorus load is lost via sedi-
mentation. Farther downstream, Lake
Livingston traps substantial quantities of
the remaining nitrogen and phosphorus.
Consequently, river water entering Trinity
Bay contains very much lower concentra-
tions of nutrients and organic matter than
would be the case if there were not such a
great distance, and a large reservoir, be-
tween the bay and the major source of
these xnaterials.
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Trends in

Galveston Bay Water Quality

DissoIved Oxygen
High BOD or low dissolved oxygen have

never been found to be problems in the
open waters of the Galveston Bay system.
Gloyna and Mali na �964! presented limited
data on dissolved oxygen and BOD for
Trinity Bay, but concluded that "at present
time �963! there seems to be no moor
pollution nor problems of public health
significance with Trinity Bay." "If one
were to use dissolved oxygen as the sole
measure ofgood waterquality in Galveston
Bay," wrote Espey et al. �971!,"the overall
condition would be good. At most times of
the year the dissolved oxygen is equal to or
above the specified minimum �-6 mg/liter
for the different bay regions!." This report
did mention, as others have, that bottom
waters in the Houston Ship Channel were
sometiines below these minimums. In a
section entitled Historical Trends of Water
Qualityin the Galveston Bay System, the
report stated that:

Based on historical data taken by
the Texas State Department of Health
and the recent Galveston Bay Project,
some comments on observed trends in

BOD, dissolved oxygen, and total col-
iforms can be made. BOD data obtained
in the Galveston Bay system over the
past seven years �964-1971! has not
varied significantly. Although BOD
values are low considering the multi-
tude of wastes entering from the Hous-
ton Ship Channel, toxic constituents
may have resulted in a depressed
measurement throughout the bay.

For decades the bay in our backyard has
been dredged, netted and scraped for its
seafood. It has been dumped with every
imaginabk discharge our homes and cities
and industries have produced. Its
nourishing rivers have been strangled with
dams, and yet the bay, thanks toits power
of self-renewal, has not died

Robison �989!

Dissolved oxygen trends in...  the
bay!... were also remarkably constant.
In Trinity and upper Galveston Bay,
the trend over the past seven years
has been toward a gradual mcrease in
dissolved oxygen. East Bay has been
the only part of the system not experi-
encing any coliform problem  over the
preceding seven years!. I ower
Galveston Bay experienced the highest
coliform concentrations, Levels in
Trinity Bay, especially the northern
shoreline area, were above the stan-
dard considered suitable for shelKsh
harvesting.

Based on the trends observed in these

three parameters, it appears thatcondi-
tions for most of the hay system have
not deteriorated However, it is ques-
tionable whether or not there has been

any improvement. For instance, in-
creased oxygen levels could indicate
the bay is undergoing enrichment, and
algal photosynthesis is resulting in an
upward trend in dissolved oxygen
levels. DiFerent BOD analysis methods
between the Texas Department of
Health and the Galveston Bay Project
could account for some of data vari-

ability. Fortunately, flushingrcsulting
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Figure 6.1. Dissolved oxygen trends in four
areas of the Galveston Bay system, 1968-1986,
Open boxes atu ujinter  October-May! data,
and dots represent summer  June-September!
data Annual mean concentrations are depicted
by the solid lines. Station locations are given
in Appendicee 2 and 3.

from the inflows of major tributaries,
tidal exchange with the Gulfof Mexico,
and the natural assimilative capacity
of this productive estuarine system
has been active in preventing any
widespread water quality problems
thus far  Espey et al. 1971!.

Coinparison of the earlier data with
that taken more recently by the Texas
Department ofWater Resources andWater
Commission shows that since 1971 surface
water oxygen conditions in the bay have
notchanged substantially. Figure 6.lgives
the annual means, along with the individual
data, for selected stations in Galveston,
Trinity, East and West Bays. 1n all the
areas, oxygen is seldom below 6 mg/liter,
and the lowest readings naturally tend to
occur during the warmer months  denoted
by solid dots in plots!, when water temper-
atures are highest and oxygen saturation
levels are lowest. Wintertime values mostly
are in the 8-12 mg/liter range. Trends in
oxygen, as reflected by the annual 1neanS,
are not apparent at any of these sites.

Nitrogen and Phosphorus
U.S. Geological Survey discharge and

water quality data were used in a Texas
Department of Water Resources study

Table 6.1. Range of expected nitrogen and
phosphorus loading to Galveston Bay from the
Trinity River, San Jacinto River, and the
Houston Ship Channel. TP =total phosphorus,'
DIN = dissolved i norganic nitrogen  Frem Texas
Department of Rater Resour ces 198la!.

Laadine  xa' hg/yr!
Flem

�0' acre-tt! DlN Orsanic H TP

Trinity River 5,42�8%! 0.5-9.5 2. M.9 0,6-1.5

San Jacinto R./
Lake Houeton 0.86�2%! 0.1-0.4 0.2-1.0 0.14.3

H. Ship Channel 0,47 �%! 0.6-3.5 0.2-1.6 0&23
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�98la! to calculate the potential nutrient
loading contributions from the Trinity
River, the San Jacinto River tributaries,
and the Bufl'alo Bayou gious ton Ship Chan-
nel! tributaries. Loadings I,'in kilograms
per day! were calculated by multiplying
maximum and minimum concentrations
observed for each of the twelve months
over the period 1970 through 1977 times
the mean monthly discharges for each
stream. The results of these calculations
are summarized in Table 6.1. The Trinity
River, which contributes 78% of the gaged
freshwater inflow to the estuary was esti-
mated to contribute 0.5-3.5 million kgdis-
solved inorganic nitrogen and 0,6-1.6 mil-
lion kg total phosphorus peryear, depending
on the flow. The ship channel, and its
tributaries upstream from the San Jacinto
River, contributes only 6.8% of the total
flow. However, the nitrogen and phos-
phorus concentrations were high enough
in the 1970s that inorganic nitrogen and
total phosphorus loadings from this source
were comparable to that from the Trinity
River  Table 6.1!. Nutrient inputs from
other sources, including marsh exchange
and precipitation, are minor relative to the
freshwater inputs  Table 6.2!. Thus, the
authors of the study concluded, it could be
expected that upper Galveston Bay and
Trinity Bay would experience higher nutri-
ent concentrations than other portions of
the estuary  Texas Department of Voter
Resources 198 la!.

Table 6.2, Estimated annual nutrientinputs
to GalvestonBay Armstrongl987!, Allvaluea
are 10 kg] yr, except areal loadi rtg, which is g /
m' of estuarine surface per year. Freshwater
loadings computed by multiplying average
annual concentrations �970-1977! times
annual average freshw aterin flees �942-1976!.

Freshwater Areal
Nutrient Izdlome Maxsbea Precip. Total Loading

Nit~a 11.SS 0,1S 0.34 12.03 3.4P

Phosphorus 3.83 0.13 0.04 3.81 2.6S
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centration trandain four areas of the Galveston
Bay system, 1968-1986. Station locations are
given i n Appendices 2 and 3,
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Figures 6.2 and 6.3 are compilations of
ammonia  NH,-N! and nitrate  NO;N! data
for representative stations in four regions
of the bay system. The Trinity Bay plot
includes data from two stations close to one
another in the upper part of the bay, the
Galveston Bay data is from a station near
Redfish Bar, and the West and East Bay
plots include data from one station in each
of these areas  see Appendices 2 and 3 for
station locations!. All of the data since
1974 have come from the Texas Depart-
ment of Water Resources and Water
Commission sampling programs.

The nitrate concentrations appear to
have declined after 1972, but this maybe
an artifact related to the use of more than
one data set in these plots  Figure 6.2!.
Unfortunately, there is no easy way ta
determine if this is so. However, there are
no obvious trends in the mtrate data be-
tween 1974 and 1986. There are some
other general points which can be inferred
from this data set. First, there is a trend of
decreasing nitrate nitrogen as one goes
down the salinity gradient from the Trinity
Bay toward the Gulfof Mexico. The Trinity
Bay nitrates are often greater than 0.2 mg/
liter, while those at the other end of the
system, in East and West bays, are seldom
above 0.2mg/liter  Figure 6.2!. This inverse
relationship between nitrate and salinity
is common in river-dominated estuaries,
since river water usually has much higher
nitrate levels than ocean water. Second,
the nitrate levels in this system do noh.
seem abnormally high in comparison to
other estuaries along the Gulf Coast or the
Atlantic Coast of the U.S.  Nixon 1983!.

Ammonia nitrogen concentrations have
been less than O.l mg/liter in most of the
samples taken from all four regions in the
bay. Higher concentrations are most often
found at the Trinity Bay stations and st
thestation in upper Galveston Bay Figure
6.3!. Occasionally, there are unusually
high values, possibly caused by high fresh-
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water inflow associated with storms, or
perhaps the result ofsedirnent resuspension
during storm events. There have been no
obvious up or down trends in the ammonia
concentration data. Except for the occa-
sional high values, these ammonia data
are similar to those from other U.S. East
Coast and Gulf Coast estuariea  Nixon
1983; Boynton et al. 1982!.

Other than an apparent decrease in
total phosphorus in Trinity Bay, there have
been no obvious trends in phosphorus con-
centrations in the bay system over the past
two decades. The total phosphorus data in
Figure 6.4 are from three sources: 1! Pullen
et al. �971! and Pullen and Trent �969!
for 1964-1966; 2! the Galveston Bay Project
for 1968-1972  Huston 1971!; and 3! Texas
Water Development Board and Water Com-
rnission for theperiod 1974-1986. Unfortu-
nately, again, there is evidence that these
data sets may not be comparable. The first
set  Pullen et al. 1971; and Pullen and
Trent 1969! seems to be consistently lower
than the second, which in turn, seems to
have given higher values than the third.
Of course, it is possible that these differ-
ences represent real trends, but I suspect
not. Total phosphorus analysis usually
requires some type of digestion  oxidation!
process to convert the organic P to phos-
phate P, and it is well known that in the
past some digestion procedures were used
that gave incomplete conversion of the
more refractory organic P constituents.
Presumably, the data from the period 1974-
86 were analyzed by the same pxmxdure.
If this is assumed tobe the case, then it can
be surmised that there have been no notice-
able trends in total phosphorus in the bay
since that time.

Phosphate phosphorus  PO,-P! has been
monitored by the Water Development
Board and Water Commission since 1974
 Figure 6.5!. Once again, this data set
gives no indication of a change in the
abundance of phosphorus in the Galveston
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Figure tk4. Trerukin total phoephorue con-
centratione in four areae of the Galueaton Bay
eyetern, 1963-1986. Station koatione aregi ven
in Appe ndicee 2 and 3.
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Fige.re 63k Trendsin phosphate phosphorus
concentrations in four areas of the Galveston
Bay System, 1974-1986, Station keetions are
given in Appendices 2 and 3.

Bay system. Concentrations in Trinity
Bay and upper Galveston Bay have
averaged around 0.2 rng/liter, while in
East and West Bays, phosphate has aver-
aged about 0.1 rng/liter. This spatial gra-
dient is probably due to mixingof phosphate
rich waters from the Trinity River and the
Houston Ship Channel with phosphate-
poor Gulf of Mexico water. The East and
West Bay data are coxnparable to those
from other xnoderately enriched estuaries,
whereas the Trinity and upper Galveston
Bay values seem typical for some of the
more heavily enriched urban estuaries in
the U.S.  Nixon 1983!.

Metals
Harm and Slowey �972! carried out

one of the first studies of heavy metals in
the bay. Unlike some earlier studies, their's
used the more accurate atomic absorption
spectroinetry method of analysis, and
enough stations were sampled to give a
good indication of the spatial patterns.
The range of values found for eight of the
metals in the top six inches of the bay
sediments were as follows: arsenic, 0.8 to
6.4 rng/kg; cadxniurn, <0.2 to 5 mg/kg;
chromium, 9 to 120 mg/kg, copper, 4 to 96
mg/kg, lead, 5 to 60 rng/kg; manganese, 62
to 935 rng/kg; mercury, 4 to 590 rng/kg; and
nickel, <1 to 57 mg/kg [values based on dry
weights of sediments]. In general, these
early 1970s results agreed well with those
froxn a 1960s study by Davis �968!. With
the exception of four stations, most metals
were dis tributed fairly uniformly through-
out the bay system. Three of these were in
upper Galveston Bay near Morgan's Point
and the fourth was in the Texas City Chan-
nel. The authors of the report speculated
that the proximity of these stations to
industrial and urban inputs probably
accounted for their higher levels. Lowest
values were found in upper Trinity Bay
where a hard sandy bottom existed.



63

1972 1976 1980 1984 1988

1976 1980 1984 19881976 1980 1 984 1988

E

I 1OOO
8

500

0
1972 1976 1980 1964 198S

1980 1984 1988
YEAR1976 1980 1984 1988

Figure 66. Surface sediment metals concentrationsin Galveston Bay, I 974-I 986. Horizontal
lines denote screening levels proposed by the U.8. SPA �974! for dredged sediment disposal in
the Galveston Bay region, Station locats'ons are given in Appendices 2 and 3.

