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ABSTRACT

In a study performed over October 1979-September 1980, immature
brown shrimp were found to move through the nearshore marine environment
in the vicinity of the brine diffuser offshore Freeport, Texas (and in
the surrounding area) in two waves during summer as they emigrated from
the estuaries to offshore spawning habitats. The major spawning habitat
of brown shrimp is well offshore, generally located along the 40 to 50 m
depth contours. White shrimp in the study area appeared mainly restric-
ted to a band within about 8 km of the beach and spawning mainly occurred
in these nearshore areas. The diffuser appears well-sited in terms of
minimizing the impacts on spawning of these two shrimps--it is seaward
Oof the area of greatest white shrimp activity and shoreward of the area
of greatest brown shrimp activity,.

Our data show a marked fall (August, September, October) spawning
peak for brown shrimp and suggests that a spring peak may alsoc be char-
acteristic. White shrimp were found to spawn during summer periods,
particularly June and July. Penaeid type eggs were seldom encountered
in the samples; nauplii (Penaeidae) were abundant in the offshore block
from June-September; protozoea (Penaeidae) were found abundant only
during August at offshore stations (block A); mysis stage larvae (Penaeus
Spp.) were more abundant in August than in any other month when they were
most abundant in block A; and Pernaeus spp. postlarvae were well represen-
ted in all sampling areas, being most abundant in August.

Results of principal component and c¢luster analyses clearly separated
block A sites fromnearshore block B and C sites. Nearshore sites ex-
hibited considerable overlap and no patterns were detected that could be
related to white shrimp spawning areas. Results of multiple linear re-
gression analyses showed the number of brown shrimp in spawning condition
was greatly correlated with temperature and somewhat with levels of
sterols in potential prey organisms. The number of white shrimp in
spawnhing condition was strongly correlated with conductivity (salinity)
and with four other variables, including in order of importance after
conductivity, concentration of fatty acid 20:5 in the biota, temperature,
dissolved oxygen and levels of sterols in the sediments.

The discriminant function analysis yielded a function that could
discriminate with 100% success between sites in blocks B and C having or
not having spawning white shrimp. The variables included in this function
in order of their decreasing importance were sediment sterols, total
organic carbon, biota carotenoids and mean particle size.
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SECTION 1

INTRODUCTION

In 1975, the United States Congress passed the Energy Policy Conser-
vation Act directing the Department of Energy (DOE) to develop the
Strategic Petroleum Reserve (SPR) Program. The program produced a plan
relying upon storage of oil underground. The underground caverns to be
used for oil storage had been (or were to be) created by dissolving the
interiors of coastal salt domes with raw water. One of several proposed
SPR sites, Bryan Mound, is located near Freeport, Texas and served as
subject of this study.

At Bryan Mound, the brine discharged will consist of that obtained
from existing caverns as well as that from the leaching and filling of
new caverns. Some oil is already being stored in the existing caverns
at Bryan Mound. The displaced brine has either been sold or disposed of
in injection wells. Once the intake-discharge facilities are completed,
most, if not all of the brine will be disposed of offshore. Over a
period of 66 months, as much as 684,000 barrels/day may be discharged
from the Bryan Mound site (U.S. Department of Energy 1978).

Oonce the SPR sites were selected, site preparations and the normal
Environmental Impact Statement (EIS) process began and resulted in the
required draft and final EIS documents. Site-specific, environmental
impact studies of offshore disposal of brine from the Bryan Mound site
using a before disposal-after disposal approach were designed under the
auspices of the DOE, and subsequently implemented by Texas A&M University
(TAMU) . These studies were initiated in September 1977 and are ongoing.

A discharge permit from the Environmental Protection Agency (EPA)
was required before operations could begin. 1In their permit application,
the DOE applied for a discharge location approximately five nautical mi
offshore at the 50-ft depth contour. After reviewing the alternative
disposal sites discussed in the draft EIS, the EPA disagreed with DOE as
to an appropriate discharge site and recommended a site at the 70-ft
depth contour located approximately 12.4 nautical miles offshore. A
public hearing concerning the matter was held in Freeport, Texas, in
May of 1978. Based upon information provided at the hearing and subse-
guent information provided from a number of sources, the EPA determined
that carefully monitored brine disposal could be permitted for the 12-mi
site. Factors which contributed to the unacceptability of the 5-mi site
included unigque habitat characteristics (rock-pile reefs, shell banks,
coral head reefs, and liberty ship reefs); the 5 mi area generally re-
presents good white shrimp (Penaeus setiferus) habitat and may be a
white shrimp spawning site; both white and brown (Penaeus astecusg) shrimp



known to migrate through the area and the effects of brine on the migra-
tion patterns are unknown; penaeid shrimp postlarvae (particularly brown
shrimp) may overwinter in the sediments; redfish were thought to use the
habitats represented at the 5-mi site for spawning; and, finally, commer-
cial and sport fisheries were particularly active in the immediate
vicinity of the 5-mi site during some seasons (Bob Vickery, Environmental
Protection Agency, personal communication).

Some of the above concerns held true for the 12-mi site and disposal
of brine at the 12-mi site may yet impact the 5-mi site. For example,
a plume of water characterized by salinity 0.5 %o above ambient has been
modeled by MIT to extend for some six to seven mi and thus, could influ-

ence of 5-mi site. Within the area in question, ambient bottom water
salinity ranges from about 34 to 37 %o, being lowest in spring and high-
est in winter (Metzbower et al. 1980).

In August 1979, the National Marine Fisheries Service (NMFS) awarded
contracts to conduct pre- and post-discharge assessments of shrimp popu-
lations in relation to the Bryan Mound salt dome disposal site in the
Gulf of Mexico 12.5 mi offshore from Freeport, Texas, and to determine
the acute toxicity and avoidance/attraction responses of shrimp and red-
fish to Bryan Mound brine. To attain these goals, the contracted tasks
included field and laboratory investigations and statistical analyses of
data.

