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Regression analyses and delta-lognormal models were used to investigate whether
river discharge and environmental variables significantly affected relative abundance of
brown shrimp, Farfantepenaeus aztecus, in the northern Gulf of Mexico. Significant
negative relationships were found between mean river flow during winter and spring
months and catch rates (CPUE) off Texas, Louisiana and Mississippi/Alabama.
However, during the same months significant positive relationships between CPUE and
the variation in mean river discharge were found for each state. In Texas and Louisiana,
delta-lognormal models revealed depth zone was the most significant variable (P<0.001)
in describing distribution, while time of day (P<0.001) was most significant in describing
CPUE and also distribution and CPUE in Mississippi/Alabama. These results suggest
that brown shrimp relative abundance is effected by river discharge, while gulf-wide
environmental variables exert no influence, except dissolved oxygen concentrations

affecting distribution off Louisiana.
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CHAPTER I

INTRODUCTION

The waters of the northern Gulf of Mexico, which stretch from the Texas/Mexico
border eastward to the Florida Keys, support some of the most productive and exploited
fisheries in the United States (Lang et al. 1994; Rabalais et al. 1996; Chesney et al. 2000;
Graham 2001). In 2007, three of the top six ports for total landed weight, and seven of
the top 20 ports in dollar value of fish and invertebrates in the United States, were landed
in the Gulf of Mexico (National Marine Fisheries Service Fisheries Statistics Division
2008a). Additionally, in 2007, 34% of the total recreational landings (by weight) in the
United States came from the Gulf of Mexico (National Marine Fisheries Service Fisheries
Statistics Division 2008b). The penaeid shrimp fishery is one of the more prevalent
fisheries, with nearly 4 million metric tons landed between 1962 and 2006 (ca. 93% of all
penaeid shrimp landed in the United States) (National Marine Fisheries Service Fisheries
Statistics Division 2008b).

The brown shrimp (Farfantepenaeus aztecus, formerly Penaeus aztecus) fishery
has dominated the northern Gulf of Mexico penaeid shrimp fishery. The fishery is
divided into two components. The inshore fishery includes estuaries, marshes, canals and
lagoons, whereas the offshore fishery comprises everything from the coastline seaward

(Haas et al. 2001a). Brown shrimp account for 57% of total penaeid shrimp landings



from 1962-2006 (National Marine Fisheries Service Fisheries Statistics Division 2008b).
Texas and Louisiana have been the top two states in brown shrimp landings with historic
averages of 46% and 37%, respectively (National Marine Fisheries Service Fisheries
Statistics Division 2008b). Mississippi and Alabama have historically accounted for
about 15% of total brown shrimp landings (National Marine Fisheries Service Fisheries
Statistics Division 2008b).

Brown shrimp are estuarine dependent species, with adults generally spending
most of their time offshore (Grimes 2001) (Figure 1). They are considered an annual
species (Caillouet et al.1980), although some individual brown shrimp survive longer
than a year (Sheridan et al.1989; Nance et al.1994). Spawning takes place in continental
shelf waters (Cook and Lindner 1970), with a main peak occurring between September
and November, and a smaller peak occurring between April and June (Rogers et al.1993).
Fertilization occurs externally, with eggs generally hatching within 24 hours (Cook and
Lindner 1970). Brown shrimp progress through several larval substages (nauplius,
protozoeal and mysis) to a postlarval stage (Cook and Lindner 1970; Wiesepape et al.
1972). Peak immigration of postlarval brown shrimp (10-15 mm total length (TL)) into
estuaries occurs in February and March (Zimmerman et al.1984; Rogers et al. 1993).
Brown shrimp remain in estuaries until they become subadults (75-95 mm TL), which
then begin to emigrate from the estuaries into continental shelf waters. This movement
peaks between May and June (Parrack 1979; Matthews 1982).

The continental shelf waters inhabited by brown shrimp in the northern Gulf of
Mexico are subject to several environmental stresses that can include local and regional

weather patterns or events (i.e., tropical storms or hurricanes), offshore inputs (i.e., eddies
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breaking off the Loop Current) and coastal inputs (i.e., river discharge). While some of
these stresses may be difficult to account for, others, such as river discharge, are readily
available and can be incorporated into analyses.

The drainage area of all rivers that flow into the northern Gulf of Mexico
encompasses approximately 55% of the continental U.S. in addition to parts of Canada
(Graham 2001). The Mississippi River accounts for about 90% of freshwater input into
the Gulf of Mexico (Rabalais et al. 1996). While most freshwater from the Mississippi-
Atchafalaya River system flows to the Louisiana-Texas shelf, about one-third of the
Mississippi River discharge flows eastward to the Mississippi-Alabama shelf (Wiseman
and Sturges 1999). Besides the inputs from the Mississippi-Atchafalaya River system,
numerous small river systems discharge into the northern Gulf of Mexico. While these
rivers may provide a benefit to the system, it is difficult to discern because of the
enormous amount of discharge from the Mississippi and Atchafalaya rivers. Areas east
of the mouth of the Mississippi River also can be influenced by discharges mainly from
the Mobile River system. Other significant inputs in this area include the Pearl and
Pascagoula Rivers.

Fisheries production surrounding the Mississippi River delta has been historically
high with 70-80% of total landings in the Gulf of Mexico coming from this region
(Grimes 2001). Increased river discharge seems to be correlated to increases in marine
primary production (Lohrenz et al. 1997; Daskalov 2003), and better opportunities for
growth, survival, and recruitment of fish and invertebrate stocks in coastal zone marine
environments (Lang et al. 1994; Grimes 2001; Lloret et al. 2004). Several studies
(Bebars and Lasserre 1983; Barrera-Guevara 1990; Drinkwater and Frank 1994) have

3



shown that when river flow is diminished or completely cut off (i.e., by construction of
dams) declines in landings of marine fisheries may occur. However, reductions may be
species specific. Diaz-Ochoa and Quifiones (2008) found that catch rates of white shrimp
(Litopenaeus occidentralis) off of Buenaventura in the eastern tropical Pacific were
significantly lower due to freshwater input.