Trends in Galveston Bay Water Quality

SO
o BAY ARSENIC

Z40

530

~20 o
Y ~o
elO

2 0 o oo

1972 1976 1960 1984 1988

100

z 80

60

g 40
20 0

1972

0.7

s-0,6 BAYMERCURY

u'O.s

&04 o o

$0 3
902 IXI

C9 o
0.1 o oDIsoon o El

o q o
0

ooB a

1972 1976 1980 1 984 1 988

g 250
X 20o

I 150

g 100

+ SO 0
1972

5 'ISO

I g 100
Y e So 0

1972

ut40

p20

F10 0 1972 1976



64 Chaptet 6

Sediment metals data collected in the
bayby the Texas Water Development Board
and the Water Commission since 1974 axe
generally in the saxne ranges given above
for the Harm and Slowey data, and have
tended to follow the same spatial patterns.
The data in Figure 6.6 are from five Water
Commission stations around the bay: two
in Trinity Bay and one each in Trinity Bay,
East Bay and in upper Galveston Bay. For
most metals the bay concentrations are
lower than those in the ship channel above
Morgan's Point  see Figure 4.13! and are
generally below the screening levels pro-
posed by the U.S. EPA �974! for dredged
sediment disposal. In particular, cadmium,
chromium, mercury and lead are consider-
ably lower in the bay than in the ship
channel. Bay cadmium has averaged
around 1 ppm, compared to 4 ppm in the
channel, and bay chromiuxn is only about
one-fifth the ship channel levels, on average.
Mercury in the bay averages less than O.l
ppm, compared to 0.3 ppxn in the ship
channel, and almost all the bay lead sam-
ples were less than 50 ppm, whereas most
in the ship channel were above this value.
Comparison of the fivebay stations showed
that, as expected, the upper Galveston Bay
station generally had the highest metals
concentrations. Many of the data in Figure
6.6 that are above the EPA screening levels
were from this station. Not shown in these

plots are Water Commission data from the
Texas City area in the southwest corner of
Galveston Bay. But a cursoryexarnination
of the 1974-1986 data from that region
indicated that it has continued to have
higher sediment metals levels than most
other areas in thebay. Thedatado notgive
any evidence of trends in the bay sediment
metals concentrations. Unfortunately, no
single station has been sampled with
enough regularity to permit a statistical
test for trends.

Another difficulty in interpxeting the
Texas Water Commission sediment metals
data is that it is not normalized to sediment

texture  i.e., mud vs. sand!, which is known
to strongly influence the background levels
ofmetals in estuarine sediments. However,
White et al. �985! took this factor into
account in their analysis of U.S.G.S.xnetals
data from Galveston Bay. By doing so,
they were able to distinguish anomalously
high levels from those due simply to high
mud content in the sediments. While their
study did not address trends, it does provide
information about spatial variability in
bay metals. Generally speaking, their
results confirm those from the other studies
described above. Namely, highest  in some
cases anornalously high! metals concentra-
tions were in the sediments of upper
Galveston Bay and other areas close to
anthropogenic sources.

Red Tides

and Other Algal Blooms
Historically, excessive growth of phyto-

plankton has not occurred with any regu-
larity in the open waters of the Galveston
Bay system. To the contrary, most workers
have emphasized the modest cell densities
and productivity of phytoplankton in the
bay  Copeland and Fruh 1970; Oppen-
heimer et al. 1973!, despite the abundant
nutrients. The discrepancy has generally
been attributed to light limitation result-
ing from high turbidity  Armstrong 1987!,
although there have been no studies to test
this hypothesis. There are not enough
phytoplankton data for the bay to permit a
statistical test for temporal trends.

Gulf of Mexico and Texas bay waters
periodically experience fish kills andwater
discoloration due to red tide organisms.
Most ofthese events are limited in duration
and are caused by blooms of Gonyaxrlax
monilata  Texas Water Commission
1988a!. One such outbreak, in the summer
of 1949, aflected Offats Bayou on Galveston
Island. Apparently, fishermen and local
residents had observed red tide-like

symptoms and accompanying phenomena
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for almost every summer during the
preceding 15-20 years  Connell and Cross
1950!, Ptychodiscus brevis red tides have
occurred also, although infrequently, along
the Texas Coast. One of the most recent
lasted from August 1986 until February
1987. It was first seen near the western
end of Galveston Island, and from there
the bloom quickly spread nearly 300 miles

sout.hward, down the Texas coast into
Mexican waters, Along this path, the red
tide infected coastal Gulf waters and some
of the bays; however, Galveston Bay was
spared  Texas Water Commission 1988a!.
No conclusions were reached concerning
the cause of the red tide, despite intensive
study by Texas state agency personnel.
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Trends in the Bay's Fisheries

Galveston Bay has supported a com-
mercial fishery for over a century, and as
was the case in other states along the Gulf
and At,lantic Coasts, problems for the in-
dustry began to develop early. C. H.
Stevenson's 1893 Report on the Coast Fish-
eries of Texas, prepared for the U.S. Fish
Commission, is a valuable source of infor-
mation on the early history of the bay
fisheries. He first gave a general account
of the fishery, and then discussed some of
the problems. The following is excerpted
from the report:

At present, bay seiiung is the most
important fishery in Texas, Few large
boats can venture into the shallow
waters of Upper Galveston, Trinity,
East, or West Bays. Using ski6b and
very large seines, the bay fishermen
surround and catch schools of men-
haden, which are used for their oil and
as fertilizer. The oyster industry is
second in extent, but will doubtless
rank first within a few years. Only
about 4% of the 1890 catch came from
the Gulf of Mexico proper. All of the
Texas fisheries have increased in ex-

tent since 1880 except for shrimp. The
growth is due primarily to the devel-
opment of the methods of marketing
the catch, This has been aided greatly
by better rail transportation in the
region, along with the capability to
manufacture ice.

Believing that the fish are caught in
greater quantities than their natural
fecundity can make good, there is a
desire on the part of many persons,
especially those interested in develop-
ing the sporting fisheries in Texas, to
restrict in some way the use of seines,

Although critical estuarine habitats are
being lost, abundances of most important
species do not yet seem to be affected.
Landings of fishery organisms and
abundance af waterfowl and colonial
nesting birds fluctuate annually, but
appear reasonably stable.

Sheridan et al. �988!

While the supply of6sh maybe decreas-
ing, yet there does not appear to be an
urgent necessity for very great resti ic-
tions. The cessation of the seine fish-
ery in the bays for a few months from
May to August, which is the plan gen-
erally urged, would throw entirely out
of employment over 350 men, remov-
ing from the coast towns a monthly
revenue of more than $12,000, and
taking from the market a cheap and
wholesome article of food.

In addition to taking measures to
prevent over fishing, the fishery managers
were experimenting with fish stocking in
Texas coastal waters. As the first Texas
Fish Commissioner, one of Stevenson's
early projects involved building fish
hatcheries, and importing German carp,
rainbow trout, California salmon, and shad
for stocking the states depleted streams.
In the spring of 1890, 745 lobsters, 7-10
inches long were sent to Galveston to be
"planted" in the Gulf near the city of
Galveston, but it was noted later that only
"two or three of these have since been

obtained, and t,he experiment cannot be
considered a success"  Stevenson, 1893!.
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Figure 7.I. Galueston Bay trends in
commercial finfish and shellfish landings. Also
plotted are t' he numbers of commercial ealhv ater
licenses sold i n Texas i n each fiscal year from
1 956 through 1986  Osburn et al. 1987!.

There is a section in Stevenson's report
devoted to Galveston Bay. I read all of it,,
hoping to find some mention of water
quality in the bay. But there was none,
which I suppose could be interpreted to
mean that it was not considered to have a
major impact on the fishery at that time.

Commercial Fisheries
The Database

Commercial landings of marines pecies
from Texas bays and the Gulf of Mexico oK
Texas have been collected from seafood

dealers since 1887  Perret et al. 1980!.
However, the early data were collected
sporadically, and in many instances prob-
ably underreported the catch. For ex-
ample, in 1907 the fish commissioner caiised
to report the landin~ except for pounds of
fish and oysters upon which a new special
tax was levied. As can be seen in the data

for that period, the amount of reported
landings diminished slightly at first; parsi-
bly to avoid the tax. However, in 1908, the
cornrnissioner added Harris County as a
reporting station. Prior to 1915, wholesale
statistics were not recorded. This means

that many inore pounds of fish, shrimp,
and oysters may have been taken from the
bay for private or wholesale use than were
actually reported  Texas Game, Fish and
Oyster Commission 1937!.

Since 1936, the Texas Parks and Wild-
life Department has monitored the land-
ings and value of the marine fishes, oys-
ters, crabs and shrimp through a rnanda-
tory self-reporting system known as the
Monthly Marine Products Report  MMPR!,
which is completed by seafood dealers.
Since 1956, the National Marine Fisheries
Service has collected landings data on
shrimp through seafood dealer reports and
shrimp-vessel crew interviews  Prythereh
1980!, while the Parks and Wildlife De-
partment has continued to collect data on
fishes, crabs and oys ters. An informal data
exchange between agencies permitted the
compilation of total self-reported landings
of marine species. Beginru ng 1 April, 1985,
Parks and Wildlife and the National Ma-
rine Fisheries Service instituted a f'orrnal

cooperative agreement to collect and ex-
change commercial fisheries statistics
 Osburn et al. 1987!.
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Except for oyster harvests, none of the
Galveston Bay comxnercial landings data
before 1962 were used in this report. Un-
fortunately, the landings reports before
1962 did not separate fish caught in
Galveston Bay from those caught in the
Gulf and subsequently "landed" in bay
ports. Another reason for not using earlier
data is that before the early 1960s there
were inconsistencies in the reportingproce-
dures  Texas Departxnent of Water Re-
sources 198la!. For example, penaeid
shrimp harvest data froin the turn of the
century to the late 1940s are incomplete
and include only the white shrimp harvest.
Exploitation of the brown shrixnp began in
1947 with night trawling and rapidly in-
creased throughout the 1950s; however,
separation of the two species in the fisher-
ies statistics was not begun until after
1957. Texas LanChrigs, compiled by the
U.S. Departxnent of Commerce �969-1979!
and the U.S. Department of Interior �962-
1968!, reports total annual catches  by
species! from Galveston Bay and from the
Gulf of Mexico. Data for the period 1980-
1986 came from Osburn et al. �987!.

Finfish
Over the past 25 years total annual

finfish harvests in the bay have fluctuated
between 100,000 and 200,000 pounds in
the poor harvest years and between 600,000
and 850,000 pounds in the xnost productive
years  Figure 7.1!. Lowest catches were in
1962, 1963, 1970, 1971 and 1981, while
1965-67 and 1978 were high catch years.
Overall, there is no obvious trend in the
finfish total landings.

For xnost individual species the land-
ings have been highly variable {Figure
7.2!. Much of the variability during recent
years can be explained in part by the Texas
State Legislature's ban on the sale of red
drum and spotted seatrout beginning in
September, 1981. This action was taken to
stem the apparent decline in the abun-
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dances of these two species after the mid-
1970s, caused by increased fishing pres-
sure, both from commercial and sports
fishermen. Spotted seatrout and red drum
had coxnprised 45-75% and 6-10%, respec-
tively, of the Texas sport landings, but
catch rates by private-boat fisherxnen were
beginning to decline. Also, Texas Parks
and Wildlife monitoring had shown that
the stocks of these two species were declin-
ing  Osburn and Ferguson 1986!. Subse-
quent xnonitoring has established that the
declines of these stocks has stabilized, but
it is too early to tell if they will rebound
 Rice et al. 1988!.

The comxnercial landings of other bay
species increased sharply following the
prohibition of red druxn and spotted
seatrout. For example, flounder catches
went from less than 50 million poundsf
year in 1981 to about 200 million poundal
year in 1982  Figure 7.2!, Mullet landings
also increased greatly, from less than 5,000
pounds in 1981 to 120,000 pounds in 1982.
There were also increases in sheepshead
and black drum, croaker, and gafftopsail
catfish. Some of these increases were
texnporary, however. By 1986, black drum
and sheepshead landings were at their
lowest and next to lowest levels, respec-
tively, since 1977. Meanwhile, flounder
and mullet landings rexnained relatively
high. These shifts present an interesting
example of the interrelationships between
comxnercial and sports fishing in an estu-
ary.

Shrimp and Blue Crabs
Shellfish harvests in the bay have av-

eraged about 8 million pounds per year
since 1962, with shrimp leading the catch
in most years. Shrimp harvests have
ranged froxn lows between 2 and 3 million
pounds in the late 1960s to over 6 million
pounds in 1984 and 1986  Figure 7.3!.
Although there is considerable fiuctuation
from year to year, there seems to have been
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an overall trend of gradually increasing
shrimp landings in Galveston Bay since
1962.

Blue crab landings in the bay rose
rapidly during the 1960s, then generally
declined through 1981, and have
subsequently risen sharply again to an all
time high in 1986  Figure 7.3!. The 1962
catch was only 300,000 pounds, but by
1970 it had risen to 2.6 million pounds,
The 1981 catch was about 600,000 pounds,
the lowest since 1962, but fmin then until
1986 there vrere increases every year. The
1986 and 1986 increases were the largest
ever for this estuary. It is dihicult to see
any clear long-terin trend in these data.
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Oysters
Galveston Bay oysters arean important

commercial species, spend their entire lives
in the bay, are not able to flee polluted
waters, and have the capacity to
concentrate some potentially lethal
pollutants. Thus, they ought to be an ideal
organism to study in terms of the long-
t.erm effects ofchanges in water quality on
t.he fishery resources of the bay. Coinciden-
tally, the oyster fishery in Galveston Bay
seems to have been monitored, researched,
and analyzed more thoroughly over the
psst 30 years than any other bay fishery.

R.P. Hofstetter, the leader of much of
the long-term effort to track oyster
populations in the bay, has indicated that
it arose from conflicts between the oyster
fishery and a related industry � shell
dredging.