The general goals of Work Unit 5 were to identify brown and white
shrimp spawning areas in the vicinity of the brine disposal site and
the surrounding area, and to relate shrimp spawning areas to season,
location and depth, hydrographic data, and sediment properties. The
approach used in the program was to locate concentrations of shrimp sys-
tematically within the vicinity of the brine disposal site, determine
the proportions of sexually mature females at or near spawning condition
in these populations, and obtain synoptic samples of planktonic reproduc-
tive products (eggs, larvae, postlarvae) in the water column and at the
bottom in the areas where sexually mature animals were found most abun-
dant. ILocalities having either a high percentage of sexually mature
female shrimp and/or an abundance of eggs and early larvae were consid-
ered to represent spawning areas. While the measures used to identify
spawning areas do not necessarily constitute unequivocal and absolute
evidence of spawning at the time and site of a collection, they were
considered precise enough to evaluate the guestion of whether or not
white shrimp spawning activities were restricted to a few discrete, de-
finable habitats as opposed to being a more widespread, regional pheno-
menon. The hypothesis that white shrimp spawning might be restricted to
a few discrete sites has arisen based upon the general difficulty that
mariculture personnel responsible for collecting brood stock from the
wild and other researchers have historically experienced in finding fer-
tilized white shrimp females except in a few areas--one of which is
located near the proposed brine disposal site (Fig. 1).

All the known white shrimp "spawning sites" and much of the 46-47 m
depth contour offshore Texas historically characterized by high numbers
of spawning brown shrimp fall largely within a single bottom sediment
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type, judging from historical maps of sediment distribution (Fig. 1l).
This fact, in conjunction with the recently discovered information that
particular fatty acids, sterols and carotenoids (for which certain sedi-
ments may be a sink) are necessary to induce ovarian maturation 1in
penaeid shrimp (Middleditch et al. 1979, Middleditch et al. 1980), lend
credence to the hypothesis that localized areas or specific bottom types
could be.singularly important in shrimp reproductive cycles (Caillouet
and Baxter 1973). Thus, it was also a goal of our program to charac-
terize the physical and chemical nature of the areas where shrimp were
believed to be maturing and spawning.

The specific objectives of the program were to:

® Describe the seasonal and spatial abundance and size
distribution of sub-adult and adult brown and white
shrimp in the vicinity of the brine disposal site
and surrounding area:;

eDetermine the proportion of sexually mature brown
and white female shrimp within the size range cap-
able of attaining maturity, and describe their
seasonal and spatial abundance in the vicinity of
the brine disposal site and surrounding area;

eDetermine the seasonal and spatial abundance of
Penaeus sp. eggs, larvae and postlarvae in the
vicinity of the brine disposal site and surrounding
area;

eDescribe bottom habitats (sediment and near-bottom
water) represented in the study area in terms of
their key physical and chemical attributes; and

®Based upon the above, define shrimp spawning areas,
relating them to season, location, depth, hydro-
graphic data and sediment properties, and to the
proposed diffuser site,

The investigations were conducted during the period October 1979
to December 1980. Sub-contractors who participated in the program in-

cluded Drs. A.L. Lawrence, J. Brooks, and H. Armstrong of Texas A&M
University, and Dr. B. Middleditch of the University of Houston.



SECTION 2

SUMMARY AND CONCLUSIONS

Brown shrimp were abundant in shallow, nearshore (< 20-m deep) and
offshore (= 40 to 50 m) habitats, but spawning adults were restricted to
offshore areas. Subadult brown shrimp traverse the nearshore area during
their summer emigration to offshore spawning grounds, and postlarvae are
believed to migrate through the nearshore zone during summer through
late fall. If postlarvae overwinter in the nearshore area, they pro-
bably are located in the sediments., This habitat was not sampled in
this program. In the habitats which were sampled, postlarvae were found
neither represented in the water column nor in the sediment samples col-
lected during winter. As brown shrimp spawning is greatest in offshore
areas during fall, and postlarval brown shrimp do not arrive to the
nursery grounds until spring, it is hypothesized that they overwinter
in the sediments at the point they have reached at the onset of unfavor-
able water temperatures. The diffuser site is sited in a location which
should minimize any detrimental effects on brown shrimp spawning activi-
ties—-with the possible exception of impacts on overwintering postlarvae.

White shrimp were markedly more abundant within 8 km (5 mi) of the
beach than elsewhere in nearshore zones, and were more abundant in block
B than in block C. Spawning of white shrimp occurred throughout summer,
peaking during June and July. There was little evidence that white
shrimp spawning sites were restricted to specific localities within the
B+ km band of spawning habitat along the beach. Relocation of the 4if-
fuser from 8 km (5 mi) to 19 km (12 mi) offshore has obvious mitigative
benefits in terms of possible impacts to white shrimp.

Multivariate analyses ¢f an array of environmental variables failed
to delineate any unique groupings of stations which correlated with the
presence of spawning white shrimp (which have been suggested as having
specific spawning sites within the spawning depth range). Results of
the discriminate function analyses, however, showed sites with and with-
out spawning white shrimp during June differed significantly in terms of
a suite of attributes, primarily sediment sterols, organic carbon,
levels of carotenoids in prey organisms and particle size. (Good rela-
tionships were not found for brown shrimp.)



SECTION 3

STUDY AREA AND METHODS

Three areas were studied to determine the presence and magnitude of
shrimp spawning within them (Fig. 2). One block was located approximately
48 km (30 mi) offshore from Freeport, Texas (block "A"), one just off-
shore from Freeport (block "B"), and the third block was just offshore
from Port QO'Connor, Texas (block "C"). The offshore block was in brown
shrimp fishing grounds, while the two inshore blocks are located in
the white shrimp fishing grounds. Each block measured 24 x 24 km (15 x

15 mi} and was divided into nine subblocks each being 8 km (5 mi) on a
side.

Each subblock was sampled in late October or early November 1979,
in late Pebruary or ‘early March 1980, and in May, June, July, August
and September 1980 (Table 1l). To maximize the likelihood of locating
spawning populations, a two-tiered effort was performed.