One of the major areas of concern in the northern Gulf of Mexico is the annual
formation of a large area of hypoxia (dissolved oxygen concentration < 2mg/L), which
occurs adjacent to the outflow of the Mississippi and Atchafalaya rivers (Rabalais et al.
1996; Stanley and Wilson 2004). The area of the hypoxic zone varies annually and has
recently reached 22,000 km* (Mississippi River/Gulf of Mexico Watershed Nutrient Task
Force 2004). Dissolved oxygen levels in the northern Gulf of Mexico also are strongly
related to the amount of discharge of the Mississippi River and other major rivers as well
as seasonal vertical stratification of the northern Gulf of Mexico waters (Mississippi
River/Gulf of Mexico Watershed Nutrient Task Force 2004). Duration of hypoxic
conditions is generally dependent on many factors, including Mississippi River flow and
local wind conditions (Stanley and Wilson 2004), but is usually most widespread in
summer. However, outflows that contribute to the hypoxic zone in the northern Gulf of
Mexico also enhance both the coastal and offshore fisheries (Chesney et al. 2000).

The National Marine Fisheries Service (NMFS) has been conducting groundfish
surveys in the northern Gulf of Mexico since fall, 1972 (Nichols and Pellegrin 1989).
Initially the survey (Fall Groundfish Survey) was centered in the north-central Gulf of
Mexico (Atchafalaya Bay, Louisiana to Mobile Bay, Alabama) and was designed to
address a decline in finfish stocks that supported the pet food industry (G. Pellegrin,
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NMEFS, Pascagoula, MS, personal communication). Starting in 1981, a Summer
Groundfish Survey was added to investigate brown shrimp stocks in the northern Gulf of
Mexico. This survey was conducted as a component of the Southeast Area Monitoring
and Assessment Program (SEAMAP) (Rester et al. 2002). However, the two surveys
(Summer and Fall Groundfish) used different sampling methods to address specific
requirements for their respective study. Beginning in 1987, a standardized SEAMAP
protocol was used for both surveys to ensure compatibility of the data. For this reason,
my investigation will be based on data collected from 1987-2005.

Considering the importance of fishery resources in the northern Gulf of Mexico,
the understanding of how environmental and riverine factors might affect the fisheries is
essential. Brown shrimp were chosen for this study due to their importance as part of the
shrimp fishery within the northern Gulf of Mexico and their abundance within the survey
data. Therefore, this study incorporates the following objectives:

= To determine if the relative abundance of brown shrimp differs seasonally

= To determine if number of severe weather events that made landfall significantly
affected relative abundance of brown shrimp

= To determine if a relationship exists between the volume of discharge from the
Mississippi, Atchafalaya, Pearl, Pascagoula and Mobile rivers and relative
abundance of brown shrimp

* To determine if a relationship exists between distance from the Mississippi,
Atchafalaya, Pearl, Pascagoula and Mobile rivers and relative abundance of

brown shrimp

= To determine which, if any, marine environmental variables or descriptive
sampling variables significantly affect the relative abundance of brown shrimp

From the information derived in pursuit of these objectives, I anticipate to gain a better

understanding of how the abundance of brown shrimp relate to the freshwater inputs of
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the Mississippi/Atchafalaya river systems and other major river systems in the northern
Gulf of Mexico. This study should help define marine environmental factors that may

affect the relative abundance of brown shrimp in the northern Gulf of Mexico.



CHAPTER II

METHODS

Data Source

The dataset for this study was obtained from the NMFS Mississippi Laboratories
in Pascagoula, Mississippi. It contained data from 8,474 usable trawl stations sampled
between 1987 and 2005 (Table 1). A usable trawl station was defined as when no
problems that could have affected the way the net fished occurred during the trawl.
These problems included: the net hanging on bottom obstructions, the doors of the net
crossing, the net tangling on deployment, or the codend not being secured properly. The
stations were located within the northern Gulf of Mexico in an area that extended from
the Texas/Mexico border eastward to the Alabama/Florida border, and covered water
depths from 9 to 110 m (Figure 2). Areas with depths <9 m were not sampled due to the
draft limitations of the survey vessels.

Sample size differed among states with Texas and Louisiana having more trawl
stations than Mississippi and Alabama. The total number of stations sampled per year
ranged from 387 to 484, with 154 to 271 sampled during summer, and 164 to 265
sampled during fall. For this study, catches from Mississippi and Alabama were
combined because of low sample size from each of the states, and one of the NMFS

shrimp statistical zones (Figure 3) included portions of each state's water.



Data Collection

Sampling cruises were conducted by the NMFS Mississippi Laboratories during
summer (June-July) and fall (October-November) between 1987 and 2005. Cruises
primarily occurred aboard the National Oceanic and Atmospheric Administration
(NOAA) Ship Oregon Il. However, the NOAA Ship Gordon Gunter and R/V Caretta
also were utilized to sample stations when logistical or weather-related problems arose,
and the NOAA Ship Oregon Il was unable to finish sampling all of the stations. In
addition, most stations in Mississippi and Alabama were sampled using the Gulf Coast
Research Laboratory R/V Tommy Munro and the Dauphin Island Sea Lab R/V A.E.
Verrill. Table 2 describes the general characteristics of all the vessels utilized for sample
collection.

For all vessels, standardized SEAMAP protocols (detailed below) were followed,
with the same gear type being used. Comparative studies documented no differences in
catch rates among research vessels (Pellegrin et al. 2004). Nichols and Pellegrin (1989)
described the sampling design, with stations selected in a stratified random design, and
with strata defined spatially by 1) shrimp statistical zones (Figure 3) 2) depth zone (Table
3), and 3) temporally by time of day (i.e., day or night). The shrimp statistical zones
were derived from Kutkuhn (1962).

Bottom trawls used a 12.2-m semi-balloon shrimp trawl with a 12.8-m headrope
and wooden doors that measured 2.4 m x 1 m. The trawls were towed at speeds between
2.5 and 3 knots. The net was composed of three different sections: wings, intermediate
area, and codend with mesh sizes of 5.08 cm, 3.81 cm, and 4.13 cm, respectively. Trawls

were conducted perpendicular to the depth zone to ensure that if species were distributed
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by depth, they would be represented in the sample (G. Pellegrin, NMFS, Pascagoula, MS,
personal communication). The tow’s length was determined by the time necessary to
cover the required depth stratum at each station. However, a single tow’s duration never
exceeded 55 minutes because the nets did not have turtle-exclusion devices. If the entire
depth zone was not covered during a single tow, the net was hauled up, emptied and then
an additional tow was started at the point where the previous tow was terminated. This
process continued until the entire depth zone was covered. At the end of each tow, the
entire catch was brought on deck and total catch weight was recorded. All brown shrimp
in the catch were counted and the total weight of brown shrimp was taken.