In 1961, shell dredging companies
operating within the bay proposed to
... dredge several passes through
two "barrier" reefs... The purpose
wae to improve water circulation and
encourage oyster growth... Since
no current information on the status
of the oyster reefs was available...
[Game and Fish Coinmission]
personnel were requested to
investigate. This was the beginning of
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Figure 7.3. Galoestori Bay commercial
lamksgs of shrimp, bttte erebus, and oysters.

oyster studies in Galveston Bay by the
Coastal Fisheries Division. Although
the dredging was evaluated andjudged
unnecessary, it was decided that
further studies would be useful.

By the niid-1950s... shell dredg-
ing operations, which had been cen-
tered in Trinity Bay, moved closer to
the inain reefs as shell deposits in the
upper bay became exhausted. Expan-
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sion of the shell industry along with
growth of the oyster fishery made con-
flicts inevitable, and it became neces-
sary to develop a shell management
program based upon e knowledge of
the oyster resource. Studies originally
intended as a short-term eve lua Cion of
the sheIMredging proposal evolved
into a tong-term program to obtain
information needed for the manage-
ment of both industries

 Texas Parks and Wildlife De-
partrnent 1988!.

Two valuable reports summarizing the
knowledge gained from these studies are
Hofstetter's �977! Trends in Population
Levels of the American Oyster, and the
recently completed Texas Oyster Fishery
Management Plan Source Document by
the Texas Parks and Wildlife Department
�988!. The discuss ion below relies heavily
on material presented in these two reports.

The abundance of spat, young oysters
and market size oysters at several loca-
tions inGalveston Bayhas been monitored
regularly since 1956. Samples, consisting
of 0.035 ms of unculled oysters, are col-
lected using a Texas style" oyster dredge.
Live oysters are culled from the sample,
measured, and grouped into classes desig-
nated as spat  <25 rnm!, small �6-75 rnm!
and market size �6 mm and over!. Since
the amount of area covered by the reefs has
not been followed, these data are not nec-
essarily representative of the total quan-
tity of oysters in the bay, but rather changes
in densities over time for the reef areas
sampled  Texas Parks and Wildlife De-
partment 1988!.

First, annual mean numbers of spat �-
25 mm! in Galveston Bay samples gener-
ally declined from the late 1950s through
1977 before increasing gradually through
1984  Figure 7.4!. Annual mean numberof
Spat in Opeil watere  waterS COntairlirlg
oysters approved by TDH for harvest!, has
varied since 1984  Figure 7.5!. Since 1985
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however, highest numbers of spat were
seen during July through November. An-
nual mean number of sma.ll oysters �6-75
mrn! generally declined from the late 1960s
through 1977 before increasing to a peak
in 1981 and declining through 1984  Fig-
ure 7.6!. Annual mean number of smail
oysters in open waters continued to decline
between 1986 and 1987  Figure 7.7!. Fi-
nally, annual mean number of market
oysters  > 76rnrn! in Galveston Bay samples
generally fluctuated between 20 and 40
individuals per sample between 1956 and
1981 before peaking at 68 individuals/
sample in 1982  Figure 7.8!. Mean number
of market oysters declined to pre-1982
levels in 1984. Annual mean number of

market oysters in open water samples has
declined since 1985. Monthly mean num-
ber of market oysters is generally highest
just prior to the opening of the oyster
season, declines through the season and
increases before the next season opens
 Figure 7.9!  Texas Parks and Wildlife
Department 1988!.

Oysters were not harvested commer-
cially from Texas bays to a great extent
prior to 1870. Before 1880 there were no
efficient methods for transporting oysters
inland from coastal communities and the
sale of oysters was restricted to local mar-
kets. The growth of oystering paralleled
the development of shipping and process-
ing industries along the coast  Stevenson
1893!.

Historical trends in the Galveston Bay
oyster harvest are depicted in Figure 7.3.
Hofstetter noted an apparent 10-12 year
cyclical fluctuation  unexplained! in the
pattern of oyster landings between 1900
and 1972. From 1900 through 1910, an-
nual oyster production ranged from 244,000
to 336,000 pounds of shucked oystermeats.
After 1911, harvests dropped substantially,
ranging from almost 100,000 pounds in
1914 down to slightly below 15,000 pounds
in 1920. Within two years production had
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Figure 7.B. Annual mean number of small
oysters in 0.035 m' dredge samples collected
quarterly at three Redfish Bar sites in central
Galveston Bay duri ng 1956-1984  Texas Parks
and Wildli fe Department 1988!.
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Figure 78, Annual mean number of market
oysters in 0.035 m' oyster dredge saInpiea
collected quarterly at three Red fish Bar sitesin
Central Galveston Bay during 1956-1984{Texas
Parks and Wildlife Department 1988!.

0
0 J J J J J J J

1884 1985 92 888 1887 1888

Figure 7.5. hfean monthly number of oyster
spat per 5-minute tow time collected in
Galveston Bay from unpol luted usaters. Shaded
areas indicate open fishing seasons  Texas
Parks and Wildli fe Department 1988!.
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upas indicate open fishing seasons {Texas
Parks and Wildlife Department 1988!.
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li ne represents historical depletion level  Texas
Parks and Wildlife Department �988!.
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jumped about ten times to abnost 150,000
pounds, ranging upwards to over 300,000
pounds in 1925 and staying above 100,000
pounds through 1930. The harvest plum-
meted in the 1930s to a lowof 5,000 pounds
in 1935, climbed above 30,000 pounds for
two years, then dropped to 800 pounds in
1938. Aside from 1942 and 1943 when
harvests ranged above 37,000 pounds, pro-
duction remained close to 10,000 pounds
per season. in the early 1940s, falling to
1,000 or 2,000 pounds in the late 1940s
and finally reaching bottom in 1948 when
no harvest was reported. In the 1950s
production increased, with over 1 million
pounds reported for the first time in 1956.

A prolonged flood in 1957 caused lower
harvests for a few years but production
rose in 1961, reaching 1 million pounds
again in 1962 and attaining a new record
high of over 4 million pounds in 1965. Until
1972 harvests ranged close to 3 million
pounds per season  Hofstetter 1977!. After
1972, the harvests declined for two years to
750,000pounds in 1974,rose to 3.25 million
pounds in 1976, and then declined steadily
to 40,000 pounds in 1979, the lowest value
in 20 years. A rising trend in the early
1980s was capped by an all-tiine high 7
million pound harvest in 1983. Finally, the
catch fell back to about 2.5 million pounds
in 1984 and has fluctuated around million
pounds since  Figure 7.3 and Texas Parks
and Wildlife Department 1988!.

Causes of fluctuations in commercial
fisheries landings can never be completely
quantified because there are so many
factors which contribute to the variability.
But in their proposed oyster fishery
management plan, Texas Parks and
Wildlife Department �988! summarized
the iinportant factors affecting the oyster
catch as follows:

1. Data on fishingeffort are not reliable,
although the numbers of fisherinen, their
gear and activity have changed greatly in
the past 100 years.

Chapter 7

2. Many types of irregular events can
cause short-tenn fluctuations. These in-
clude inass mortalities froin freezes, toxic
phytoplankton blooms, hypersalinity, hat
vest restrictions, world wars, hurricanes.
tropical storms, and economic consider-
ations like inflation.

3. Long-term events that may cause
more gradual changes in landings include
trends in gear used, water quality deterio-
ration froin pollutants or long-term cli-
matic-hydrographic changes.

4. The veracity of the catch statistics
can be affected by changes in reporting
rates by oyster dealers.

The most noticeable long-terin feature
of the Galveston Bay oyster harvest data
 Figure 7.3! is the sudden rise in annual
catches during the early 1960s. In the
opinion of the experts, three factors
contributed to this change:

1. Decrease in the minimum legal
harvestable size: In February, 196S, the
Texas Game and Fish Commission reduced
the legal oyster size from 3.5 inchee to 3
inches, because studies had shown that
oyster survival dropped sharply among
oysters over 3 inches. The immediate
effect was to nearly double the quantity of
oysters available to fishermen. However,
this change in the legal size seems not to
have aflected the market oyster stocks
 Hofstetter 1977!.

2. Increase in fishing gear efficiency:
The oyster dredge was introduced into the
Texas fishery in 1913. However, tonging
continued to be the znajor harvest method
until the 1960s when it was supplanted by
the dredge skiff, a small open boat pro-
pelled by outboard inotor and equipped to
pull a dredge and hoist it aboard. In earlier
years this "power dredging" was prohib-
ited in Galveston Bay waters less than 6
feet deep, but this rule was rescinded in
1963. Tongera were numerous in the mid-
1950s while the shallow portions of thebay
were closed to power dredging, and in
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1954-58 tonging accounted for 34%-56% of
the harvest. By the 1960s tongers pro-
duced less than 10% of the harvest and
after 1963 around 1% was tonged
 Hofstetter 1977!.

3. Underreporting. Hofstetter �977!
and Texas Department of Parks and Wild-
life �988! cautioned that the low landings
reported before 1960 are due in part to
underreporting. In particular:

The initiation of mandatory self-re-
porting in 1936 was followed by a de-
cline in reported landings, Prior to
1937 most of the landings information
was voluntarily supplied by inajor oys-
ter dealers. Since 1937 all seafood
dealers have been required to report
all seafood products purchased from
commercial fishermen to Texas Parks
and Wildlife De partment on a monthly
basis. Reported landings increased
noticeably between 1962 and 1963
when Parks and Wildlife began to ac-
tively monitor and enforce reporting
requirements

 Texas Parks and Wildlife De-
partment 1988!.

Past research and inonitoring of the
Galveston Bay oyster fishery have pro-
vided no concrete evidence of links be-
tween pollution and either abundance or
harvest of oysters. Hofstetter �977! re-
viewed what had been learned by the mid-
1970s. He discussed four classes of pollut-
ants that had been investigated. Here are
his conclusions, supplemented by other
information I have gleaned frown the more
recent literature.

1. Heavy metals: Thousands of kilo-
grains ofheavy metals are discharged into
the Houston Ship Channel daily. Flushing
of the channel could distribute these heavy
metals into the bay, possibly contaminat-
ing oysters. However, 1969 and 1970
analyses ofbay oysters yielded trace metal
concentrations that did not reflect any
significant effect from the industrial waste
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sources upon approved oyster growing ar-
eas  Casper 1971 was cited!.

2. Petroleum Hydrocarbon Residues:
In addition to concentrations of
petrochemical industries in the Houston
Ship Channel and alongthe western shozm
of the bay, there are several oil and gas
production fields within Galveston Bay.
Many of the wells are on, or near, oyster
reefs, The Environinental Protection
Agency �97la! cited the ship channel as a
major source of oil and petrochemical waste
with contributions from vessel pollution
and from oil well pumping in the bay. Its
survey in 1970 found 23-26 ppin
hydrocarbon residues in oysters from
approved shellfish harvesting areas, 30
ppm in oysters from a conditionally
approved area, and 237 ppm in oysters
from a closed area at Morgan's Point near
the entrance of the Houston Ship Channel
into the bay. However, sampling of oysters
from 18 stations by the Food end Drug
Administration in May 1971 showed that
the levels of toxic fractions ofhydrocarbons
were not of public health significance, nor
were there visible signs of oil or odors of
petroleum distillates  Casper 1971!.
Anderson�975! found that Galveston Bay
oysters accumulated a wide variety of
petroleum hydrocarbons when exposed to
various concentrations of refined and crude
oils, but released hydrocarbons froin their
tissues within 52 days when placed in oil-
free sea water.

3. Pesticide Residues from Agriculture:
In 1965 croplands around Galveston Bay
received about 6 million kg of pesticides,
including 3.3 million kg of Toxaphene, 1.9
million kg of Sevin, 700,000 kg of DDT,
300,000 kg of Parathion and 200,000 kgof
Dieldrin  Childress 1965!. Ofthe47oyster
samples collected in Trinity and East Bays
during 1965-72, approximately 60% con-
tained DDT residue, 2% contained Diel-
drin and none contained Endrin, Toxa-
phene or PCB. Of the 71 oyster samples
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Table 7.1. Clasings and openings of oyster
f'ishi ngareasin Galveston Bay due to excessi oe
freshtuater inflaw, 1969-I985.

Trinity Galveston East West
Month/Year Bsy Bay Bay Bay

Feb.-Mar 1969
Mar-Apr, 1973
Apr.-Aug. 1973

21 21
22 22

118 118

21 0
15 15
22 22

Jan,-Mar. 1974 48 48 48 0

6 6 6Jun. 1976

JuI-Aug, 1979 12 12 12 12

7 7 7 7
8 8 8 8

76
42 42 42 42

Jun. 1981
Jul. 1981

Jan.-Apr. 1983
Aug.-Sep, 1983

Oct.-Jan 1984/85 21 21 21 82

Mar.-Apr. 1985 17 17 17 21

from Galveston Bay, 859o contained DDT,
44% contained Dieldrin but no Endrin,
Toxaphene or PCB appeared  Butler 1973!.
Generally, a clearly defined trend towards
declining DDT residues was observed in
oyster samples from all areas of the Texas
coast. By 1971 samples containing 100 to
1,000 ppb DDT had decreased 75%  Butler
1973!. Chlorinated hydrocarbon levels in
Galveston. Bay were of no known public
health significance  Casper 1971!.

4. Municipal Sewage Contamination:
Of all pollutants, sewage contamination
has probably had the greatest observable
effect on the fishery, causing the State
Health Department to close various sec-
tions of Galveston Bay because of high
coliform bacteria concentrations in oysters
or in waters overlying oyster beds.