TABLE 1. DATES OF COMPLETED SPAWNING SITE CRUISES

Cruise Number Dates
one 24-30 November, 6-7 October 1979
Two 25 February-1 March, 7-10 March 1980
Three 5-14 May 1980
Four 3=-11 June 1980
Five 9-16 July 1980
Six 12-20 August 1980
Seven 3-11 September 1980

To locate concentrations of sub-adult and adult shrimp, three l2-m trawl
tows were made in each subblock. The locations within the subblocks
where the trawls were made were those which the vessel captain (an ex-
perienced shrimper) and the scientific party felt would be most likely
to produce shrimp (judging by season, depth, weather conditions, time of
day, previous catches, and experience). Each of these "search and
survey" trawl tows were of 10-min duration and were made at night in
brown shrimp habitat (Block A} and during the day in white shrimp
habitat (Blocks B and C). Twice during the study, grab samples of
sediments were taken in each subblock using an Ekman or Ponar dredge.

A single grab was obtained at all but one subblock where five replicates
were obtained. Sediment samples for analysis of particle size and

total organic carbon levels were collected in fall 1979 (October-November)
and summer 1980 (June). Sediment samples for analysis of fatty acids,
sterols and carotenoids were taken during winter 1980 (February) and
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summer 1980 (June). Benthic sleds were used to obtain epifaunal and in-
faunal samples from each subblock during winter and summer 1980 for
analysis of sterols, fatty acids and carotenoids. The purpose of these
samples was to allow a comparison of biochemical profiles of the sedi-
ments and biota in terms of their relative importance as sinks for
materials required by shrimp for maturation.

Hydrographic data (water temperature, conductivity and dissolved
oxygen levels) were taken using a Hydrolab (Model 4000) meter at the
bottom, middle and surface of the water column in each of the 27 sub-
blocks sampled in the search and survey effort and at each station
sampled in the intensive effort. Weather conditions were also recorded.

In each row of three subblocks parallel to shore, one subblock in
which the most shrimp were obtained {(cruises 1-3) or in which the most
mature shrimp were obtained (cruises 4-7) in the "search and survey"
trawls, a second, intensive sampling effort was performed (within four
hours of sunset for the inshore blocks). For this effort, three more
trawls (15 min), three double oblique bongo net tows (0.333 and 0.505 mm
mesh sizes, fitted with flow meter), three EKkman dredge grabs, and three
benthic sled tows were taken. The benthic sled was unavailable for use
on cruise one due to difficulties in its acquisition, but was deployed
as planned on cruise two. Since the objective of the use of this gear
was to capture shrimp which may have been overwintering in the sediments,
its regular use was discontinued after cruise two.

The Ekman grab was replaced with a more efficient, similar apparatus,
the Ponar grab, on the second cruise. Samples from bottom grabs in this
sampling effort were planned to be utilized in an attempt to sample
shrimp eggs which were expected to be very close to the sediment surface.
No shrimp eggs were found in any samples from the first two cruises.
Thereafter, sediment samples were not analyzed for shrimp eggs. A Gulf
V plankton sampler (0.200 mm mesh) mounted on runners for bottom deploy-
ment was utilized on the remaining cruises (3-7). This equipment sampled
shrimp eggs and larvae in the bottom water strata in which they are
reportedly the most abundant (e.g. Heegard 1953, Temple and Fisher 1963).

Trawl catches were emptied on the deck and initially sorted for
white shrimp, brown shrimp, and pink shrimp. Brown, white and pink
shrimp were quickly placed in buckets of freshly obtained seawater.
The remainder of the catch was sorted into "other penaeid", "other
invertebrates" and "finfish" groupings. Total number and total weight
of pink shrimp was obtained as well as total weight of the "finfish",
"other invertebrate" and "other penaeid" groupings. Brown and white
shrimp were processed individually as described below.

Brown and white shrimp were individually measured for total length
(tip of telson to tip of rostrum), counted, sexed and assigned a stage
of maturity based upon visual examination following Brown and Patlin
(1974), Cummings (1961) and King (1948). Five maturity stages were used
for females (l=no development; 2=slight development; 3=advanced develop-
ment; 4=mature, fully developed; and S5=spent), and three stages of males



(0=no visible development of terminal ampule; l=terminal ampule visible
but small and; Z2=terminal ampule visible and enlarged). If greater than

100 shrimp were taken in a tow, a subsample of 100 was individually
processed.

=

As the shrimp were being individually processed, representatives
of each species were divided into three size groupings for waich total
weight and total number in the weight were obtained. ‘On cruises one and
two, the three length groups were: <125 mm, 125-170 mm, >170 mm. The
groups were defined as those with no development (<125 mm), those among
which only males could be mature (125-170 mm), and those among which both
males and females could be sexually mature. Starting with cruise three,
the size classes were altered to <110 mm, 110-150 mm, and >150 mm. This
was done since mature female shrimp were found in the medium size group
as originally defined. The digestive gland and gonad from a maximum of
eight males of each species from the medium size grouping were removed
and ilmmediately frozen for weight determinations and biochemical analyses.
The digestive gland and gonad from a maximum of eight males and 20
females of each of the two species from the largest size group were
treated in the same manner. In addition, samples of gonads were taken
and preserved in modified Bouins solution for histological examination
in the laboratory to determine the actual versus estimated stage of
maturity.

Histological examination of the gonadal material allowed for a
direct evaluation of the accuracy of the visual assessments of shrimp
reproductive stage made in the field. Data from the analyses of diges-
tive glands and gonads provided a method independent of the visual
determination of stage of maturity for estimating the reproductive state
of the population. The approach of sexual maturation of venaeids is
signified by changes in relative weight, and lipid, carbohydrate and
protein levels of storage organs (e.g. digestive gland) along with a
concomitant increase of these variables in reproductive organs (e.g.
gonads, see Lawrence 1976).

When mated female shrimp (white shrimp with spermatophore attached
or brown shrimp in stage 4) were encountered in the samples, they were
placed in 114 £ (20 gal) plastic garbage cans half~filled with seawater
from the site of collection., This enabled us to estimate the number of
eggs released and their viability, as well as to measure survival from
egg to nauplii to protozoea larval stages. On a general basis, shrimp
captured and spawned in the waters from areas removed from the brine dif-
fuser site served as a control; shrimp captured and spawned in waters
from the vicinity of the diffuser site served as test animals.