Environmental data were collected at each station with a conductivity-
temperature-depth (CTD) meter (Seabird 911 system; Bellevue, WA). Before each tow
began, the CTD meter was lowered over the side of the vessel and allowed 3 minutes to
acclimate the sensors to water conditions and to flush out any residual Triton X, a
solution used to clean the sensors. The CTD meter was then lowered to approximately 1-
2 meters above the sea floor. Measurements of temperature (°C), dissolved oxygen
(mg/L), salinity (ppt), and turbidity (% light transmission) were taken at the bottom,
midway between the surface and bottom, and at the surface. At the beginning of each
cruise, and once weekly thereafter, water samples were collected with Niskin bottles.
Dissolved oxygen concentration was determined using Winkler titration to verify that the
dissolved oxygen sensors were properly calibrated (G. Pellegrin, NMFS, Pascagoula,
MS, personal communication).

Air temperature (°C) and barometric pressure (mb) were automatically obtained

from the shipboard weather sensors at the time when the net was set out. Water color
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(Forel-Ule scale), cloud cover (percentage of sky obscured and only during the day),
wave height (m), sea state (Beaufort scale), and water clarity (Secchi depth, m and only
during the day) also were recorded at each station. However, because of the subjective
and therefore inconsistent nature of these measurements, water color, cloud cover, wave
height, sea state and water clarity were excluded from the final analysis.

During the 19-year span of this study, there were numerous times (ca. 15%) when
no measurements of temperature, salinity, dissolved oxygen or turbidity were collected
due to CTD meter failures. These missing measurements resulted in some data being
unavailable for use in later analysis. Therefore, the GENMOD procedure (SAS Institute
Inc. 2007) was used to fit a generalized linear model (GLM) to the data set to estimate
temperature, salinity, dissolved oxygen and turbidity measurements when they were
missing. The GLM variables were estimated at the most finite level possible. Variables
included in the GLM were season, year, shrimp statistical zone, depth zone and time of
day. Comparisons among the modeled data and actual conditions were made and it was
determined that the GLM was calculating acceptable temperature, salinity, dissolved
oxygen and turbidity measurement estimates. Acceptable measurements of temperature,
salinity, dissolved oxygen and turbidity were defined as no more than a 5% difference

between the actual and modeled mean value for each statistical zone by year and season.

Seasonal Variation
The catch rate, expressed as mean number of brown shrimp collected per hour
(CPUE), was calculated for each station. Catch rate, expressed as total weight of brown

shrimp collected per hour, was considered as an option for CPUE. To examine a possible
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relationship between weight and number CPUESs, a Pearson product-movement
correlation coefficient was calculated. The correlation coefficient (0.95) indicated that
number and weight of brown shrimp CPUE were related closely. CPUE based on
number of brown shrimp was chosen for the analyses. PROC GLM (SAS Institute Inc.
2007) was used to test for significant differences between the mean CPUE of the summer
and fall cruises. Due to the unbalanced nature of the data, differing numbers of stations
sampled during the summer and fall cruises, PROC GLM was chosen over PROC

ANOVA for the analysis.

Effects of Severe Weather Events

Total number of severe weather events (tropical storms and hurricanes) was
obtained for each state from the NOAA Coastal Services Center website. All severe
weather events that either made landfall within the state’s boundary or 50 kilometers of
the state line were counted. The 50 km buffer around each state was selected because the
size of the severe weather events could have affected that state even if direct landfall did
not occur. PROC REG (SAS Institute Inc. 2007) was used to determine if the CPUE for
a particular state and season was significantly affected by the number of severe weather
events from the previous year for that state.

After individual regression analyses were run, they were examined to ensure that
normality assumptions for parametric tests were met. Where necessary, the CPUE data
were log-transformed to meet normality assumptions. Additionally, points identified as

influential observations or outliers by using leverage values and studentized residuals, as
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outlined by Belsley et al. (1980), were dropped and the PROC REG was rerun to test for

significance between CPUE and number of severe weather events from the previous year.

Relationships with River Discharge

Based on annual discharge values and available data, five major rivers that flow
into the northern Gulf of Mexico were selected for analyses with the CPUE data. The
five rivers chosen were the Mississippi, Atchafalaya, Pearl, Pascagoula and Mobile.
However, there were no available discharge rates for the Mobile River. Therefore,
discharge rates were obtained from the Alabama River and Tombigbee River at sites
closest to where the two converge to form the Mobile River. The summation of these
rates was assumed to be the discharge rate for the Mobile River.

Discharge rates from 1986 — 2005 were obtained from the United States
Geological Survey (USGS) for the Mississippi, Pearl, Pascagoula, Alabama and
Tombigbee rivers and from the United States Army Corps of Engineers (USACE) for the
Atchafalaya River. The sites for the Mississippi River and Atchafalaya River were
Tarbet Landing, Mississippi and Simmersport, Louisiana, respectively. Sites for the
Pearl River and Pascagoula River were Bogalusa, Mississippi and Merrill, Mississippi.
The sites for the Alabama River and Tombigbee River were Monroeville, Alabama and
Coffeeville, Alabama, respectively.

The discharge rates obtained from the USGS and USACE differed slightly in
form with the USGS providing discharge rates as a mean daily discharge and the USACE
providing discharge rates as a daily instantaneous discharge. Mean daily discharge was

defined as the mean value of all discharge values recorded in a given calendar day, while
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daily instantaneous discharge was defined as the discharge rate at 1301 hours on a given

calendar day. All discharge rates were converted into m*/s prior to analysis.

Mean River Discharge

In a preliminary analysis of the relationship between CPUE and river discharge,
annual CPUE, separated by state, was regressed against mean annual discharge from a
river that influenced a particular state’s waters. Seasonal CPUE also was regressed
against mean annual discharge from an appropriate river. These analyses resulted in no
significant relationships. Therefore, a more finite approach utilizing mean monthly
discharge was used in the regression analyses.