Oyster beds in Galveston Bay may be
closed for two reasons. The first is that the
waters are determined to be polluted on a
more-or-less permanent basis. The pol-
luted waters are indicated on maps that

have been produced by the Texas Depart-
rnent of Health from time to time since
1951. The second reason for closing oyster
beds is that bacteria counts in runoff water
flowing into the bay go up when it rains,
and the department can temporarily close
otherwise approved oystering areas. After
the rains stop and the oysters have had
tiine to cleanse theniselves, the bay is
returned to its normal classification map.
Large areas of otherwise approved oyster-
ing areas in the bay may be closed tempo-
rarily because of excessive freshwater in-
flow. Table 7.1 summarizes the data on
closings of this type in the bay between
1969 and 1985. Most of the closings in
recent years have been due to excess fresh-
water inflows  R.K. Thompson, personal
communication!.

The permanently closed, polluted, or
unsanitary oysteri ngareas in the bay have
changed over the years. In 1883, Spencer
Baird of the U.S, Fish Commission pre-
pared a map of oyster beds in Galveston
Bay. Bernard Johnson �975! noted that
in 1971 the beds were in the same location
as shown on the 1883 map, except for those
in West Bay. Ho fs tet ter �977! speculated
that the decline of the West Bay reefs vvas
caused primarily by increased salinity re-
sulting from changes in circulation pat-
terns in the bay following dike and channel
construction.

A sanitary survey in 1943 showed that
an area of West Bay between Texas City
and Galveston should be declared grossly
polluted. In February 1944 an outbreak of
food poisoning occurred at a oyster dinner
in Galveston in which cases of gastro
enteri tis were traced to the consumption of
raw oysters gathered from polluted areaa
 Wise et al. 1944!. In the late 1940s most
of the bay was unapproved for commercial
oystering. This has been cited frequently
as a cause for the decline of the oyster catch
in the bay during the 1940s  Hofstetter
1977!.
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Figure V.10. Changes i n areas closed to oysteri ngin Galveston Bay, 1951-1972. Alas 6etw een
Galveston Island and the Texas Ci ty Dike, Chocolate Bay, upper East Bay, and upper Galveston
and Trinity Bay within slashed line were clsoed in. all years. From Hofstetter �977!.
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The first map showing areas approved
and unapproved for oystering were pro-
duced by the Texas Department of Health
following a survey in 1961. At that time,
new sections of the bay were approved for
oystering  Texas Department of Health
1952!, and the annual catch began to in-
crease shortly thereafter. It is not clear
from the literature whether or not these
openings resulted from improved sanita-
tion, but I suspect not. Wise et al. �948!
indicated that large volumes of raw sew-
age werestill beingdischarged into thebay
in the late 1940s from Houston, Galveston
andTexas Citymunicipaltreatrnentplants.

Although changes have been made in
approved oystering areas since the rnid-
1960s  Figures 7.10!, most of the major
public reefs were, and have remained, in
approved waters  Texas Department of
Health 1968, 1967!.

It was concluded in 1971 that "detailed
evaluation of over 3,000 bacteriological
sainplss from 84 water sampling stations
and related hydrographic and
meteorological data in addition to over 750
oyster samples collected by the Texas State
DepartrnentofHealth since 1963 indicates
that the shellfish industry has a quality
product available. There has been no
consumer complaint or confirmed case of
illness traced to the consuinption of
Galveston Bay oysters"  Casper 1971!.

The recently completed oyster fishery
management plan for Texas bays provides
insight on the perceived threats faced by
these shellfish today in Galveston Bay.
Historically, the Texas Legislature has
managed the state's oyster fishery, but
limited authority has been delegated to the
Texas Parks and Wildlife Department and
to the Texas Department of Health. Parks
and Wildlife may close areas to oyster
harvest when it is determined they are
being overworked, damaged, being re-
seeded or restocked. The Health Depart-
ment closes areas to harvest when they are

determined to be polluted, either on a
permanent or temporary basis.  Texas
Parks and WiMlife Departinent 1988!. In
1986 the State legislature directed the
Parks and Wildlife Department to prepare
a new Oyster Fishery Management Plan
that will result in "optimum yield" for the
oystering industry. Optimum yield is de-
fined as "the amount of oysters that the
fishery will produce on a continuing basis
to achieve the maximum economic benefits
... as modified by any relevant social or
ecological factors."  p. 6, Texas Parks and
Wildli fe Department 1988!.

The following are some of the
recoinrnendations made in this plan for
future management of the oyster fishery:

l. Area closures in unpolluted waters,
as well as specific time period restrictions
 time-o foray and seasonal!, and size limits
should continue to be the primary
management tools for rnanagingthe oyster
industry. No change in the current
minimuin size limit � inches! for
harvestable oysters is recoininended.

2. Penalties for violating regulations
should be increased.

3. An industry-financed shell recovery
and cultch replacement program should be
implemented for natural reefs. The De-
partment should continue to aggressively
protect and enhance oyster habitat and
water quality via all available resource
protection agencies and prograins.

4. Monitoring af oyster population
trends and coinmercial landings and effort
should continue.

The Importance of Freshwater
Inflow

A recurring theme of estuarine fishery
management in Texas has been the impor-
tance of freshwater inflow, and related
variables such as salinity regime. nutrient
supply, and phytoplankton and zooplank-
ton productivity. Although somewhat an-
ecdotal, notes in the Annual Summary
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Table 7.2. Zxcerpte from Annual Summary reports of 7'eras commercial fiaheriee landings
rU S. Department of Commerce [1969-1979J; U.S. Departme& of Irderior �963-19681!

Fishery
Year Excerpts from Comments

Oyster
1965 There were no reports of 'oyster kills' or meat discolorations during 1964 or 1965
1967 The hot, dry, arid conditions in the Galveston watershed throughout the spring and fall

harvest seasons cut the yield of meatssome 6 to 7 percent below that obtained in 1966
1969 Freshwater input into the Galveston Bay system was somewhat below the desired level
1971 Meat yields were less than normal as sustained hot, dry weather was prevalent

throughout the spring and much of the fall season
1972 Many reefs were closed during March and April because of flood waters
1973 Heavy floods during the spring and early summer killed many small reefs in Galveston

Bay and caused intermittent closing of all ree& during the spring
1974 Decline due largely to heavy mortalities froin freshwater kills in fall 1973 and spring

1974
1975 Increase resulting from the recovery of reek damaged by freshvraters in the fall and

spring of the 1973-1974 season
1976 Increase resulting from reef recovery from the 1974 freshwater kill and increased fishing

because of strong market demand
1977 Decline attributed to heavy fishing pressure in 1976 and cold rough weather during the

fall season of 1977
1978 Decline attributed to heavy f shing pressure in 1977
1979 Heavy floods in 1978 and 1979 resulted in the closure of most public reefs

Blue Crabs
1965 The first legal restrictions were imposed on the crab industry in mid-1965... illegal to

possess an egg-bearing female for sale or personal use
1966 There was a steady decline in crab populations in all major areas throughout 1966
1967 A steady decline in crab populations was evident until late fall when freshwater

intrusion improved ecological conditions
1968 An incentive... was the extremely short supply of crab meat due to a tremendous decline

in blue crab populations in most other major producing areas in the coun'
1977 Most of the increase was attributed to increase fishing pressure
1977 Increase resulted largely from higher prices which led to heavy fishing

FlnNsh
1964 In recent years, the closing of more inshore water to net fishing has caused a general

decline in the volume of domestic edibile fish landings
1968 Red snapper landings have been on a downward trend mainly due to reduced Qshing

effort by Texas fishermen as a result of a lack of abundance on grounds normally Qahed
1977 Drop resulted frown very cold, rough waters in late 1977 and the short supply of good Qsh

in the Texas bays
1979 The 1979 harvest reflected the continuing decline in the population of of aujor species

in the State. The heavy floods, a severe fuel shortage, and the Mexican oil spill plagued
the Texas fisheries in 1979
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reports of Texas landings since 1962 sug-
gest that climate-related events, along with
over fishingand market economics, are the
major factors affectingyear-to-year varia-
tions in the seafood catches  Table 7.2!.
Over and over, researchers have sought to
quantify the physical, chemical and bio-
logical efFects of fluctuating inflow, par-
ticularly in the Galveston Bay system.
Freshwater inflow has been studied, and
written about, as much as, or more than,
each of the other factors, including pollu-
tion, that afFect the Galveston Bay system
fisheries. Undoubtedly, interest in the
subject has been sustained partly because
of perceived dangers from the long-stand-
ing proposal to dam the Trinity River at
Waflisvil!e. The followingsynopsisofaome
of the early research is from a 1981 Texas
Department of Water Resources Report
entitled A Study of the In@uence of Freak-
water Inflows.

Diener <1976! concluded that the
optimum salinity range in the bay is
10-17 ppt and that an estimated 2,000
cfs of Trinity River inflow during
March through October is necessary
to maintain the habitats. Copeland et
al. �972! estimated that the upper
Trinity Bay habitats were up to 72%
dependent upon river-borne organic
matter to support the observed high
secondary productivity in the area.
More specifically, Parker et el, �975!
concluded that a niinimum 1.3 million
acre-feet per year of Trinity River
inflows may provide sufficient
autrients to sustains lowlevelofphyto-
pl ankton and marsh plant production
in the Trinity Delta and bay area.
However, Soloman areal Smith �973!
suggested that while the bay is highly
dependent upon the river inflows for
salinity maintenance, the bay may not
be as dependent upon river-borne
nutrients.

Although an inverse correlation has
been reported between Trinity River
flows and the bay's density of crusta-

ceans  Baldauf et al. 1970!, Cooper
�970! noted that excessive retarda-
tion of freshwater flow acted as a stress
which had synergistic effects with in-
creased effluent loading. Using 1966
th rough 1968 commercial fisheries sta-
tistics, Parker and Blanton �970! hy-
pothesized a reduction in seafood land-
ings when average winter salinitiee
exceed summer sa1 ini ties as a result of
high springjsummer freshwater in-
flows to the estuary. In another at-
tempt to correlate fisheries with in-
flows, Armstrong and Hinson �973!
reported that an analysis of 1969
through 1984 records indicates that
Galveston Bay displacement rates ex-
ceeding twice per year apparently
cause a decrease  i.e., negative corre-
lation! in total commercial harvests

Texas politicians apparently were re-
ceptive to the ecologists message about the
importance of freshwater inflow, as the
State legislature passed resolutions in 1973
and 1976 declaring that "a suHicient in-
flo of freshwater is necessary to protect
and maintain the ecological health ofTexaa
estuaries and related living marine re-
sources"  Texas Department of Water Re-
sources 1981a!. Subsequently, the 1975
legislature enacted a bill mandating com-
prehensive studies of the effects of fresh-
water inflow upon the bays and estuaries
of Texas. Presuinably, the study results
would help to insure that the estuaries
would not be short-changed in the future
as various interests competed for the stats' s
limited supply of freshwater.

This turned out to be the most thor-
ough study of the subject to date, and a
aeries of reports were prepared, one for
each of the State's major estuaries, includ-
ing, of course, the Galveston Bay systein
 Texas Department of %'ater Resources
198lb!. Once again, it was found that a
large part of the year-to-year variation in
finfish and shellfish harvest in Galveston
Bay, as well as in the acgacent ofFshore
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waters, can be explained by differences in
freshwater inflow. Step-wise multiple
regression techniques were used to exam-
ine the relationships between seasonal
harvests and freshwater inflows to the
bay, The harvests of most species were
deterinined to show statistically signifi-
cant changes as inflows changed, but the
direction of the effects was variable. For
example, increased freshwater inflow in
spring  April-June! was positively related
to offshore shrimp harvest, but the same
spring inflow increase was negatively re-
lated to inshore harvests of oysters, blue
crabs, and red drum, In other words, the
different species require different seasonal
inflow regimes for optimal productivity.
Therefore, the study report concluded,
management decisions regarding fresh-
water infiowcontrol would need tobe based
on balancing these divergent needs, or
giving preference to the needs of one or two
particular fisheries components. A choice
could be made on the basis of which species
production is more ecologically character-
istic and/or economically important to the
estuary  Texas Department of Water Re-
sources 1981b!.

Much has been written about the year-
to-year effects of Trinity River freshwater
inflow on Galveston Bay oyster abundance
and harvests. Lower than normal salinity
caused by river floods has been the major
cause ofshort-term declines in oyster abun-
dance in the bay. For example, Hofstetter
�977! documented in detail the close cou-
pling between salinity and spat setting
and oyster mortality during the 1960s and
1970s. Best spat sets occurred when spring
salinities ranged between 17-24 ppt and
the poorest sets occurred when salinities
dropped below 8 ppt. Also, salinities below
3 ppt affected oyster feeding and increased
mortality. Oyster populations in the upper
bay  i.e, Trinity Bay! were periodically
reduced, or totally destroyed by the spring
flooding. Oysters in middle Galveston Bay

Sl

and in East Bay were killed only in severe
floodingsuch as 1957 and 1973. These two
floods led to strong declines in harvests in
the late 1950s and in 1973-1975  Figure
7.3!.

Before impoundments were erected on
the Trinity River, flood waters reached and
flowed through Galveston Bay very quickly
 Hofstetter 1977!, Sal inities were reduced
to near freshwater levels, but the freshet
was usually of short duration. These brief
freshets killed many oysters but when
salinity levels increased again, oyster popu-
lations could rapidly reestablish them-
selves, taking advantage of the clean fresh
cultch provided by the oysters that died.
Since impoundments have been built, flood
waters have been impounded and released
at a slower rate over a longer period of
time. Salinity levels in t,he bay still drop to
lethal levels �-3 ppt! but the duration of
the freshet is extended, Extended freshets
are more destructive than rapidly passing
floods  Hofstetter 1977! and as a result,
oyster populations are not able to reestab-
lish themselves as quickly.