In addition to the field sampling program described above, an LGL
biologist participated in the Texas A&M University cruises being con-
ducted in the vicinity of the diffuser sites during periods between our
cruigses for monitoring purposes (see Introduction). Eight cruises each
of five- to seven-day duration were made, one during each of the months
from February to September 1980 (eight months). Data obtained included
number, species, total length and stage of maturity for brown and white
shrimp. All data were taken by LGL personnel who also assisted with
other cruise activities.



Bongo net, benthic sled and Gulf V samples were preserved in 7%
buffered formalin in seawater in metal capped glass jars for laboratory
analyses. In the laboratory, the bongo net and benthic sled samples were
placed in sub-stage i1llumination sorting trays and searched for shrimp
larvae, which were identified to the lowest possible taxon and enumer-
ated. Binocular microscopes were utilized for final taxonomic work,
utilizing various keys (Anderson 1966, Cook 1966, Cook and Murphy 1971},
and the samples were then archived. Due to budgetary and time constraints
all 0.333 mm mesh bongo net samples were archived without any laboratory
analyses being performed on them. Gulf V samples were washed through a
6.5 mm and a 0.2 mm mesh sieve to vield two samples, one containing
organisms greater than 0.5 mm in size (penaeid mysis and postlarval
stages) and one with organisms from 0.2 to 0.5 mm in size (eggs, nauplii
and most protozoea). The sample retained by the larger mesh was treated
as the bongo net samples. The sample retained by the smaller mesh was
placed in a known volume of water and a 5% subsample obtained using a
Hansen~Stempel pipet to measure precise aliquots. Eggs in these samples
were compared to Penaeus eqggs obtained from captive females and counted
when they were similar in size and appearance. Nauplii could be identi-
fied only to the family level, and protozoea, mysis and postlarvae to
the genus level. |

A flotation method was devised for analyzing sediments for eggs.
The sediments were mixed thoroughly with salt-saturated water in a 19 2
(5 gal) container for three minutes, allowed to settle for one minute,
and the top layer of water siphoned off into glass dishes. This method
caused all eggs in the sediment to float, since their specific gravity
was less than that of the saturated seawater. After separation, the
water containing the eggs was immediately rediluted to prevent the eggs
from lysing in the saturated seawater.

Sediment samples taken for physical and biochemical analyses were
frozen in glass bottles at the time of the collection, as were the
epifaunal samples used for biochemical analyses. Sediments were analyzed
for mean grain size, percent sand, silt, clay and levels of total organic
carbon by Dr. Brooks of Texas A&M University and for levels of fatty
acids, sterols and carotenoids by Dr. Middleditch of the University of
Houston. Dr. Middleditch alsc analyzed the epifauna samples for levels
of fatty acids, sterols and carotenoids. The frozen samples of eggs,
digestive glands and gonads providing an alternate method for assessing
stage of maturity were analyzed for dry weight, and percent carbohydrates,
lipids and protein by Dr. A. Lawrence of Texas A&M University.

Samples analyzed by Dr. Brooks were divided into three subsamples,
of which one was analyzed for percent organic carbon using an Oceano-
graphy International Carbon Analyzer. The second subsample was dry
sieved to roughly characterize the sample's composition with respect to
sand- silt- and clay-sized particles (results expressed as percent) prior
to running more rigorous particle size analysis. Results of these pre-
liminary tests provide data which can be directly compared to historical
particle-size data for the region. The third subsample was also used
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for particle size analysis. Following determination of dry weight, the
sample was soaked in Calgon solution and then wet sieved to separate the
sand fraction (0-4 phi, or 1 to 0.0625 mm) from the finer silt (4 to 8
phi or 0.0625 to 0.004 mm) and clay (8-12 phi or 0,004 to 0.0002 mm)
fractions. The distribution of sand-sized particles was determined by
the Ro-Tap and sieve method using one-half phi increments. The distribu-
tion of silt- and clay-sized particles was determined utilizing the
settling method of Folk (1974). Using these data, the size freqguency
distribution of the particles in the samples were characterized in terms
of mean phi value, phi deviation (sorting), skewness and kurtosis. The
latter measures describe the frequency distributions with respect to
their symmetry and peakedness, respectively.

Sediment and biota samples analyzed for levels of fatty acids and
sterols were homogenized using a Brinkmann PT 10-35 Polytron power unit
and a PT 20ST generator. The homogenates were saponified by heating
with sodium hydroxide solution. Sterols were extracted and, after
acidification, a fatty acid extract was obtained. Each extract was dried
over anhydrous sodium sulfate, reduced in volume using a Buchi/Brinkmann
Rotavapor R rotary evaporator, cleaned up by a chromatography on silica
gel, and examined by gas chromatography and/or combined gas chromato-
graphy-mass spectrometry. Sterols were examined as trimethylsilyl
derivatives (prepared using bis [trimethylsilyl]-trifluoraacetamide} and
fatty acids as methyl esters (prepared using trimethylanilinium hydrox-
ide). Both Perkin-Elmer 3930B gas chromatographs and a Hewlett-Packard
5992A gas chromatograph-mass spectrometer were used in the analyses.

Carotenoids were released from carotenoprotein complex by the addi-
tion of acetone. Partition into cyclohexane and evaporation to dryness
was followed by solution in chloroform. The sample was further cleaned
up by chromatography on silica gel. Each sample was examined spectro-
photometrically (absorption maxima are 420-500 mu) to determine the
total carotenoid concentration expressed in B-carotene eguivalents.

The frozen samples of shrimp eggs, gonads and hepatopancreas were
freeze-dried in the laboratory and their dry weights determined. The
tissues were then ground and stored under vacuum until analyzed. Total
lipid analysis was made by extracting the dried, ground tissue by the
method of Freeman et al. (1957). The total carbohydrate in the tissue
was estimated by boiling the dried tissue with five percent trichloro-
acetic acid, centrifuging off the precipitate, and testing the superna-
tant by the procedure of Dubois et al, (1956)., 'The levels of tissue
protein were determined using the colorimetric method of Lowry et al.
(1951).