The CPUE data were again separated by state and season. For Louisiana and
Texas, daily discharge values from the Mississippi and Atchafalaya rivers were combined
and a mean discharge was calculated for all months. For Mississippi/Alabama, discharge
values from the Pearl River, Pascagoula River and Mobile River were combined using
the same method as the Mississippi and Atchafalaya rivers to produce a monthly mean
discharge. In addition, discharge from the Mississippi River was tested against CPUE
despite most of the water tends to flow westward (Morey et al. 2003). Monthly mean
discharge tested against summer CPUE was based on those from August of the previous
year through May of the current year. Monthly mean discharges tested against fall CPUE
were those from August of the previous year through September of the current year.

PROC REG (SAS Institute Inc. 2007) was used to determine if any significant
relationships existed between brown shrimp CPUE and monthly mean discharge for a

given month. After the individual regression analyses were run, they were examined to
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ensure that all normality assumptions for parametric tests were met. Where necessary,
the CPUE data were log-transformed to meet normality assumptions. Additionally,
points identified as influential observations or outliers by using leverage values and
studentized residuals, as outlined by Belsley et al. (1980), were dropped and the PROC

REG was rerun to test for significance between CPUE and river discharge.

Relative Standard Error of River Discharge

Similar to the analyses between CPUE and mean annual discharge, preliminary
analysis of the relationship between CPUE and the relative standard error of river
discharge, annual CPUE was regressed against relative standard error of mean annual
discharge from an appropriate river. Seasonal CPUE also was regressed against relative
standard error of mean annual discharge from an appropriate river. However, these
analyses resulted in no significant relationship. Therefore, a more finite approach
utilizing relative standard error of monthly mean discharge values was used in the
regression analyses.

In addition to testing for significance between CPUE and mean instantaneous
daily discharge for all months, relative standard error of mean instantaneous daily
discharge was tested to determine if there was significance with CPUE. For each month,
a relative standard error was calculated and PROC REG (SAS Institute Inc. 2007) was
run to test for significance. The same procedure outlined in the Mean River Discharge

section was followed in addition to the assumption checking procedures.
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Distance from Major River Mouths

For each station, a midpoint was calculated between the starting and ending
positions of the tow. On stations with multiple tows, the starting and ending positions
were defined as the starting position from the first tow and the ending position of the last
tow, respectively. The first step was to convert latitudes and longitudes from degrees into
radians. The latitude of the midpoint (M) was calculated as:

sin(slat ) + sin(elat)

M = arctan
t \/((cos(slat)+ cos(elat ) * cos(dlon)) + (cos(elat) * sin(dlon))z)

(2-1)

where slat is the starting position's latitude, elat is the ending position's latitude and
where:

dlon = elon —slon (2-2)
where elon is the ending position's longitude and slon is the starting position's longitude.

The longitude of the midpoint (midlon) was calculated as:

(2-3)

midlon arctan{ cos(elat)sin(dlon) }

cos(slat )+ cos(elat ) + cos(dlon)

In the rare instance where either the starting or ending position of the tow was missing in
the data set, the remaining position was used as the midpoint. Once the coordinates for
the midpoint were calculated, a distance from the mouth of the river (D) was calculated
as:

D=Rx*U (2-4)

where R is the radius of the earth (6,367 km) and U was calculated as:

U =2 *arctan2v/a, (- a) | (2-5)

where:
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a= (sin[%n + cos(slat ) + cos(elat) * [sin[%ﬁ (2-6)

where:

dlat = elat - slat] 2-7)
and:

dlon = ‘elon —slon| (2-8)

where elat is the midpoint latitude of the station, slat is the latitude of the mouth of the
river, elon is the midpoint longitude of the station and slon is the longitude of the mouth
of the river. Catch rates were log-transformed to meet normality assumptions. PROC
REG (SAS Institute Inc. 2007) then was used to test for correlation between CPUE by
state and season, and distance from the mouth of the rivers. Stations that had a zero
CPUE were removed from the analysis because they do not represent catch based on
distance, but rather depth and species distribution (G. Pellegrin, NMFS, Pascagoula, MS,

personal communication).

Annual Indices of Abundance

A delta-lognormal modeling approach was used to estimate relative abundance
indices for brown shrimp (Lo et al. 1992; Ortiz 2006). The main advantage of using this
approach was allowance for the probability of zero catch (Ortiz et al 2000). Stefansson
(1996) used this approach to analyze groundfish survey data and Porch and Scott (1994)
found that using the delta-lognormal model yielded the most accurate abundance
estimates when a large amount of zeros are present. The final model was built on two

submodels that treated separately proportion of tows with a positive catch (i.e., where at
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least one shrimp was caught) and catch rates at stations with positive catches separately.
Proportion of tows with a positive catch submodel assumed a binomial error distribution
with a logit link function, whereas the catch rates of sets with positive catches submodel
assumed a lognormal distribution with a log link function.

Two types of factors, class and continuous, could have been incorporated into
both submodels. The class factors, which essentially described where and when the
stations were sampled, included year, season, time of day, depth zone, and region.
Season was classified as either summer or fall. Time of day was classified as either day
or night. In Texas and Louisiana, region was classified as east, central and west
designations (Figure 4). Due to the smaller area of sampling in Mississippi/Alabama, no
regional divisions were used and, thus this area was treated as a single unit. Region was
used instead of NMFS shrimp statistical zone because it better divided the state’s waters
into manageable areas, while also accounting for unique features within each state’s
waters, such as mouths of rivers and estuarine systems.