On the other hand, increased salinity
in the lower bay probably has led to in-
creased oyster reef predation and disease
losses Hofstetter 1977; Martin 1987; Sheri-
dan et al. 1988!. The infectious protozoan
Perkinsus maI i+us  or Dermocystidium
mariiium! causes extensive inortahty of
seed and market sized oysters in the high-
er salinity  >20 ppt! areas of the bay. Also,
there is a predator � the oyster drill  Thais
hgemasioma! � which is widespread in the
higher salinity  >15 ppt! areas of the bay
 King et al. 1986!

RecreationaI Fisheries
The Database

The Texas Parks and %'ildlife Depart-
ment has conducted surveys of private-
boat sport fishermen in Texas marine wa-
ters since 1974. These surveys monitor the
species composition, size, number, and land-



82 Chapte< 7

ings per unit of effort for the economically
important species landed by fishermen on
a yearly basis in the Gulf of Mexico off
Texas, and in thebays, including Galveston
Bay. A report by Osburn and Ferguson
�986! included a compilation of all these
survey data used in the Galveston recre-
ation fishing trend plots described below
This report also describes in detail the
survey methods used to obtain the esti-
mates.

0 '74 76 '78 '80 '82 '84
YEAR

0 1955 1965 1975 1985
YEAR

'74 '76 '78 '80 '82 '84

YEAR

Figure 7.11 A. An.nual catch of fish in
Gal Ueston Bay by private-boat sport fiahermen,
1974-1985. B. %umber of recreational fishing
licenses sold in Texas, 1958-1985. C. Man-
houre ofeffort for private-boat sport furhsrmen
in Galueston Bay, 1974-1985. All data are
from Osburn and Ferguson �986!.

Trenches in Recreational Fishing
Private-boat sport fishingeffort, as mea-

sured by man-hours spent fishing,
decreased only slightly since the 1970s in
Galveston Bay  Figure 7.11!. This is
contrary to the general pattern for the
state, which is one of increasing fishing
pressure in the bays and passes, reflected
both by the number of man hours and also
by the nuinber of fishing licenses sold
 Figure 7.ll and Osbuzn and Ferguson
1986!. But the numbers of' fish caught
declined both in Galveston Bay and for the
state as a whole. Percentage-wise, the
decreases from 1974 to 1985 were about

the same: 64% for Galveston Bay and 73%
for the State.

Declines in catches in nearly all the
most popular sport fish in Galveston Bay
contributed to the overall decline  Figure
7.12!. Sand seatrout, spotted seatrout,
and croaker, which comprise the bulk of
the catch, have all declined by about two-
thirds. Flounder, sheepshead, and black
drum catches have fluctuated widely, but
overall were not very different in 1984-85
than in 1974-75. The prohibition on
commercial harvesting of spotted seatr out
and red drum in the bay in 1981 apparently
had little short-term impact on theprivate-
boat sport catches, as they continued to
decline slowly.

Osburn and Ferguson �986! hypoth-
esized that the declining landings in
Galveston Bay were due partly to declining
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Figure V.lm. Annual catches of major recreational species in Galoeston Bay by prioate-boat
sport fishermen, 1974-1985. Data from Osburn and Ferguson t'1986!.
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fish availability. They cited as evidence for
this both the decline in catch rates by
private-boat fishermen and data from the
Texas Parks and Wildlife Department fish-
eries-independent monitoring program.
But the data from this moni toring, given in
Rice et al. �988!, do not appear to support
the hypothesis  Figure 7.13!. The "catch
rates"  number of each fish species caught
per hour with gill nets, or fish density per
hectare as determined with bag seines!,
are tabulated for each of the major bays in
the State, including Galveston Bay. For
both Galveston Bay and all the Texas bays
combined  "coastwide" values! there are no
obvious long-term trends in the catch rates,
at least for all fish species combined. But
there were downward trends in spotted
seatrout and red drum, according to the
authors of the report  Rice et al. 1988!.
Short-term decreases in both the sport
fishing catches and the catch-rate rnoni-
toring data between 1983 and 1984 were
attributed to a severe fish kill along the
Texas coast in the 1983-1984 winter, caused
by unusually cold temperatures  Osburn
and Ferguson 1986; Rice et al. 1988!.

Fish Kills and Diseases
Bernard Johnson �975! summarized

Galveston Bay fish kill data for the period
1962-1974  Table 7.3!. More detail as to
location, time ofyear, and cause is given in
the report from which this summary infor-
mation was taken. Most >75%! of the kills
occurred during the summer  June-Sep-
tember!. Most of the kills in "Galveston
Bay" were actually in the semi-enclosed
harbor at Texas City; there were very few
in the open waters of the bay  Bernard
Johnson 1975!. Most of the kills in the ship
channel were attributed to either oxygen
depletion or sewerage operations. For the
Galveston Bay kills, the causes included
oxygen depletion, pesticides, petrochemi-
cals, bacterial infections, and in many cases
were unknown. The "other areas" data in
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Figure 7.13. Catch-rate data for Galveston
Bay and for all Texas estuaries  "coastwide !
combined, 1975-1986, To~, Mkkfle Gill net
samples were taken in the fall  F! and in the
spring  S! of each year. Bottom. Seine-bag
samples were collected in each estuary 6-10
times per month. See Rice et aL �988! for
details.
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Table 7.3 are for enclosed bayous and
lakes, drainage ditches, rivers and mari-
nas contiguous to Galveston Bay. Here
also, there were a wide range of causes for
the fish kills, including sewerage, pesti-
cides, petrochemicals, and oxygen deple-
tion. Many of the kills in these areas also
were froin unknown causes. The numbers
of fish estimated to haveheen killed ranged
very widely, from a few dozen to as high as
20 million in one incident. In most cases,
the numbers were between 1,000 and
100,000.

There was a tremendous increase in
the nuinber of reported incidents and fish
killed in Galveston Bay during the early
1970s 5'able 7.3!, but this probably is
misleading. That was a period when there
was a great deal of research and monitor-
ing effort on the bay, so that undoubtedly
there was more effort to document f ish kills
t,han there had been in the past. This is a
problem coininon to the fish kill data from
most other regions; i.e., unequal sampling
effort over a long period of time  Stanley
1985!. Thus, unfortunately, these Galves-
ton Bay fish kill data are of little use in
assessing water quality trends.

85

Table 74. Summary of fuush kille in the
Galueeton Bay area, 1962-1978. Data are from
Bernard Johneon �9M!.

Ship Channel

No. No.
Kills Fish

No. No.
Kills Fish

6 19,000
1 30
6 1S,OOO
2 3,000
2 1,000

1
2 100/00
5 15,SOO
1 2,000

2 31,000
1
6 1,253,200
3 23,000
7 1,110,000
2 512,000
3 21,000

4 13,000
9 2,795,900
7 1,261,100
6 426,5S0
3 1,511,000

TotalOther Areas

No, No.
Kills Fish

No. No.
Kills FishYear

8 10,000
6 61,000

1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
197S
1974

1962
1963
1964
1965
1966
1967
1988
1969
1970
1971
1972
1973
1974

8 7,106
4 250
6 8,800
4 2,050

16 1,513415
22 4,273,650
50 22,461,760
45 46,470,522
34 40,570,604
23 8,125,'795

8 10,000
13 25,100
3 100,230

19 35,406
7 5,250
8 9,800
6 33,050

17 1,513,215
Sl 5,539,850
62 25,280,660
59 48,841,622
42 41,503,134
29 3,657,7S5



References

Alperin, L,M. 1977. Custodians of the coast.
United States Army Corps of Engineers,
Galveston District, Ga ives ton, Texas, USA.

Anderson, R,D, 1976, Petroleum hydrocar-
bons and oyster resources of Galveston
Bey, Texas. Pages 641-648 in Conference
on prevention and control of ail pollution,

Andrait, J.L 1983. Population abstract af the
United Statee, Volume I. Mclean, Va.

Armstrong, N.E. 1982. Responses of Texas
estuaries to freshwater inflows. Pages 103-
120, In V.S. Kennedy, editor. Estuarine
comparisons. Academic Press, New York,
USA.

Armstrong, N.E, 1987. The ecology of open-
bay bottoms af Texas: a community profile.
U.S. Fish, Wildl. Serv. Biol. Rep. 86�.12!.
104 pp.

Armstrong, N.E. and M.O. Hinson, Jr. 1973.
Galveston Bay ecosystem freshwater re-
quirements and phytoplankton productiv-
ity, In Galveston Bay Project Toxicity Stud-
ies, a report to the Texas Water Quality
Board by the University of Texas Marine
Science Institute, IAC �2-73! 183 pp.

Bsldauf, R.J., et al. 1970. A study of selected
chemical and biological conditions of the
lower Trinity River and upper Trinity Bay.
Technical Report No. 26, Water Resources
Institute, Texas A & M University, College
Station. 168 pp.

Beccasio, A.D., N. Fother ingham, A,E. Redfield,
R.L. Frew, W.M. Levitan, J.K. Smith, and
J.O. Woodrow, Jr. 1982. Gulf coast ecologi-
cal inventory: user's guide and information
base. Report FWS/OBS-82/65, U.S. Fish
and Wildlife Service, Biological Services
Program. Washington, DC. 191 pp.

Benefield, RL and R.P. Hofstetter. 1976.
Mapping of productive oyster reefs,
Galveston Bay, Texas. Texas Parks and
Wildlife Department, Project Report 2-218-
R, Segment 2.

Bernard Johnson. 1976. Regional assessment
study, Houston Ship Channel/Galveston
Bsy. Volumes I and II, prepared for Na-
tional Commission on Water Quality. Ber-
nard Johnson Incorporated, Houstan,
Texas.

Butler, P.A. 1973. Residues in Gsh, wildlife
and estuaries. Peetici de Monitori ng Jour-
nal 6:238-S62.

Cain, B.W. 1981. Nationwide residues of or-
ganachlorine compounds in wings of adult
mallards and black ducks, 1979-1980, Pee-
tici de Monitoring Journal 15:128-134.

Cain, B,W. and C,M. Bunck. 198S. Residues of
organochlorine compounds in starlings
 Sturnus vulgarie!, 1979. Environmental
hfoni tori ng and Assessment 3:161-172.

Carleton, D.E. snd T.H. Kreneck. 1979. Hous-
ton: Back Where We Started. Published by
Houston City Magazine, Houston, Texas,
30 pp.

Carlson, R.E. 1.977. A traphic state index for
lakes. Limnology and Oceanography 22:361-
369.

Carter, L,J. 1970. Galveston Bay: test case of
an estuary in Crisis. Science 167�921!:11M
1108.

Casper, V. 1971. Statement of interest an pol-
lution affecting shellfish harvesting in
Galveston Bay, Texas. U.S. Department af
Health, Education and Welfare, Public
Health Service, Food snd Drug Adminis-
tration. Presented at EPA conference, Hous-
ton, Texas,

Chambers, G.V. and A.K. Sparks. 1959, An
ecologicalsurveyof the Houston Ship Chan-
nel and adjacent bays. Publications of the
Institute of Marine Science, the University
of Texas 6:21S-260.

Childress, U.R. 1966. A determinatian of
sources, amount and area of pesticide pol-
lution in some Texas bays. Texas Parks and
Wildlife Department, Coastal Fisherics
Project Report, pp. 245-2M.



88
References

Christinaa, S.P., H.I. Kochman and W.S.
Lippincott. 1978. An annotated bibliogra-
phy of the fish and wildlife resources of
Galveston Bay, Texas. U.S. Fish and Wild-
life Service, Biological Services Program.
FWS /OBS-78-71. 2 volumes. Washington,
DC.

Connell, C.H. and J,B. Cross. 1960. Mass mor-
taliCy of fish associated with the protozoan
Gonysulaz in the Gulf of Mexico, Science
112:359-863.

Cooper, D. 1970. River input studies using
continuousweries microecceystems. Final
report, Galveston Bay Study Program,
Texas Water Quality board, Austin, Texas.

Copeland, B.J., and Fruh, E.G, 1970. Ecologi-
cal studies of Galveston Bay, 1969. Texas
Water Quality Board, Austin. 482 pp.

Copeland, B.J., et al. 1972. Water quality for
preservation of estuarine ecology. In E.F.
Gloyna and W.S. Butcher, editors, Con-
flicts in water resources planning. Water
Research Symposium No. 5, Center for
Research in Water Resources, University
of Texas at Austin. pp. 107-126.

Crawford, C.G,, RM. Hirsch and J.R. Slack.
1983. Nonparametric tests for treads in
water quality data using the statistical
analysis system SAS!.U.S. Geological Sur-
vey Open-File Report 83-550.

Davis, D.R 1968. The measurement and evalu-
ation of certain trace metal concentrations
in the nearshore environment of t,he north-
west Gulf of Mexico and Galveston Bay.
Ph.D. Dissertation, Texas A k M Univer-
sity, College Station, Texas.

Dawson, B. 1987. Environmental health of
Galveston Bay is concern of new founda-
tion. Houeton Chronic&, Wednesday, July
1, 1987. p. 18.

Diener, RA. 1975. Results of the Trinity River
Bay Study. In U.S. Fish and Wildlife Ser-
vice Circular 161. pp. 67-69.