11



SECTION 4

RESULTS AND DISCUSSION

All planned samples described above were obtained (Appendix, Table
1) and have been analyzed. In addition to those shown by Table 2, addi-
tional samples (exceeding those contractually required) were obtained
from a nearshore site ("D") located between blocks B and C. The purpose
of these samples was to insure that if the two primary sampling blocks
(B and C) had proven radically different, we would have intermediate
samples to better determine the location of the transition. All data have
been formatted and coded, and have been submitted to the project Data

Manager.,

HYDROGRAPHY

Water temperature, conductivity and dissolved oxygen levels were
measured at the surface, middle and bottom of the water column at all.
subblocks sampled on each cruise. The bottom values of temperature,
conductivity and dissolved oxygen in each subblock on each cruise are
presented in Appendix Tables 2-4.

Mean bottom water temperatures ranged from about 21 to 25 C during
cruise 1 (Fig. 3). During this period, block B was characterized by
lower bottom water temperatures than blocks A and C which were similar
in terms of bottom water temperature. The lowest bottom water tempera-
tures observed during the study were taken on cruise 2, ranging between
13-15 C for the nearshore blocks (B and C) and between 15 and 19 C in
of fshore waters (block A). Bottom water temperature generally increased
on each following cruise with mean temperature in block A always lower
than the mean temperatures of blocks B and C. The highest bottom tem-
perature occurred in the inner subblocks of block B during cruise 7
(30.2 C). Presumably because of its greater depth and distance from
shore, block A exhibited a narrower range and less variability in
bottom water temperature than did the inshore blocks over the course of
this study.

Conductivity values (closely related to salinity, Appendix, Table
3b) of the bottom water were highest at block A where they were season-
ally lower during cruise 1 than other months (Appendix, Table 3; Fig. 4).
Blocks B and C had markedly lower conductivity values for the bottom
water during cruise 4 than during the other cruises. The lowest values
recorded during this study (338-413 umhos/100 cm) were observed on
cruise 4 at the inner row of subblocks in block B. The maximum conduc-
tivity value (559 umhos/100 cm) was recorded in subblock A8 during
crulse 2.

12
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Mean dissolved oxygen levels exceeded 4 mg/f% in all blocks during
all cruises (Fig. 5) and were higher during cool months than during warm
months. However, unusually low dissolved oxygen levels occurred in some
subblocks of blocks C and A, during June and September, respectively.
These low values were associated with stratified conditions. While all
observed temperature and conductivity values were well within expected
ranges, dissolved oxygen concentrations were observed as low as 2.4 mg/L
in the bottom waters of the inshore subblocks of block C during June
1980. Complete hydrological data for June are graphed in Figs. 6-8. A
low salinity water mass was present on the surface in each area sampled,
resulting in a stratified water column. Dissolved oxygen levels were
generally lower at the bottom that at the surface in all blocks, but
- minimum levels in blocks A and B did not drop below about 4 mg/f.

Broom (1971) and Rickards and Williams (1973) have reported that
dissolved oxygen levels of 2.0 ppm (= mg/%) are lethal to shrimp. It
is possible that the shrimp rise in the water column to avoid bottom
waters with low dissolved oxygen content (Quarberg 1974), although it
is unlikely that they would continue such behavior for periods of more
than a few hours. The respiratory rate of shrimp has been determined
(Cox 1974, Zein-Eldin and Klima 1965, Subrahmanyam 1976) but no data
were found which reported the lowest dissolved oxygen concentration from
which shrimp could extract the oxygen which they reguire. Subrahmanyam
(1976) linked increasing oxygen consumption with increasing locomotory
activity in pink shrimp, Penaeus duorarwn. Low dissolved oxygen levels
may restrict shrimp activity.

SEDIMENT CHARACTERIZATIONS

Particle Size

Mean particle size of study area sediments varied among and within
blocks, and between seasons (Figs. 9 and 10). Mean phi values for sedi-
ments taken from block A subblocks in October-November 1579 ranged from
medium sand (1.37) to very fine silt (7.11) and the average phi value
was 4.71 (coarse silt). Sediments from inshore blocks during the same
periods were indicated to have been considerably smaller than those
from offshore blocks (Fig. 9). Phi values for block B samples averaged
7.11 (very fine silt), ranging from 3.55 (very fine sand) to 9.52
(medium clay). In block C, the average phi value was 7.03 (very fine
silt) and individual samples ranged from coarse silt to coarse clay.

In Junhe 1980, sediments of block A samples were of similar size
to those sampled from block A during fall 1979. The average phi value
of the offshore samples was again coarse silt (4.58) with individual
samples ranging from 2.77 (fine sand) to 6.52 (fine silt). However, in
contrast to fall 1979 when inshore sediments were predominately very
fine silts, the average phi values for inshore blocks B and C during
June 1980 were 5.87 (medium silt) and 6.21 (fine silt), respectively.
This general increase in mean particle size of inshore sediments is
clearly shown by Figs. 9 and 10, and was probably related to resuspension
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Fig. 9. Mean particle sizes in sediment samples collected in each
subblock during cruise 1 (0Oct-Nov. 1979) graphed by percent

composition of sand, silt and clay.
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Fig. 10. Mean particle sizes in sediment sampies collected in each
subblock during cruise 4 (June 1980) graphed by percent

composition of sand, silt and clay.
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of fine materials in the nepheloid layer typical of stratified conditions.
Individual samples from block B in June 1980 ranged in size from medium
sand (phi = 1.00) to medium clay (phi = 9.72) and those from block C from
medium sand (1.40) to coarse clay (8.13).

The phi deviation measure is a measure of sorting or spread, and
approximates the standard deviation of statistics. Phi deviation values
for samples taken during fall 1979 from block A ranged from 2.37 to
4.04 with the average being 2.92. Respective means of phi deviation
values for blocks B and C in fall were 2.77 and 3.05; their ranges were
1.98 to 4.00 and 2.68 to 3.44, respectively. The average of phi devia-
tion value for samples obtained during June 1980 were similar to those
observed for fall samples. Respective means for blocks A, B and C were
2.75 (range 2.32-4,13), 2.52 (0.90-3.79) and 2.92 (1.83-3.75), respec-
tively. Few samples were well sorted.