Continuous factors, which described the marine environment, included bottom
temperature, salinity and dissolved oxygen concentration. These bottom parameter
measurements were chosen because they, presumably, best defined the environment
where the brown shrimp reside. Several factors were not included in the model analysis
because of other missing data points or confounding factors (G. Ingram, NMFS,
Pascagoula, MS, personal communication). These factors included turbidity, barometric
pressure, and air temperature. Depth zone was chosen over depth because it provided a
more finite spatial resolution (G. Ingram, NMFS, Pascagoula, MS, personal
communication).
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A SAS GENMOD procedure (SAS Institute Inc. 2007) that used a forward step-
wise regression procedure was used to determine which of the factors and interaction
terms significantly explained the variability in the submodels. First, a null model was run
through the GENMOD procedure that contained none of the explanatory factors or
interaction terms. From the null model, a base deviance per degree of freedom was
obtained. Explanatory factors were then entered into the submodels one at a time and a
deviance per degree of freedom was calculated for each factor. The factor with the
greatest reduction in deviance per degree of freedom was then included in the submodel
only if two conditions were met: 1) at least a 1% reduction in the deviance per degree of
freedom and 2) the chi-square test of significance at the 5% level. The chi-square test
statistic was used to test for significance of additional factors in the final model because
the difference in deviance between two consecutive nested models follows a chi-square
distribution (Ortiz 2006). The submodel was then rerun with the other factors to see if
they should be included. This process continued until no terms that reduced the deviance
per degree of freedom by more than 1% were found.

Once a set of individual factors were found for each submodel, possible first level
interactions were evaluated using the same procedure as the fixed factors. Interaction
terms were built from the individual factors present in their respective submodel. First
level interaction were analyzed using PROC GLIMMIX and PROC MIXED (SAS
Institute Inc. 2007) for the proportion of positive tows submodel and the catch rates of
sets with positive catches submodel, respectively. The significance between nested
submodels was evaluated using the likelihood ratio test. Goodness-of-fit criteria, which
included Akaike’s Information Criteria (AIC), Schwarz's Bayesian Criteria (BIC) and
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-2 * the residual log likelihood (-2RES Log), also were used to evaluate first level
interactions, where lesser values indicated a better fitting model.

When the final set of factors was selected, the delta-lognormal index of relative
abundance (ly) as described by Lo et al. (1992) and adapted from Ingram et al. (2006)
was estimated as:

ly = cypy, (2-9)
where Cy is the estimate of mean CPUE for positive catches only for year y and py is the
estimate of mean probability of occurrence during year y. Both ¢, and py were estimated
using GLMs. Data used to estimate abundance for positive catches (C) and probability of
occurrence (P) were assumed to have a lognormal distribution and a binomial

distribution, respectively, and modeled using the following equations:

In(c)=Xp + € (2-10)
and
D= le"% , respectively, (2-11)
+e

where C is a vector of the positive catch data, p is a vector of the presence/absence data, X
is the design matrix for main effects, [ is the parameter vector for main effects, and ¢ is
a vector of independent normally distributed errors with expectation zero and variance o”.
Therefore, ¢, and py were estimated as least-squares means for each year along with their
corresponding standard errors, SE(Cy) and SE(py), respectively. From these estimates, I,
was calculated, as in equation (2-9), and its variance calculated as:

V(Iy)zv(cy)pj +c§V(py)+20ypyCov(c, p)’ (2-12)

where:
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COV(C> p) *Pep I.SE(Cy)SE(py )J’ (2-13)

and p.p, denotes correlation of ¢ and p among years.
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CHAPTER III

RESULTS

Seasonal Variation

In the northern Gulf of Mexico, catch rates (CPUE) of brown shrimp were quite
variable on spatial and temporal scales. Texas had the greatest yearly and seasonal
variability for CPUE (Figures 5 and 6). The difference between summer and fall CPUE
in Texas was significant (P < 0.001), with a CPUE of 468 and 82 shrimp per hour, for
summer and fall, respectively. In Louisiana, there was no significant difference (P =
0.91) in the CPUE between summer and fall (means = 87 and 86 shrimp per hour,
respectively). Annual means for summer CPUE (Figure 7) and fall CPUE (Figure 8)
indicate high variability among years in Louisiana’s waters. In Mississippi/Alabama,
there was a significant difference (P =0.01) in CPUE between summer and fall (means of
70 and 51 shrimp per hour, respectively). Yearly averages for summer and fall CPUE in
Mississippi/Alabama are presented in Figures 9 and 10. There was a spike in summer
CPUE during 2003, whereas the fall figure showed a steadier pattern for the CPUE

among years.

Effects of Severe Weather Events
The total number of severe weather events that affected a state in a given year

ranged between 0 and 4 (Table 4). In Texas, regression analyses suggest that there were
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no significant relationships between CPUE in summer (P = 0.25) nor in fall (P = 0.99)
and number of severe weather events during the prior year. Louisiana, which had the
greatest number of severe weather events during the study, also had no significant
relationships between CPUE in summer (P = 0.15) or in fall (P = 0.69) and number of
severe weather events during the prior year. In Mississippi and Alabama, which had the
least number of severe weather events during the study period, no significant
relationships between CPUE in the summer (P = 0.40) or fall (P = 0.33) and the number

of severe weather events during the prior year were observed.

Relationships with River Discharge

Mean River Discharge

A negative, statistically weak, relationship (P = 0.08, R* = 0.1684) was found
between mean Texas summer CPUE and monthly discharge from the Mississippi and
Atchafalaya rivers during December of the previous year (Table 5). When a regression
analysis between mean Texas summer CPUE and January's mean discharge from the
Mississippi and Atchafalaya rivers was conducted, no significant relationship was found.
However, when an influential observation was removed from the analysis, a significant
negative relationship (P = 0.02, R*= 0.3067) between mean Texas summer CPUE and
January's mean discharge from the Mississippi and Atchafalaya rivers emerged (Table 5).
There was no significant relationship between mean fall CPUE from Texas and monthly
discharge from the Mississippi and Atchafalaya rivers.

For the regressions conducted between Louisiana’s summer CPUE and monthly

discharge, the CPUE data needed to be log transformed to meet normality assumptions.
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There is a significant negative relationship (P = 0.04, R* = 0.2260) between Louisiana’s
mean summer CPUE and April's monthly discharge from the Mississippi and Atchafalaya
rivers (Table 5). A negative, statistically weak relationship (P = 0.09, R* = 0.1624) was
found between Louisiana’s mean summer CPUE and March’s monthly discharge of the
Mississippi and Atchafalaya rivers (Table 5). Analysis of mean fall CPUE from
Louisiana and monthly discharge from the Mississippi and Atchafalaya rivers indicate no
significant relationships.