Ditton, R.B., D.K. Loomis, D.R. Feeenmaier,
M.O, Osborn, D. Hollin, and J.W. Kolb,
1988. Galveston Bay and the surrounding
area: human uses, production and economic
values, In: Galveston Bay Seminar Execu-
tive Summary, prepared for the NOAA
Estuary of the Month Program, 14 March
1988, WashingCon, DC. 28 pp.

Environmental ProtectionAgency. 1971a. Pol-

lution affecting shellfish harvesting in
Galveston Bay, Texas. Division of Field
Investigations, EPA Water Quality OI5ce,
Denver, CO. 98 pp.

Environmental Protection Agency. 197lb. In
the Matter of Pollution of the Navigable
Waters of Galveston Bay and its Tributar-
ies - Texas. Proceedings of a conference,
June 7-12, 1971, Houston Texas.

Environmental Protection Agency. 1980. A
water quality success story, lower Houston
Ship Channel and Galveston Bay, Texas.
Washington, DC.

Eepey, Huston and Associates. 1978. Proposed
multipurpose deepwater port and crude oil
disCribution system for Galveston Bay,
Texas. Environmental assessment report
prepared for the Board of Trustees,
Galveston Wharves, by Northville Indus-
tries Corporation, Galveston, Texas.

Espey, W.H., Jr.,A J. Hays, Jr., W.D. Bergman,
J.P. Buckner, RJ. Huston and G.H. Ward,
Jr. 1971. Galveston Bay Project water qual-
ity modeling and data management, Phase
II technical progress report. Document No.
T70-AU-7636-U. TRACOR,Inc., Austin,
Texas.

Farrar, RM. 1926. The Story ofBuffalo Bayou
end the Houston Ship Channel. Chamber
of Commerce, Houston, Texas.

Fisher, W.L., J,H. McGowen, L,F. Brown, Jr.,
and C.G. Groat. 1972. Environmental geo-
logic atlas of the Texas coastal zone: Hous-
ton-Galveston area. Bureau of Econoniic
Geology, The University of Texas aC Austin.
91 pp.

Gakstatter, J.H., M.O. Allum, S,E. Dominguez
and M.R. Crouse, 1978. A survey of phos-
phorus and nitrogen levebs in treated mu-
nicipal wastewater.J. Water Pottution Con-
trol Federation 50:718-722.

Galveston Bay Foundation. 1988. A brief de-
scription of the Galveston Bay Foundation.
Houston, Texas.

Gloyna, E.F. and J.F, Malina, Jr. 1964,
Galveston Bay water quality study - his-
torical and recent data. Technical report to
the Texas Water Pollution Control Board.
The University of Texas, Austin, Texas.

Goes, RL. 1987, Statist ical and graphical sum-
maries of selected water-quality and
streamflow data from the Trinity River



References

near Crockett, Texas, 1964-85. U.S. Geo-
logical Survey, Open File Report 87-393.

Harm, R.W., Jr. and J.F. Slowey. 1972. Sedi-
ment analysis Bay: Texas A & M University
Enviromnental Engineering Division, Civil
Engineering Department, and Texas A fk
M Research Foundation. Estuarine Sys-
tems Project Technical Report No. 24. Col-
lege Station, Texas. 24 pp,

Hoaitetter, R.P. 1977. Trends in population
levels of the American oyster  Crasaostrva
virgiriica Gmelin! on public reefs in
Galveston Bay, Texas. Texas Parks and
Wildlife Department, Technical Series
Number 24, 90 pp.

Houston-Galveston Area Council. 1987.
Greater Houston area water quality man-
agement plan update, HGAC Community
and Environmental Planning Department.

Houstori Post. 1985. OHicial dismayed by con-
dition of Trinity River, August 23 article.,
page SA. Houston, Texas.

Hoastori Post. 1987. Study backs deeper ship
channel, June 2 article. Houston, Texas.

Huston, RJ. 1971. Galveston Bay Project,
compilation of water quality data, July 1968-
September 1971. Document No. T71-AU-
9617-U, TRACOR, Inc. Austin, Texas.

Hydneeisace, 1976. Eutrophication analysis
of the Lake Livingston Reservoir. Report to
the Texas Water Quality Board, Austin,

Irwin, R.J. 1985, Number of fish species col-
lected seining, Tri nity River and West Fork.
InterofFice inemorandum, U.S. Fish and
Wildhfe Service, Ecological Services, Ft.
Worth, Texas. 6 pp.

King, B.D., III, B.W. Cain, F.T. Warner, Jr,,
and N.E. Sears. 1986. Substantiating re-
port, Fish and Wildlife Coordination Act
report, Galveston Bay area navigation
study. U.S. Fish and Wildlife Service, Divi-
sion of Ecological Services. Houston, Texas.

King, I .R and J.J. Kendall. 1987. State capac-
ity for estuarine manageinent: the case of
Galveston Bay, Texas. Paper presented at
Oceans '87 Conference and Exposition,
Halifax, Nova Scotia, Canada. September
27-30, 1987.

Liebow, E.B., KS. Butler, T.R. Pbiut, et al.
1980. Texas Barrier Islands Region ecologi-
cal characterization: a socioeconomic study.
Volumes 1: Synthesis Papers. U,S. Fish

89

and Wildlife Service, OIFice of Biological
Services. FWS/OBS-80/19.

Longley, W.F., and M. Wright. 1984. Texas
barrier island region characterization nar-
rative report  draft!, prepared for National
Coastal Ecoaystema Team, Office of Bio-
logical Service, Fish and Wildlife Service,
U.S. Department of the Interior, Fish and
Wildlife Service. Washington, DC. 738 pp.

McComb. D.G. 1981. Houston: A History. Uni-
versity of Texas Press, Austin. 288 pp

Martin, N. 1987, Several articles in the publi-
cation Texas Shores 20�3!: 4-25. Sea Grant
College Program, Texas A k M University,
College Station, Texas.

Martinez, A.R. 1975. Coastal hydrological and
meteorological study. pp. 100-157Iri Coastal
Fisheries Project Reports, 1975. Texas Parks
and Wildlife Department, Austin.

Marvin, K.T., Z.P, Zein-Eldin, B.Z. May, and
L.M. Lansford. �960!. Chemical Analysis
of marine a nd estuarine waters used by the
Galveston Biological Laboratory. U.S. Fish
Wildl. Serv, Spec. Sci. Rep, Fish. 349. 14 pp.

North Central Texas Council of Governments.
1985. Clean Water 86. The 1986 Annual
Water Quality Management Plan for North
Central Texas. Arlington, Texas.

Oppenheimer, C,H, ~ K Gordon, and W.
Brogden, 1973. Toxicity studies of Galveston
Bay Project. Report to the Texas Water
Quality Board. The University of Texas,
Marine Science Institute, Port Aranaaa,
Texas,

Osburn, H,R. and M.O. Ferguson. 1986. Trends
in finfish landings by sport-boat fishermen
in Texas marine waters, May 1974-May
1985. Management Data Seriea No, 90,
Texas Parks and Wildlife Department,
Coastal Fisheries Branch. Austin, Texas.
448 pp.

Osburn, H.R., W.D, Quaat, and C.L. Hamilton.
1987. Trends in Texas Commercial Fishery
Landings, 1977-1986. Management Data
Series No. 131, Texas Parks and Wildlife
Department, Coastal Fisheries Branch.
Austin, Texas.

Parker, P.L., N.E. Armstrong, D.E. Wohlachlag,
C. Van Baalen, and C.H, Oppenheimer,
1975. Environmental limits for Galveston
Bay. Report IAC-�2-73!-1180, Galveston
Bay Project. Submitted to the Texas Water
Quality Board, Austin.



90 References

Parker, R.H. and W.G. Blanton. 1970. Envi-
ronniental factors atfecting bay and estua-
rine ecosystems of the Texas coast. Report
from Coastal Ecosystems Management, Inc.
to Humble Oil Company. 182 pp.

Perret, W.S., J,E. Weaver, RO. Williams, P.L.
Johansen, T.D. McIlwain, R.D. Raulereon,
and W. M, Tatum. 1980, Fishery profiles of
red drum and spotted seatrout. Gulf States
Marine Fisheries Commission Report Num-
ber 6.

Policy Research Institute. 1986. An institu-
tional and legal assessment of an instream
aeration project in the Houston Ship Chan-
neL Center for Research in Water Resources
Technical Report No. 220. University of
Texas at Austin.

Powelson, E.J. 1978. Industrial wastewater
dischargers on the Houston Ship Channel:
a study of regulation and water quality
improvement. M,A. Thesis, University of
Texas at Austin. 197 pp.

Pullen, E.J., and L. Trent. 1969. Hydrographic
observations from the Galveston Bay sys-
tem, Texas, 1958-67. U,S. Pish and Wildlife
Service, Data Report 31. Washington, DC.
151 pp.

Pullen, E J., W.L. Trent, and G.B, Adams.
1971. A hydrographic survey of the
Galveston Bay system, Texas, 1963-1966,
NOAA Technical Report NMFS SSRF-639,
U.S. Department of Commerce, Washing-
ton, DC, 13pp

Prytherch, H.F. 1980. A directory of fishery
data collection activities conducted by the
Statistical Surveys Division in the south-
east region of the United States. United
States Department of Commerce, National
Oceanic and Atmospheric Administration,
National Marine Fisheries Service, South-
east Fisheries Center, Miami, Florida.

Rice Center. 1988. Improvements to the Hous-
ton Ship Channel: what will they incan to
the region7 A Research Summary. Hous-
ton, Texas. 8 pp.

Rice, K.W., L.W. McEachrcn and P.C.
Hammerschmidt. 1988. Trends in relative
abundance and size of selected finflshes in
Texas bays: December 1975-December 1986.
Management Data Series Number 139,
Texas Parks and Wildlife Departinent,
Austin, Texas. 192 pp.

Robison, B.C. 1986. Wallisville Dam; a scandal
in disguise. A six-part series of articles in
the Houston Poet. Houston, Texas.

Robison, B,C, 1988. The overdue Galveston
Bay Foundation. Houston Post, February
28, 1988.

Robison, B.C. 1989. Galveston Bayundersiege.
Houston Metropolis tan Magazi ne 15�!:50.

Scarlett, H, 1989. Panel moves focus to Sabine
River. Article in The Houston Poet, Satur-
day, February 4, 1989. Houston, Texas.
page A-12.

Schmitt, CA., MA. Ribick, J.L. Iudke, and
T.W. May. 1983, National pesticide moni-
toring program: organochlorine residues in
freshwater fish, 1976-1979. Resource Pub-
lication 162, U.S. Fish and Wildlife Service,
Washington, DC. 69 pp.

Sheridan, P.F., D. Slack, S.M, Ray, L.D.
McKinney, and E.F. Klima. 1988. Biologi-
cal components of Galveston Bay, In:
Galveston Bay Seminar, Executive Sum-
mary. Prepared for NOAA Estuary of the
Month Program, 14 March, 1988. Washing-
ton, DC. 28 pp.

Shew, D.M., R.H. Baumann, T,H. Fritts, and
L.S. Dunn. 1981. Texas Barrier islands
region ecoIcgical characterization: environ-
mentalsynthesis papers. FWS/OBS-81/32.
U.S. Fish and Wildlife Service, Biological
Services Program, Washington, DC. 413
pp.

Sibley, M.M, 1968. The Port of Houston: 4
Kietory. University of Texas Press, Austin.
246 pp.

Smerdon, E.T., J.A, Gronouski, and J.M,
Clarkson. 1988. Approaches to water re-
source policy and planning in Texas. Water
Resources Bulletin 24�!:1257-1262.

Smith, J.N. 1972. The Decline of Galueeton
Bay. The Conservation Foundation, Wash-
ington, DC. 127 pp.

Sinith, RA., R.M. Hirsch and J.R. Slack. 1982.
A study of trends in total phosphorus mea-
surements at stations in the NASQAN net-
work. Water Supply Paper 2190, U.S. Geo-
logical Survey, Reston, Virginia,

Soloman, D.E. and G.D. Smith. 1973. Seasonal
assessment of the relationships between
the discharge on the Trinity River and the
Trinity Bay ecosystem. Report prepared by
Coasbil Ecosys terna Manageinent, Inc. for



References

Fort Worth District, U.S. Army Corps of
Engineers. 147 pp.

Stanley, D.W. 1985. Nationwide revie~ of oxy-
gen depletion and eutrophication in estua-
rine and coastal waters: southeast region.
Report to Brookhaven National Laboratory
and the U,S. Department of Commerce.
Institute for Coastal and Marine sources,
East Carolina University, Greenville, N.C.
354 pp.

Stevenson, C,H. 1893. Report on the coast
fisheries of Texas, 1889-1891. In: Appendix
3, Report to the Commissioner, U,S. Com-
mission of Fish and Fisheries. Washington,
DC. pp. 373-420.

Texas A k M University, The University of
Texas and Texas Technical College. 1966.
The Galveston Bay work plan. Prepared for
the U.S. Department of the Interior and the
state of Texas. 11 pp.

The Texas Almanac. 19SS. Edited by M.
Kingston and published by The Dallas
Horning ¹we, Dallas, Texas. 640 pp.

Texas Department of Health. 1952, Report on
shellfish producingwaters in the Galveston
area. 24 pp,

Texas Department of Health, 1958. A survey of
the shellfish producing waters of Texas,
Galveston Bay. Austin, Texas.

Texas Department of Health. 1968, Galveston
Bay water quality survey, 1963-1967. Re-
port prepared for the Texas Water Quality
Board. Austin, Texas.

Texas Department of Health. 1969. Report on
shellfish producing waters of Galveston
Bay, Trinity Bay, East Bay, and West Bay.
Austin, Texas.