Phi skewness gives the departure of the mean from the median in
terms of the phi deviation measure and is therefore a dimensionless
measure of skewness, independent of the spread or deviation of the dis-
tribution. If the distribution is skewed toward smaller phi values
(larger diameters), the phi mean is numerically less than the median
and the skewness is negative. Conversely, skewness values are positive
for a distribution skewed towards higher phi values (smaller diameters).
For a symmetrical size distribution, the phi skewness measure is zero.

Skewness values for samples collected during fall 1979 and June
1980 were:

TABRLE 2. PHI SKEWNESS VALUES OF SAMPLES COLLECTED
DURING FALL 1979 AND JUNE 1980

e ——————————————— et

Mean Range
Fall June Fall June
Block A 0.52 0.54 -0,12=-0.79 0.02-0,78
Block B 0.24 0.20 -0.33-0.75 -0.77-0.78
Block C 0.33 0.33 -~0.31-0.64 -0.19-0,78

W
. .

On an average basis, degree of skewness differed little between seasons,
and distributions were skewed towards smaller particles. The highest
degree of skewness was indicated for offshore stations (block A).

Kurtosis values (measure of peakedness of the distribution) are a
measure of departure of the sample from a normal gaussian population
curve. The kurtosis value for a normal curve is 0.65. During fall 1373
ranges of kurt051s values for samples from blocks A, B and C were 0.74
to 2.29 (x = 1.48), 0.63 to 3.90 (x = 1.12) and 0.61 to 1.82 (x = 0.86),
respectively. During June 1980, the kurtosis ranges were similar to
those observed in fall--samples from block A ranged from 0.71 to 3.77
(x = 1.27); those from B ranged from 0.68 to 3.43 {x = 1.20) and those
from block C ranged from 0.55 to 1.58 (x = 0.84).
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Organic Carbon

Levels of organic carbon (%) in bottom sediments collected during
both fall 1979 and June 1980 were markedly higher in samples collected
from inshore blocks B and C (sediment characterized by small particle
size), than in samples collected from block A (sediments characterized
by large particle size):

TABLE 3. PERCENT ORGANIC CARBON LEVELS IN SEDIMENTS

Standard Standard

Month Block n Mean Range Deviation Error

Oct~Nov A 9 0.36 0.16-0,79 0.17 0.06
1979 B 12 0.62 0.22-1,20 0.28 0.08

C 14 0.64 0.26-0.93 0.22 ¢.06

June A 9 0.36 0.29-0.45 0.05 0.02
1980 B 9 0.56 0.17-1.05 0.31 0.10
C 14 0,64 0.25-0.98 0.25 0.07

M

W‘W

Little difference was observed between seasons.

Fatty Acids

Some 21 different fatty acids were isolated from study area sedi-
ments, ranging from 14:0 to 22:6 (number of carbons:number of double
bonds). The average total fatty acid concentration in sediments was
considerably lower for block A (February x = 45 ppm, June X = 8 ppm)
stations than average values for stations from blocks B (February X =
341 ppm, June x = 32 ppm) and C (February x = 184 ppm, June x = 36 ppm).
Ssediment concentrations of fatty acids observed for sediments collected
in February 1980 were considerably higher than concentrations observed
during June 1980 (Appendix, Tables 5 and 6). The average of the total
sediment concentrations of fatty acids at block B was greater than that
for block C. Three particular fatty acids (20:4, 20:5 and 22:6) have
been implicated as being crucial for white shrimp maturation (Middleditch
et al. 1979a, 1979b). 1In general, the distribution of these acids re-

flected a pattern somewhat similar to that shown by the total concentra-
tions.

Concentrations of fatty acids in small, epibenthic organisms col-
lected with the benthic sleds (Appendix, Tables 7 and 8) were much
higher than concentrations in the sediments (Appendix, Tables 5 and 6).
With the exception of fatty acid 18:3 which was infrequently observed at
detectable levels in biota, all acids detected in the sediments were
well represented in the epifauna. During February 1980, average concen-
tration values were similar among blocks (A = 19,480 ppm; B = 15,292 ppm;
C = 19,913 ppm). In June 1980, the mean concentration of fatty acids
in the benthic biota (19,594 ppm) from block A was almost equal to the
level observed for block A biota during February. In contrast, values
for blocks B and C increased to 28,314 and 43,633 ppm, respectively.
Results from benthic studies being performed by Texas A&M University
at the Bryan Mound diffuser site show that benthic blooms are charac-
teristic for April-May, and that populations are lowest in October. The
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decline in sediment levels of fatty acids between February and June may
have been related to uptake by small benthic organisms during the sea-
sonal bloom.

Sterols

Seven sterols were detected in benthic sediment samples, with
cholesterol usually having the highest concentration (Appendix, Tables
9 and 10). The average total concentration for block A was markedly
lower than the average values for blocks B and C, and the average con-
centrations observed during February (A = 12.0; B = 38.5; and C = 43.1
ppm) were several times higher than respective values found in sediments
during June (A = 2.3; B = 4.2; and C = 4,5 ppm) . Concentration levels
of sterols in biota collected using the benthic sled in February 1980
averaged 4,905; 5,335; and 5,568 ppm for bloCks A, B and C, respectively
(Appendix, Table 11). Samples of a shrimp, Trachypenaeus sp., were also
collected from each subblock of block A during February 1980 and
analyzed. 1In contrast to the other and smaller epifauna in which seven
sterols were usually detected, only three sterols were present at de-
tectable limits in the shrimp (Appendix, Table 12). Nevertheless, the
total concentration of sterols in the shrimp averaged 4,339 ppm--a level
similar to that observed for the other biota.