For the regressions between Mississippi/Alabama’s summer CPUE and monthly
discharge, it was necessary to log-transform CPUE data to meet normality assumptions.
There was no significant relationship between summer CPUE in Mississippi/Alabama
and mean monthly discharge from the Mississippi River. In addition, there was no
significant relationship between the combined mean monthly discharges from the Pearl,
Pascagoula and Mobile rivers. Similarly, there was no significant relationship between
fall CPUE in Mississippi/Alabama and mean monthly discharge from the Mississippi
River. However, there was a significant positive relationship between fall CPUE (P =
0.01, R? = 0.4746) and combined mean monthly discharge from the Pearl, Pascagoula

and Mobile rivers in September of the previous year (Table 5).

Relative Standard Error of River Discharge

A positive, statistically significant relationship (P = 0.04, R* = 0.2191) was found
between Texas’s summer CPUE and the relative standard error of mean monthly river
discharge for December of the previous year (Table 6). In addition, a statistically weak,

positive relationship (P = 0.07, R* = 0.1808) was found between Texas’s summer CPUE
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and the relative standard error of mean monthly river discharge in January (Table 6). A
significant, positive relationship (P = 0.01, R* = 0.2186) was found between fall CPUE in
Texas and the relative standard error of mean monthly river discharge for February
(Table 6). In Louisiana, the summer CPUE was found to have a significant positive
relationship (P < 0.001, R? = 0.5272) with the relative standard error of mean monthly
river discharge for February (Table 6). Additionally, the fall CPUE had a weakly
significant, negative relationship (P = 0.07, R* = 0.1750) with the relative standard error
of mean monthly river discharge for May (Table 6).

In Mississippi/Alabama, summer CPUE had a significant positive relationship
with relative standard error of mean monthly river discharge from the Mississippi River
for January (P = 0.04, R* = 0.2121; Table 6) and February (P = 0.002, R* = 0.4412; Table
6). In addition, summer CPUE had a significantly weak, positive relationship with the
relative standard error of mean monthly river discharge from the Pearl, Pascagoula and
Mobile rivers for March (P= 0.09, R* = 0.1557; Table 6). Analysis of fall CPUE in
Mississippi/Alabama and relative standard error of mean monthly river discharge from
the Mississippi River indicated no significant relationships for any months. However,
analysis with the Pearl, Pascagoula and Mobile rivers showed a significant, positive
relationship (P = 0.03, R?~0.2497) with the relative standard error for October of the

previous year and fall CPUE (Table 6).

Distance from Major River Mouths
Texas summer CPUE was related positively to distance from the Mississippi

River (P <0.001) and the Atchafalaya River (P <0.001). However, the R* values,
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0.0298 and 0.0250 respectively, indicated a very poor fit for the regression. Similar
relationships existed for Texas fall CPUE for the Mississippi River (P <0.001,
R?=0.0210) and Atchafalaya River (P < 0.001, R*=0.0337). Louisiana summer and fall
CPUE was related negatively to distance from the Mississippi River (P < 0.001,
R?=0.0364; P <0.001 R*=0.0254, respectively) and Atchafalaya River (P < 0.001,
R?=0.0099; P < 0.001 R*=0.0125, respectively).

For Mississippi/Alabama, there were no significant relationships between distance
from the Mississippi River (P = 0.18), Pascagoula River (P = 0.17) or Mobile River (P =
0.92) and summer CPUE. However, there was a significant positive relationship
(P <0.001) between distance from the Pearl River and Mississippi/Alabama summer
CPUE, although the R* value (0.0309) indicates a poor model fit. Similar to the patterns
in Texas, a significant negative relationship (P < 0.001) was observed between distance
from the Mississippi River and Mississippi/Alabama's fall CPUE; however the R” value
(0.0599) indicated a poor model fit. There also were significant positive relationships
between distance from the Pearl, Pascagoula and Mobile rivers (P < 0.001 for all rivers)
and Mississippi/Alabama fall CPUE; however, R? values (R2=O.0138, R2=0.0523,
R?=0.0530, respectively) indicated a poor fit. The poor fits for all the regressions seem to
indicate that significance is apparently an artifact of the high number of samples collected

in each state and not biologically significant.

Annual Indices of Abundance
The deviance table for Texas brown shrimp is shown in Table 7. For the

proportion of positive catch submodel, the step-wise analysis of deviance indicated that
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depth zone, time of day, year and region were the significant explanatory factors. In the
positive catch submodel, the significant explanatory factors were time of day, depth zone,
season, year and region. None of the interaction terms evaluated for this submodel met
the criteria for being included in the final model. For the positive catch submodel, time
of day*depth zone and season*depth zone were significant explanatory interactions. An
assessment of the interactions as random components in the mixed model is presented in
Table 8. From the combination of the proportion of positive catch submodel and the
positive catch submodel, the delta-lognormal indices of relative abundance for 1987-
2005 are shown in Table 9. Comparisons between the standardized CPUE (modeled
data) and the observed CPUE (Figure 11) indicated that, annually, there were
inconsistencies present in the sampling coverage for Texas waters.

During 1987-2005, brown shrimp were found annually in 75% to 91% of all
stations sampled, with an average occurrence of 85% (Table 9). From the depth zone
component of the proportion of positive catch submodel, there was a much lower odds of
occurrence (18% - 84% reduction in the odds of occurrence) of brown shrimp at depths
less than 18 m, with much higher odds of occurrence at depths greater than 18 m, and a
peak around the 46 to 55 m depth zone. There also was a 79% reduction in the odds of
occurrence of brown shrimp during the day compared to the night. Finally, the odds of
occurrence in the east and west regions were identical. However, there was a 132%
increase in the odds of occurrence in the central region.

From the positive catch submodel, highest catches occurred in depth zones
between 20 and 32 m, with a peak around the 26 to 27 m and the 27 to 29 m depth zones.
In addition, there was a 57% reduction of CPUE during the day when compared to CPUE
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at night. The positive catch submodel also shows that the positive catch rates are 10%
higher during the fall. Regionally, there was a decrease in CPUE of 43% and 22% in the
east and central regions, respectively, when compared to the west region. When the
interaction term time of day*depth zone was incorporated into the model, it adjusted the
parameter values for depth zone and day up for stations less than 16 m and down for all
other depth zones. Depth zone*season, when incorporated into the model, had a reverse
effect, adjusting the parameter values up for depth zones 46 — 55 m, 73 — 82 m, 82 - 91 m
and 91 - 100 m and down for the fall season in all the other depth zones.