Texas Department of Water Resources. 1978.
Low flow nutrient loss in the rnid-Trinity
River. Report LP-15. Austin, Texas,

Texas Department of Water Resources. 1980.
The State of Texas Water Quality Inven-
tory, 5th edition 1980. Report LP-59, Aus-
tin, Texas.

Texas Department of Water Resources. 198 la,
Trinity-San Jacinto Estuary-. A study of the
influence ofheehwater inflows. Report LP-
113. Austin, Texas. 491 pp,

Texas Department of Water Resources. 198 lb.
Plan summary report for the Trinity Basin
water quality management plan. Report
LP-149. Austin, Texas.

91

Texas Department of Water Resources. 1982a.
The State of Texas Water Quality Inven-
tory, 6th edition: 1982. Report LP-59, Aus-
tin, Texas.

Texas Department of Water Resoiirces. 1982b.
Trinity-San Jacinto Estuary: An analysis
of bay segment boundaries, physical char-
acteristics, and nutrient processes. Report
LP-86. Austin, Texas. 77 pp.

Texas Department of Water Resources. 1984a.
The State of Texas Water Quality Inven-
tory, 7th edition: 1984. Report LP-59, Aus-
tin, Texas.

Texas Department of Water Resources. 1984b.
Wasteload Evaluation forthe Houston Ship
Channel System in the San Jacinto River
Basin. Report WLE-l. Austin, Texas 170
PP-

Texas Garne, Fish and Oyster Commission.
1937. Annual Report, Fiscal Year 1936-37.
Austin, Texas.

Texas GeneralIand Office. 1976. Texas Coastal
Management Plan, Report to the Governor
and the 65th Legislature, Appendices. 163
PP.

Texas Parlrs and Wildlife Department, 19?4.
Fish sampling in the Trinity River.

Texas Parks and Wildlife Department. 1988.
Texas oyster fishery manageznent plan.
Fishezy Management Plan Series, Number
1, Source Document. Austin, Texas. 156 pp.

Texas Water Commission. 1986a. The State of
Texas Water Quality Inventory, 8th edi-
tion: 1986. Report LP-86-07, Austin, Texas.

Texas Water Commission, 1986b. Waste load
evaluation for the Upper Trinity River Sys-
tem in the Trinity River Basin. Report
WLE-86-03. Austin, Texas.

Texas Water Commission. 19SBc. Stream Moni-
toring Program, Galveston Bay System
Monitoring.  Unpublished manual describ-
ing sampling stations, and sampling and
analytical methodologies!. Austin, Texas.

Texas Water Commission. 1987a. Analysis of
fish kills and associated water quality con-
ditions in the Trinity River, Texas. I. Re-
view of historical data, 1970-1985. Austin,
Texas.

Texas Water Commission. 19S7b. Intensive
survey of the Houston Ship Channel, Feb-
ruary 26-28, 1985. Report IS 87-09, Austin,
Texas.



92
References

Texas Water Commission. 1988a, Observa-
tions on the 1986-1987 Texas red tide. Re-
port 88-02. Aust, in, Texas. 47 pp.

Texas Water Commission. 19BBb. Governor' s
supplemental nomination of Galveston Bay
as an estuary of national significance. Aus-
tin, Texas.

Texas Water Commission. 1989. Biennial re-
port to the 71st legislature and the gover-
nor. Austin, Texas. 39 pp.

Texas Water Quality Board. 1974, Waste load
evaluations for the Houston Ship Channel.
Austin, Texas.

Texas Water Quality Board. 1975a. The state
of Texas water quality inventory. Austin,
Texas,

Texas Water Quality Board. 1975b. Galveston
Bay Project Summary Report. Austin,
Texas. 99 pp.

Texas Water Quality Board. 1976. Texas wa-
ter quality standards, 78 pp.

Texas Water Quality Board, I 977. Water qual-
ity segment report for Segment Numbers
1005, 1006, a nd 1007 - Houston. Ship Chan-
nel, Report No, WQS-25. Austin, Texas.

Trinity River Authority. 1974. Water quality
management plan for the Trinity River
Basin. Report prepared for the Texas Wa-
ter Quality Board, Austin.

U.S. Army Corps of Engineers. 1922-1986.
Waterborne Cornrnercei n the United States.
Washington, DC.

U.S. Army Corps of Engineers. 1951-1979
Annual Report of the Chief of Engineers on
Civil 8'orks Activities. Washington, DC.

U,S. Army Corps of Engineers. 1975. Final
environmental statement: maintenance
dredging, Houston Ship Channel, Texas.

V.S. Army Corps of Engineers. 1988, Water
resources development in Texas 1988.

U.S. Department of Commerce, 1969. Texas
landings: 1969 annual summary. Current
Fisheries Statistics Number 5232, National
Marine Fisheries Service, National Oce-
anic and Atmospheric Administration,
Wash ington, DC,

V.S. Department of Commerce. 1970. Texas
landings: 1970 annual summary. Current
Fisheries Statistics Number 5616. National
Marine Fisheries Service, National Oce-
anic and Atmospheric Administration.
Washington, DC.

V.S. Department of Commerce. 1971, Texas
landings: 1971 annual summary, Current
Fisheries Statistics Number 5923. National
Marine Fisheries Service, National Oce-
anic and Atmospheric Administration.
Washington, DC.

U.S, Department of Commerce. 1972. Texas
landings: 1972 annual summary. Current
Fisheries Statistics Number 6124. National
Marine Fisheries Service, National Oce-
anic and Atmospheric Administration.
Washington, DC.

U.S. Department of Commerce. 1973. Texas
landings: 1973 annual summary. Current
Fisheries Statistics Number 6423. National
Marine Fisheries Service, National Oce-
anic and Atmospheric Administration.
Washington, DC.

U,S. Department of Commerce. 1974, Texas
landings: 1974 annual summary. Current
Fisheries Statistics Number 6723. National
Marine Fisheries Service, National Oce-
anic and Atmospheric Administration.
Washington, DC.

V.S. Department of Commerce. 1975. Texas
landings: 1975 annual summary. Current
Fisheries Statistics Nu mber 6923. Nations!
Marine Fisheries Service, National Oce-
anic and Atmospheric Administration,
Washington, DC.

V.S. Department of Commerce. 1976. Texas
landings: 1976 annual summary. Current
Fisheries Statistics Number 7223. National
Marine Fisheries Service, National Oce-
anic and Atmospheric Administration.
Washington, DC.

U.S. Department of Commerce, 1977. Texas
landings: 1977 annual summary. Current
Fisheries Statistics Number 7521. National
Marine Fisheries Service, National Oce-
anic and Atmospheric Administration.
Washington, DC.

U.S. Department of Commerce, 1978. Texas
landings; 1978 annual summary. Current
Fisheries Statistics Number 7828. National
Marine Fisheries Service, National Oce-
anic and Atmospheric Administration.
Washington, DC.

U.S. Department of Commerce. 1979. Texas
landings: 1979 annual summery. Current
Fisheries Statistics Number 8023. National
Marine Fisheries Service, National Oce-



References 93

a nic and Atmospheric Administration.
Washington, DC.

U.S. Department of Interior. 1962, Texas land-
ings: 1962 annual summary. Current Fish-
eries Statistics Number 3309. Bureau of
Commercial Fisheries, U.S. Fish and Wild-
life Service. Washington, DC.

U.S. Department of Interior, 1963. Texas land-
ings: 1963 annual summary, Current Fish-
eries Statistics Number 3627. Bureau of
Commercial Fisheries, U.S. Fish and Wild-
life Service. Washington, DC.

U.S. DepartInent of Interior. 1964, Texas land-
ings: 1964 annual summary. Current Fish-
eries Statistics Number 3901. Bureau of
Commercial Fisheries, U.S. Fish and Wild-
life Service. Washington, DC,

U.S. Department of Interior. 1965. Texas land-
ings: 1965 annual summary. Current Fish-
eries Statistics Number 4156. Bureau of
Commercial Fisheries, U.S. Fish and Wild-
life Service. Washington, DC.

U.S, Department of Interior. 1966. Texas land-
ings: 1966 annual summary. Current Fish-
eries Statistics Number 4529. Bureau of
Commercial Fisheries, U.S. Fish and Wild-
life Service. Washington, DC,

U.S. Department of Interior, 1967. Texas land-
ings: 1967 annual summary. Current Fish-
eries Statistics Number 4675. Bureau of
Commercial Fisheries, U.S. Fish and Wild-
life Service. Washington, DC.

U.S, Department of Interior. 1968. Texas land-
ings: 1968 annual summary, Current Fish-
eries Statistics Number 4962. Bureau of
Commercial Fisheries, U.S. Fish and Wild-
life Service. Washington, DC.

U,S. Environmental Protection Agency. 1974,
Proposed guidelines for determining ac-
ceptability of dredged sediments disposal

in EPA Region VI:Dallas, Texas. 4 pp.
U.S. Fish and Wildlife Service. 1986. Letter

from Region 2 Director to Colonel G.M.
Clarke, District Engineer, U,S Army Corps
of Engineers, Galveston, Texas.

Warshaw, S. 1975. Water quality segment
report for Segment Nos. 0804 and 0805,
Trinity River. Report No. WQS-7. Texas
Water Quality Board. Austin. 33 pp.

White, W.A., T.R, Calnan, RA. Morton, R.S.
Kimble, T.G. Littleton, J.H. McGowen, H.S.
Nance and K.E, Schmedes. 1985. Sub-
merged lands of Texas, Galveston-Houston
area: sediments, geochemistry, benthic
macroinvertebrates, and associated wet-
lands. Bureau of Economic Geology, The
University of Texas at Austin,

Wiggins, C.W. and J.E, Anderson. 1987. The
governance of Galveston Bay: preliminary
considerations. Paper presented at Oceans
'87, Halifax, Nova Scotia, Canada, Septem-
ber 27-30, 1987.

Williams, E,B,, Jr. 1972. Pollution control: a
Houston Ship Channel issue. Unpublished
M.A. Thesis submitted to Texas A & M
University, College Station, Texas.

Wise, R.I., J.B. Winston and CA. Nau. 1944.
An outbreak of food poisoning resulting
from eating contaminated raw oysters,
Texas Reports on Biology and Medicine
2;251-258.

Wise, R.l., J.B. Winston and G. Culli, Jr. 1948.
Factors ofsewage pollutionof oyster beds in
Galveston Bay. American Journal of Pub-
li c Health 38;1109-1117.

Wurbs, RA. 1985. Reservoir operation in Texas.
Texas Water Resources Institute, Report
TR-135. Texas A&M University, College
Station.



Appendices

Appendix 1. Chronological History of Army Corps of Engineers
Activities in the Galveston Bay System

Galveston karbor and Channel

Aug. 6, 1886: Construct 2 rubblestone city of Galveston at a limited cost of
jetties at entrance to Galveston Harbor. ~234 ppp �0 grojns constructed!.

June 13, 1902: A channel 1,200 by 30 Aug 3p 1936.DeepenGajveston Chan.
feet from Bolivar Roads  outer end of old nel to 34 feet  Bolivar Roads to 4M St.!.
inner bar near Fort Point! to 61st St. Aug. 30, 1936: Deepen Galveston en-

Mar. 3, 1905: Purchase or construct trance channel to 36 feet.
hydraulic pipeline dredge. April 4, 1938: Completion of project for

Mar. 2, 1907: Extension of jetties to constructjon of 13 grojns
present project length and construction June3p ]936 DeepenGslvestonHar
and operation of a dredge. bor to 38 feet froIn gulf to a point 2 miles

Mar. 2, 190'7: Extension of Galveston west of seaward end of north jetty; thence
Channel from 51st to 57th Sts., with dePth 36 feet to Bolivar Roads; revoking author-
of 30 feet and width of 700 feet. ity for maintenance of ferry channels; and

June 26, 1919: Conditional extension Galveston channel to 36 feet. deep from
of Galveston Channel between 61st and Bolivar Roads to 43d St
57th Sts., 30 feet deeP and 1,000 feet wide. May ] 7 1969- Construct extensjon of

July 27, 1916: Extend seawall at Galveston Seawall from 61st St., south-
Galveston from angle at 6th St. and Broad- westerly ] 6 30p feet along gulf shore
way to vicinity of Fort San Jacinto. July 3, 1968: Deepen Galveston Har-

July18, 1918:Deepenh rborchannel bor to 42 feetfromg lftoapoint2mlles
to 36 feet and widen to 800 feet. west. of seaward end of north jetty and 40

Sept. 22, 1922: Further extension of feet thence to Bolivar Roads to 43d
seawall at Galveston to a junction with
south jetty; and repairing seawall in front HaUstan Ship Channel
of Fort Crokett reservation. Mar. 6, 1906: Easing or cutting off

Jan. 21, 1927: Deepen Galveston Chan- sharp bends and construction ofa pile dike.
nel to 32 feet; and maintain Galveston Mar. 2, 19]9: A channel 30 feet, deep,
Harborchannels to dimensions of 800 feet widen bend at, Manchester and enlarge
wide,36feetdmponout rbarand34feet tumjngb in-
deep on inner bar. Mar. 3, 1926: A 1 jghtAraft extension of

Aug. 30, 1935: Maintain State High- channel to mouth ofyigute Oak Bayou.
way Ferry Landing Channels to dimen- July 3, 1g3p: ~iden channel throu
sions of 12 by 100 feet. Morgan Point and to a point, 4,000 feet

Aug. 30, 1935: Construct 13 groins above Baytown and widen certain bends.
along gulf shore from 12th to 61st Sts. in Aug. 3P, 1936: Deepen to 32 feet in
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main channel and turning basin, and a
400-foot width through Galveston Bay.