Average concentrations of sterols in pooled samples of small epi-
benthic organisms collected by benthic sled in June 1980 (Appendix, Table
13) ranged from 25 (block A) to 38 ppm (blocks B and C). Nearly all of
the total concentrations could be accounted for by cholesterol. 1In
contrast to fatty acids, sterol concentrations in biota apparently de-
clined during June as compared to February levels.

Carotenoids

Average levels of carotenoids in sediment samples from block A were
similar during both February and June 1980 (respective values were 6.6
and 4.7 ppm), but June levels of carotenoids at the respective inshore
blocks B and C (7.8 and 10.5 ppm) were lower than average levels (25.8
and 27.9 ppm), observed for these blocks in February 1980 (Appendix,
Table 14). Average carotenoid levels in biota collected during February
1980 in offshore blocks A, B and C were 668, 254 and 292 ppm, respec-
tively (Appendix, Table 15). The block A average level was over twice
that for the two inshore blocks. In June, carotenoid levels averaged
markedly lower in all blocks (A = 65; B = 56; and C = 70 ppm) than the
levels observed for the same areas during February (Appendix, Table 15).
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BROWN SHRIMP DISTRIBUTION AND SPAWNING

Brown shrimp offshore the Texas coast have been reported (e.qg.
Renfro and Brusher 1963, Temple and Fischer 1967) to spawn throughout
the year with a major peak occurring during fall, and a lesser peak ocC-
curring during spring. Baxter and Renfro (1966) observed immigration of
postlarvae into Galveston Bay virtually year-round (February-December),
but with two peaks taking place one during spring and the other during
late summer-fall. As will be discussed below, several researchers have
suggested that the spring immigration postlarval brown shrimp may include
a large component of shrimp which were spawned in fall of the preceding
vear, overwintered in nearshore sediments and emerged to enter the es-
tuaries during spring. Postlarval shrimp grow and develop to juveniles
or subadults in estuaries, and, based upon bait landings, are most abun-
dant during May, June and July (Berry and Baxter 1967) as they begin sea-
sonal movement to offshore habitats. Trent (1967) reported the total
length of brown shrimp leaving Galveston Bay ranged from 60-130 mm and
that size increased as the emigration season progressed.

Brown shrimp were abundantly represented in our survey catches--
3,224, 2,853 and 4,234 were trawled from blocks A, B and C, respectively
(Appendix, Table 16) and an additional 4,631 specimens were obtained in
the intensive trawl sampling. Results of factorial analysis of variance
(ANOVA) performed on the transformed abundance data (log, [number + 1))
indicated significant differences among stations, seasons (cruises) and
a significant interaction term (indicating that some cruises were "better”
for collecting shrimp at some stations—-a predictable result).

TABLE 4. RESULTS OF ANOVA PERFORMED ON TRANSFORMED
BROWN SHRIMP ABUNDANCE DATA |

P -

-_ .
Source af sum of Squares “Mean Square F Value

Total 566 257.70

Station 26 16.15 0.621 6.43%*

Cruise 6 104.60 17.433 180,43**

Station x Cruise 156 100.43 0.643 6.606*%

Resldual 378 | 36.52 0.097

neslUdaL T e e ———— et e

e —— e ——————————— e e e

**Sjignificant at 1% level

Brown shrimp were abundant in inshore blocks B and C only during
June and August, when based upon size, they represented shrimp migrating
from the estuaries to offshore habitats (Fig. l1ll). In contrast, abun-
dance in offshore block A was high (520 shrimp) in October 1979, low
during February-June (<100) and increased from 534 in July to over 1000
in September.

Differences in size distribution were also observed among blocks
and seasons (Fig. 11). In offshore block A, adults predominated in the
catches, females averaging larger than males. Female shrimp in block A
averaged larger than 160 mm total length during all months sampled,
and were largest during June (x = 176 mm). Mean length of females
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dropped markedly in July, presumably due to recruitment, and increased
thereafter. Males were smaller than females and also averaged larger in
June than during any other month. This high value was followed by a
small but steady decrease in mean length during July-September.

The few brown shrimp taken in inshore blocks B and C during October,
February'and May averaged considerably smaller than their offshore
counterparts, and the smallest brown shrimp taken inshore were trawled
during June. Mean length increased after June but adult specimens of a
size capable of reaching maturity were seldom encountered. . The general
size and abundance data suggest that blocks B (diffuser site) and C are
not important brown shrimp spawning areas--an expected finding given the
historical literature.

Results of independent histological analysis of gonads removed from
shrimp to which we had assigned a stage of maturity based upon external
examination, showed that we correctly identified 96% of the female brown
shrimp that were in or near spawning condition (stages 3 and 4). GStage 1
and 2 female brown shrimp were difficult to accurately identify. For
these stages, the tendency was to underestimate the actual maturity state;
i.e. most we believed were stage 1 were stage 2, and many thought to have
been in stage 2 were actually in stage 3. For brown shrimp males, stage
0 was easily distinguishable from stages 1 and 2, but stage 2 was diffi-
cult to distinguish from stage 1. The entire sample of stage 1 males was
correctly identified, but 80% of the specimens believed to have been
stage 2 were actually in stage 1.

A total of 675 female brown shrimp in spawning condition were
trawled in our survey program, of which all but seven were collected
from block A. A single ripe female was collected at subblock B9 in
June 1980, two were collected in subblock C9 in July 1980, and three
and onhe specimens were trawled at subblocks C5 and C8, respectively, in
September 1980. The seascnal and spatial distribution of spawning
females in block A is shown in the following table.