The deviance table for Louisiana brown shrimp is presented in Table 10. For the
proportion of positive catch submodel, the step-wise analysis of deviance indicated that
depth zone, bottom dissolved oxygen, time of day and year were the significant
explanatory factors. In the positive catch submodel, the significant explanatory factors
were time of day, depth zone, region and year. Of the interaction terms that were
evaluated for the proportion of positive catch model, none met the criteria for being
included in the final model. For the positive catch submodel, time of day*region and
time of day*depth zone were significant explanatory interactions. An assessment of the
interactions as random components in the mixed model is presented in Table 11. From
the combination of the proportion of positive catch submodel and the positive catch
submodel, the delta-lognormal indices of relative abundance for 1987-2005 are shown in
Table 12. A comparison between the standardized CPUE (modeled data) and the
observed CPUE (Figure 12) indicated that there was consistency in the sampling

coverage from year to year in Louisiana waters.
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From the proportion positive submodel, brown shrimp occurred between 66% and
91% of all the stations sampled in Louisiana, with an average yearly occurrence of 82%
(Table 12). There was a much higher occurrence of brown shrimp in catches during the
night (68% reduction in the odds of occurrence during the day). Brown shrimp showed a
much lower occurrence in water < 35 m, with the highest occurrence occurring between
64 and 73 m depth zone. The proportion positive submodel indicated that for every mg/L
increase in the amount of dissolved oxygen, there was a 49% increase in the odds of
occurrence of brown shrimp.

From the positive catch submodel, there was a reduction in CPUE by 60% during
the day. When compared to the west region, the CPUE in the east and central regions
was 32% and 49% higher, respectively. The lowest CPUE occurred inshore of the 15 m
depth zone and peaked around the 33-35 m depth zone. The interaction term, time of
day*region adjusted the parameter values upwards for the east and central regions. Time
of day*depth zone adjusted the parameter values during the day up in the 13 — 15 m
depth zone and down in all the others.

The deviance table for Mississippi brown shrimp is presented in Table 13. For
the proportion of positive catch submodel, the step-wise analysis of deviance indicated
that time of day, depth zone and year were the significant explanatory factors. In the
positive catch model, the significant explanatory factors were time of day and year. Of
the interaction terms that were evaluated for the proportion of positive catch submodel
and the positive catch submodel, none met the criteria for being included in the final
model. From the combination of the proportion of positive catch submodel and the

positive catch submodel, the delta-lognormal indices of relative abundance for 1987-
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2005 are shown in Table 14. A comparison between the standardized CPUE (modeled
data) and the observed CPUE (Figure 13) indicated that annually there was a lot of
consistency present in the sampling coverage in Mississippi/Alabama waters.

From the proportion positive submodel, brown shrimp occurred in 34% to 77% of
the stations in Mississippi and Alabama, with an average yearly occurrence of 61%
(Table 14). There was a much higher occurrence of brown shrimp in the catch at night
(78% reduction in odds of occurrence during the day). There were higher occurrences of
brown shrimp at stations greater than 37 m in depth than in shallower stations. From the

positive catch submodel, there was a reduction in the catch rates of 61% during the day.

29



CHAPTER IV

DISCUSSION

Brown Shrimp Fishery Characteristics

Due to a wide variety of factors that can affect the region at many scales, annual
catches of brown shrimp in different locations can fluctuate dramatically. The life cycle
of the brown shrimp introduces a greater level of complexity to management issues
because of its life cycle movement between estuaries and the inshore/offshore habitats
(Zimmerman et al. 2001). State regulations pertaining to the brown shrimp fishery in the
northern Gulf of Mexico add another layer of complexity to management issues.
Although the shrimp are not constrained by particular boundaries (i.e., state lines), they
needed to be treated separately during the analysis. This necessity is exemplified by the
extremely high catch rates observed in Texas waters during the summer survey.

During this survey, summer catch rates in Texas were several orders of magnitude
greater than those in fall. When summer catch rates in Texas were compared to those in
Louisiana and Mississippi/Alabama, a similar difference in magnitude was observed.
However, fall catch rates in Texas, Louisiana and Mississippi/Alabama were similar to
one another. A possible explanation for this difference is that the shrimp season is closed
in Texas waters when the summer survey occurs, but is already open in the rest of the
survey area. This closure of Texas waters began in 1981 when the Gulf of Mexico

Shrimp Fishery Management Plan was implemented. The Texas closure was extended to
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200 nautical miles to increase yield and eliminate waste caused by the discarding of
undersized shrimp (Klima et al. 1987; Griffin et al.1993). As catch rates in the fall in
Texas are very similar to those in Louisiana, it could be concluded that the high catch

rates are a result of the closed season.

Riverine Significance

River Discharge

Increased river flow from the Mississippi and Atchafalaya rivers does not
positively affect the brown shrimp fishery in Texas and Louisiana. Diop et al. (2007)
found similar relationships between the flow of the Mississippi and Atchafalaya rivers
and white shrimp (Litopenaeus setiferus) catch rates. The resulting significance between
the discharge (means and variation) in December and January in Texas seems to be more
of an indirect effect, whereas discharge (means and variation) from February to May in
Louisiana appears to exert some direct effect.