Aug. 30, 1936: Deepen to 34 feet in
main channel and widen from Morgan
Point to turning basin.

Mar, 2, 1945: Branch channel 10 by 60
feet behind Brady Island.

Mar. 2, 1945: Widen channel from
Morgan Point to lower endofFidelity Island
with turning points at mouth of Hunting
Bayou and lower end of Brady Island.

Mar. 2, 1945: Widen channel from lower
end of'Fidelity Island to Houston turning
basin and dredge off~hanne siltingbasins.

June 30, 1948: Deepen to 36 feet frozn
Bolivar Roads to and including main
turningbasin at Houston, Texas, including
turningpoints at HuntingBayou and Brady
Island.

July 3, 1968: Deepen to 40 feet from
Bolivar Roads to Brady Island, construct
Clinton Island turning basin, a channel 8
by 126 feet at Five Mile Cut, and improve
shallowdraft channel at Turkey Bend.

July 14, 1960: Barbour Terminal at
Morgan Point.

Oct.27, 1966: Restoringexistinglocally
dredged channel from mile 0 to 0.34 to 36
feet deep and dredging a 15-12 ft. channel
from mile 0.34 to 2.81, in Greens Bayou.

Texas City Chan@et
Mar. 4, 1913: A channel 300 by 30 feet

and construct a pile dike 28,200 feet long
north to channel.

July 3, 1930:A harbor 800 by 30 feet at
Texas City, and construct a rubblernouml
dike.

Aug. 30, 1936: Extension of
rubblemound dike to shoreline.

Aug. 30, 1936: Deepen channel and
harbor to 32 feet.

Aug. 30, 1936: Deepen channel and
harbor to 34 feet.

Aug. 26, 1937: Extended harbor 1,000
feet southward, 800 by 34 feet.

June 30, 1948: Deepen channel and
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harbor to 36 feet, widen channel to 400 feet
and harbor to 1,000 feet and changing
name of project to "Texas City Channel,
Texas.

July 14, 1960: Deepen channel and
turning basin to 40 feet and construct 16-
foot Industrial Barge Canal.

Oct. 12, 1972: Widen the existing main
turning basin to 1,200 feet including
relocation of the basin 85 feet to the east;
provide a 40-foot deep channel in the
Industrial Canal at widths of 300-400 feet,
with a turning basin at the head of the
canal 40 feet deep, 1,150 feet long, and
1,000 feet wide, and easing of the bend at
the entrance to the canal, and
deauthorization of shallow~It Industrial
Barge Canal not incorporated in the plan of
iinprovement above.

Trinity River and Tributaries
Mar. 3, 1905: Anahuac Channel.
July 25, 1912: 6-foot channel to Liberty.
Sept. 22, 1922: Abandon improvements

above Liberty and terminate all
improvements by lock and dam, leaving a
6-foot channel from Liberty to mouth.

Mar. 2, 1945: Provides for a navigable
channel from the Houston Ship Channel
near Red Fish Bar in Galveston Bay to
Liberty, Texas, with project depth of 9 feet
deep and 200 feet wide in Galveston and
Trinity Bays to the mouth of Trinity River
and 9 feet deep and 150 feet wide in the
river section, with a turning basin at
Liberty.

July 24, 1946: Modification of the project
to provide for a channel 9 feet deep and 160
feet wide from the Houston Ship Channel
near Red Fish Bar in Galveston Bay
extending along the east shore of Trinity
Bay to the mouth of the Trinity River at
Anahuac, including protective spoil
embankment on the bay side of the channel
in lieu of the 9 by 200-foot channel in
Galveston and Trinity Bays.

Oct. 23, 1962: Provides for the multiple-
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Appendix 2. Water Quality Data Sources

purpose Wallisville Reservoir, including a
navigation lock in the Wallisville darn at
Channel Mile 28.30 and advancement of
the Channel to Liberty from one mile below
Anahuac  Mile 23.2! to the Texas Gulf
Sulphur Company's slip at Channel Mile
35.8, and incorporation into existingproject
Anahuac Channel and mouth of Trinity
River Projects.

Oct. 27, 1965: Reevaluation of
navigation benefits.

Four water quality data sets were used
for the trend analyses in this study. One is
the Bureau of Commercial Fisheries  later
the National Marine Fisheries Service!
data, collected over a ten-year period from
January 1958 through December 1976.
Second, there is Galveston Bay Project
data, which was collected on a monthly
basis from July 1968 through August 1972,
with the exception of a four-month period
between November 1970 and February
1971. The third set of data is from the
Texas Water Development Board  later
the Texas Department of Water Resources
and the Texas Water Commission!. Finally,
the Texas Department of Health Resources
sampled the bay regularly beginning in
1963. The Texas Water Development
Board/Department of Water Resources/
Water Commission data set covered the
longest period of time �972-present!, and
was the most. thorough in terms of number
of stations and sampling frequency.
However, it was useful to combine their
dataset with those from the other agencies,
wherever possible, so that the time series
analyses could be extended back into the
1960s.

The objectives of the National Marine
Fisheries Study were: "�! to summarize
bottom temperature, salinity, dissolved

organic nitrogen, total phosphorus, and
dissolved oxygen data in relation to three
habitats and five bay areas; and �! to
determine the temporal and spatial
distributions and ranges of these
parameters and some of the relations and
rnechanisrns affecting their distributions"
 Pullen et al. 1971!, Sampling frequency
ranged between weekly and every other
month. Before 1964, only temperature
and salinity were measured. Dissolved
oxygen  DO!, total phosphorus  TP!, and
dissolved organic nitrogen  DON! were
measured between 1964 and 1966. Pullen
and Trent �969! cited Marvin et al. �960!
for the TP and DO methods. They also
stated that the DON was determined by
Kjeldahl analysis, and that temperature
and salinity were measured by means of
either a salinometer  Industrial
Instruments Model RS-5; accuracy +/- 0.3
ppt, +/- 0.5 C!, or by titration of water
samples  accuracy +/- 0.2 ppt!. It is
important to note that all the water samples
and iri situ measurements were taken from
the lower 0.3 m of the water column. There
were no stations in the Houston Ship
Channel north of Morgan's Point, and none
in West Bay. The techniques for measuring
each parameter are described in Pullen
and Trent �969!, which also contains a
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compilation of the raw data. Data from the
period 1963-66 are analyzed and
surnrnarized in Pullen et al. �971!.

Details concerning the origin,
objectives, and evolution of the Galveston
Bay Project �968-1972! sampling program
are given above  See Chapter 2!. Up until
November 1970, thirty-five stations were
sampled; nine of these were in the Houston
Ship Channel above Morgan's Point. After
March 1971, only 16 stations in the bay
proper were sampled. Detailed information
about the sample collection and analytical
methods canbe found in Espey et al. �971!,
Chapter 6.

The Texas Water Quality Board began
monthly monitoring in the Houston Ship
Channel in January 1972. In September
1977, the agency merged with two other
state agencies to become the Texas
Department of Water Resources. It was
reorganized ags.in in 1986, becoming the
Texas Water Commission. Monitoring of
the ship channel and other areas of the bay
by this agency has continued up to the
present. Stations are visited for routine
hydrographic measurements  e.g., salinity,
temperature, dissolved oxygen! and
samples are collected on a monthly,
quarterly, or annual basis for BOD,
nitrogen, phosphorus, fecal coliforms, and
other analyses.

Before 1963, the State Department of
Health had made pollution surveys in the
bay area, primarily for shellfish sanitation
purposes. In the fall of 1962, the Bays hors
Rod and Gun Club appeared before the
newly-created Texas Water Pollution
Control Board and requested a pollution
survey of Galveston Bay and contiguous
waters. The primary interest was to
evaluate to what. degree industrial and
municipal wastes were affecting water
sports and fishing, both sport and
commercial, in the bay. Consequently,
between 1963 and 1967, there was a "Water
Quality Survey of Galveston Bay," made
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for the State Water Quality Board  formerly
the Texas Water Pollution Control Board!
by the State Department of Health. The
results were presented in Texas
DepartmentofHealth reports�968, 1969!,
The Department of Health continues to
monitor the bay for fecal coliforms and
related parameters.

Fortunately, there are several sites in
the Galveston Bay system near which all-
- or most � of these programs had sampling
stations. Ten such sites were chosen to be
representativeof the various regions in the
bay. I have designated these locations as
"Stations" 1-10. Their locations, and the
correspondi ngagency station numbers are
given on the following page in Table Al.
The first five are in the upper Houston Ship
Channel  upstream of Morgan's Point!.
Numbers One and Two are in Texas Water
Commission Segment 1007; Three and Four
are in Segment 1006; and Five is in the
uppermost segment. 1006. There are also
two sites in Trinity Bay  Stations 7 and 8!,
one in East Bay  Station 10!, one in West
Bay  Station 9!, and one about mid-way
down Galveston Bay near the Redfish Bar
oystering grounds  Station 6!.
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Appendix 3. Locations of Sampling Stations Used for Galveston
Bay Water Quality Trend Analysis
GBP = Galveston Bay Project; T = Texas Water Quality Board/Fexas Department of Water
Resources/Texas Water Commission; TDH = Texas Department of Health; NMFS = National
Marine Fisheries Service.

LOCATIONSTATION

STATION 1
+ GBP

+ T

+ TDH

+ NMFS

STATION 2
+ GBP

+ T

+ T

+ TDH

+ NMFS

STATION 4

+ GBP

+ T

+ TDH

+ NMFS

+ TDH

+ NMFS

STATION 3
+ GBP

STATION 5
+ GBP
+ T

+ TDH

+ NMFS

�9 44.9'-96'17.2'! Station ll, In Houston Ship Channel near
Public Wharf 2, north side
�9 44'57"-95'17'22"! Station1007.08, H. Ship Channel, Turning Basin
Station HSC-OOX10, Houston Ship Channel, Turnmg Basin
No station near this location

�9'43.4'-95 13.2'! Station 35, In H. Ship Channel opposite FL "165"
�9 43'09"-95'l4'33"! Station 1007.03, Houston Ship Channel, Sims
Bayou, across from US Gypsum
Station HSC-OOX18 Houston Ship Channel, Below Sirns Bayou
No station near this location

�9'44.8'-96'10.6'! Station 10, In Houston Ship Channel near Phillips 66
dock and flashing light
�9 44'46"-96'10'01"! Station 1006.02, Houston Ship Channel, Greens
Bayou near Todd Shipyard and CM-152
Station HSC-OOX31, Houston Ship Channel, Greens Bayou
No station near this location

�9'45.1'-96'05.7'! Station 9, In H. Ship Channel near flashing light "133"
�9 46'13-95'06'39'! Station 1006.01, Houston Ship Channel, monument
under power line above USS Texas
�9'46.5'-95 05.5'! Station HSC-OOX37, Houston Ship Channel, at
Battleship Texas
No station near this location

�9'40.5'-94'68.8'! Station 33, In Houston Ship Channel at Morgan Point
�9 40'58"-95'68'65"! Station 1005.01, H. Ship Channel, Morgan Point
�9'40.2'-95 58.7'! Station HSC-OOX45, H. Ship Channel, Morgan Point
29'39.6'-94'57.3', Station 99
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Appendix 3 contfnuecf

LOCATIONSTATION

STATION 6

+ GBP

+ T

+ TDH

NMFS

STATION 7
+ GBP

T

+ TDH

+ NhPS

STATION
+ GBP

+ T

+ T

+ TDH

NMFS

STATION
GBP

+ T

+ TDH

+ NMFS

U.S. G.P.O.:1992->1>-153:60522

+ TDH

+ NMFS

STATION

GBP

�9'29.3'-94 51.8'! Station 41, In Houston Ship Channel near FL
"51A"  Junction of Trinity River Channel!
�9'30'60"-94'62'45"! Station 2439.0026, Lower Galveston Bay, Redfish
Island  South end CM 2!
�9 29.6'-94'62.2'! Station GAI 00284, Houston Ship Channel Marker 63
�9 28.4'-94~48.0'! Station 38

�9'42.9'-94'43.6'! Station 38, Buoy ¹1 in Anahuac Channel
�9'41'58"-94'44'09"! St. 2422.0100, Trinity Bay, Anahuac Channel
Marker 1

�9'41.8'-94'44.2'! Station TRI-1316B, Marker Number 1, Anahuac
Channel

�9'42.5'-94'44.2'! Station 88

�9'39.9'-94 47.2'! Station 26, Humble Oil Well 95 - flashing red light
�9 39'54"-94'49'12"! Station 2422.0200, Trinity Bay, Exxon Well C-1
�00 yds. N!
�9'40.6'-94'47.2'! Station TRI-OG23, Between Umbrella Pt. and Double
Bayou
�9'40.6'-94'49.2'! Station 87

�9'13.3'-94 59.7'! Station 14, Marked pile K. of Carancahau Reef in
West Bay
�9'13'45"-96'00'00"! Station 2424.0100, West Bay, Carancahau Reef.
First tall piling in channel through reef
�9'13.3'-94'59.7'! Station WES-OOA69, Carancahau Reef
No station near this location

10

�9 28,2'-94'42.6'! Station 29, USGS tide gage near Hanna Reef
�9 29'28"! Station 2423.01, East Bay, halfway between Marsh and Elm
Points

�9 30.7'-94'37.9'! Station EAS-00147, East Bay, between Elm Grove Pt.
and Stephenson Pt.
�9'30.0'-94'41.1'! Station 28