TABLE 5. NUMBERS OF SPAWNING FEMALE BROWN SHRIMP IN BLOCK A,
OCTOBER 1979-SEPTEMBER 1980

W

w

ROW: INNER MIDDLE QUTER Gr and
STATION: Al A2 A3 Total A4 A5 A6 Total A7 A8 A9 Total Total
Cruise

Oct=-Nov 2 11 12 25 12 16 6 34 13 10 11 34 g3
Feb 0 0 0 0 3 0 0 3 1 0 2 3 6
May 4 7 2 13 2 3 2 7 3 1 3 7 27
June 1 2 0 3 5 0 1 6 4 1 4 9 18
July 17 16 6 39 0 6 1 7 5 3 7 15 6l
Aug 35 9 18 62 17 25 17 59 27 43 1B 88 209
Sept 17 62 31 110 27 27 33 87 27 26 4 57 254

TOTALS 76 107 69 252 66 77 60 203 80 84 49 213 668

M

e ———— ettt e s e
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These data show that a spawning peak occurred during late summer
and fall months, particularly during August and September 1980 (Table 5).
rach row of subblocks exhibited a similar seasonal pattern, and differed
1ittle in terms of total number of mature females. The total number of
brown shrimp females of a size capable of being in spawning condition 1is
graphed along with the number and percentage of females of that population
actually in spawning condition in Fig. 12. These data show a much higher
percentage of females in spawning condition during May and June than
during any other period, but the population size of adult females was
lowest in those two months.

A total of 1,552 male brown shrimp were caught which were considered
to have been mature--1,531 in block A, 6 in block B and 15 in block C.
Although the trends exhibited by the data for mature male brown shrimp
are considered accurate, the absolute numbers are probably in error. Al-
though we correctly identified all immature shrimp in samples, only about
17% of the male shrimp we believed to have been mature actually proved to
have been mature based upon histological confirmation. The seasonal and
spatial distribution of mature male brown shrimp is shown by Table 6.:

TABLE 6. SEASONAL AND SPATIAL DISTRIBUTION OF MATURE
MALE BROWN SHRIMP

____________;________,______.._———-—————————-——-—-‘—-—'—“_

- e ————————

ROW : INNER MIDDLE ’ OUTER Grand
STATION: Al A2 A3 Total A4 A5 A6 Total A7 A8 A9 Total Total

Cruise

Oct-Nov 60 0 0 O o 0 0 0 o o0 o 0 0
Feb 6 0 o0 0 o 0 0 O o 0 0 0 0
May 0o o 0 0 0 0 0 0O 0o o0 1 1 1
June 4 1 0 5 1 0 1 1 5 0 2 7 14
July 98 107 50 255 12 34 0 46 6 9 15 30 331
Aug 96 38 98 232 36 72 65 173 46 21 11 78 483
Sept 33 147 65 245 58 91 67 216 126 89 _26 _241 702
TOTALS 231 293 213 737 107 197 133 437 183 119 55 357 1,531

-

These data indicate that peak abundance of mature males occurred in July,
August and September, particularly during the latter month.

Some 2,899 brown shrimp males of a size capable of being mature
(> 110 mm total length) were trawled-~1,872 1in block A, 314 in block B
and 713 in block C. 1In blocks B and C, only 6 and 15 specimens were
judged mature (2% for each block). Mature males were most abundant in
block A and peak abundance occurred in September. Over 80% of the males
trawled in block A of a size capable of being mature were deemed sexually
mature during each month of July through September (Fig. 13). Considering
our data for both males and females (which are in agreement), the peak
spawning time for brown shrimp in the depth zones sampled was September,
although limited spawning may have occurred during other months, parti-
cularly spring.
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prior to this program, four early, major papers contributed most of
what is understood about the offshore biology of brown shrimp-—-three
dealing with postlarvae (Baxter and Renfro 1966, Temple and Fisher 1967,
Aldrich et al. 1968), and one with spawning adults (Renfro and Brusher,
unpublished manuscript). Renfro and Brusher (unpublished manuscript)
sampled at depths of 14, 27, 46, 64, 82 and 110 m in the western Gulf in
a zone extending from the Mississippi River Delta to waters offshore
Mexico. Several of their findings are particularly important with respect
to the findings of our program. First, results of their sampling showed
gpawning of brown shrimp based upon the frequency of ripe females was
greater at the 46-m depth zone than at the other depths sampled. Our
group of sampling stations comprising block A were thus optimally located
for determination of spawning characteristics of brown shrimp. Again,
based only upon the frequency of ripe females, Renfro and Brusher {(un-
published manuscript) determined that there were two periods of heightened
spawning activity by brown shrimp at the primary spawning depth--one 1in
late spring and the other in £all. At deeper depths (> 64 m), they found
large females, although not abundant, to have been present year-round,
with most being in spawning condition.

our data confirm Renfro and Brusher's (unpublished manuscript) de-
terminations that spring and fall are the veriods of heightened spawning
for brown shrimp in the western Gulf, but strongly suggest that the fall
season is, by far, the most important. This evaluation (as well as that
made for spawning depth) 1s supported by the Penasgus spp. larvae and
postlarvae data reported by Temple and Fischer (1967) based upon samples
taken at 14-, 27-, 46- and 82-m depth zones offshore Texas and Louisiana
(see Fig. 4, Temple and Fischer 1967). Considering all plantonic stages,
Penaeus spp. larvae and postlarvae were most abundant at the 46-m sampling
depth (72% of the total catch for depths > 27 m} where they were well |
represented only during September through December periods. Larval stages
were most abundant in September, postlarvae were most abundant one month
later in October. Our plankton data alsc show larvae and postlarvae 1n
block A to have been abundant in late summer and fall. Of importance,
Temple and Fischer (1967) reported postlarvae collected during August
through December averaged 6 to 7 mm long, whereas those ccllected during
January through April averaged 11 to 12 mm long.

Raxter and Renfro (1966) found at least a few postlarval brown shrimp
along the beach of Galveston Island and in the Galveston entrance through-
out the year, but that peak abundance (markedly pronounced, see Fig. 2
of Baxter and Renfro 1966) occurred during mid-March to mid-april. In
addition, there often appear to be minor abundance peaks of brown shrimp
postlarvae occurring at the passes 1n late summer. These findings have
been verified by other studies {(e.g. St. amant et al. 1966). Baxter and
Renfro (1966) found size of brown shrimp postlarvae along the beach and
in Galveston entrance during January-April periods averaged 1l to 12 mm;
during the remainder of the year, the postlarvae averaged noticeably
smaller. Temple and Fischer (1967) pointed out this anomaly (peak of
abundance of postlarvae entering the estuary occurring some six months
after peak spa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>