The indirect affect occurring in Texas may be related to the immigration of
postlarval brown shrimp into the estuaries. Morey et al. (2003) showed that the export
pathway for fresh water is towards the west during the fall/winter and, ultimately,
towards the south as a coastally trapped current along the Mexican coastline. This
process could bring low salinity water to the Texas coast where it could be transported
into the bays and estuaries or be blocking the migration of postlarvae into estuarine
waters. Saoud and Davis (2003) suggest that postlarvae tolerance for lower salinity
waters improves after 13 days of age and postlarvae younger than 13 days would not be

able to survive in the low salinities found in many estuaries, thereby delaying their
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entrance. Shrimp postlarvae control their entrance into estuaries by swimming up into
the incoming tide (Matthews et al. 1991; Rogers et al.1993), therefore this low salinity
water could block them until the salinity increases, and thereby reduce their survival.
Conversely, the high variation in flow could lead to gaps in the low salinity areas that
were found to form when flow was low (Dinnel and Wiseman 1986; Morey et al. 2003).
As a result pathways would open for the postlarvae to get through and enter the estuaries.
In Louisiana, the discharge from the Mississippi and Atchafalaya rivers may
directly impact areas occupied by the several life stages of brown shrimp. Haas et al.
(2001b) found several correlations between river flow (Mississippi and Atchafalaya
rivers) and abundance of several life stages of brown shrimp. For all the life stages, river
discharge from February to April was significant, a result which was very similar to the
time that I found to be significant (March and April). The main difference was the
positive relationship to April’s flow, as compared to the negative relationship that I found
for the same period. The difference could be related to the time shrimp entered into the
estuaries. Most likely, the shrimp collected in my study are some of the first to enter the
estuary and may be in a later life stage than those collected by Haas et al. (2001b). The
role of variation in discharge amounts cannot be overlooked. Haas et al. (2001a) showed
positive relationships between juvenile and adult abundance with temperature.
Therefore, it is possible that high variation in discharge results in pulses of nutrient rich
water, while not adversely affecting the water temperature with large quantities of cooler
water. However, no measurements of nutrients were made during this study and the

occurrence of these pulses of nutrient rich water is mainly speculative.
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The waters off the coasts of Mississippi and Alabama appear to be affected
differently by the river discharge than those off of the coasts of Texas and Louisiana.
Part of this condition may be attributed to a reduced amount of freshwater entering the
area, especially when compared to the discharges from the Mississippi and Atchafalaya
rivers. This positive relationship is noteworthy because it is not only the sole positive
relationship found with the mean discharge, but also is indicative of a lag effect. It is
possible that the high influxes of fresh water act as signals for emigration from inshore
waters to the gulf’s deeper waters (Zein-Eldin and Renaud 1986). This activity would
concentrate spawning populations of shrimp, possibly leading to increased numbers of
shrimp the following year. This time frame also corresponds to peak brown shrimp
spawning periods as reported by Rogers et al. (1993). This concentration of brown
shrimp also occurs off the Texas coast in the fall, as evidenced by high brown shrimp
catch rates during that season. However, the higher occurrences in deeper waters could
be linked to the closure of the Exclusive Economic Zone (EEZ). Finally, the amount of
freshwater entering this area is significantly less than the discharge from the Mississippi
and Atchafalaya rivers. Therefore, high catch rates could be related to the amount of
nutrients and other dissolved matter present in the discharge.

Shrimp catch rates in Mississippi/Alabama also are influenced by the variation in
discharge of the Mississippi River. Discharge during similar months that were significant
in the regressions of Texas and Louisiana also was found to be significant in this area
Similar patterns exist with high catch rates being correlated with high variations in
discharge. A significant relationship with variation in flow also exists from the combined

discharge from the Mobile, Pascagoula and Pearl rivers in March. This occurrence
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corresponds to the time when early life stages of brown shrimp would be in the estuaries
and subjected to the changes in temperature and salinity (Haas et al. 2001a, Haas et al.
2001b). Similar to the pattern observed for the Mississippi and Atchafalaya rivers, the
greater catch rates are associated with high variations in discharge from the Mobile,

Pascagoula and Pearl rivers.

Proximity to Rivers

While linear distance from the mouth of the rivers yielded questionable
significance because of the extremely low R” values, proximity (related to region as
defined in Figure 4) to the mouths of the rivers was observed to have a significant effect
on catch rates. The eastern and central regions in Louisiana waters had the greatest
positive catches and these regions coincide with the locations receiving direct discharge
from the Mississippi and Atchafalaya rivers, respectively. Therefore, river flow likely
has a positive influence on these fisheries, as evidenced in other studies (e.g. Grimes
2001). However, I contend that a threshold of river flow exists. At lower levels it can
have a positive influence on shrimp catches, but becomes negative when the level of flow

is too high.

The Hypoxic Zone

The size of the hypoxic zone in the northern Gulf of Mexico has been increasing
during the past decade (Turner et al. 2006). This increased size has started to have a
greater impact on the brown shrimp fishery in Louisiana, especially considering that up to
25% of the habitat can be lost (Craig et al. 2005). In addition, the large size has
encroached on the waters off of the Texas coast on several occasions. The significant
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negative relationship between Louisiana’s fall catch rates and May’s variation in river
discharge may be related to the size of the hypoxic zone, which previously has been
correlated negatively to shrimp catches (Zimmerman et al. 1997; O’Connor and Whitall
2007). While low river discharges also have been linked significantly with smaller areas
of hypoxia (Turner et al. 2006), it is possible that under conditions of low river discharge,
offshore migration is less likely to be blocked (Zimmerman et al. 2001). During summer
months when the hypoxic zone is most prevalent, high numbers of shrimp would tend to
be stranded inshore of this area. As the hypoxic conditions begin to dissipate, the shrimp
can move through the area that the hypoxic zone previously occupied. Once this occurs,
the shrimp can recruit into the offshore fishery later that year.

Studies of the spatial distribution shifts of brown shrimp in relation to the hypoxic
zone suggest that when confronted with areas of hypoxia, brown shrimp will move to
both warmer inshore waters and cooler, deeper offshore waters with very high numbers
remaining at the edges of hypoxic areas (Craig and Crowder 2005; Craig et al. 2005).
With the lowest occurrence of brown shrimp in Louisiana located inshore of 35 m, there
appears to be a wide area that becomes less suitable for them to inhabit. Due to a lack of
data at stations with depths <9 m, a more distinct pattern of abundance may be hidden
where high densities of brown shrimp are found both inshore and offshore of the hypoxic
zone (Craig and Crowder 2005). A more distinct pattern of abundance also may be
obscured due to data collection methods. As the models are built upon measurement
from the one CTD cast taken per station, it is unknown whether some of the tows crossed
the edge of the hypoxic zone. With the evidence presented by Craig and Crowder (2005)
and Craig et al. (2005), there could actually be high CPUE values associated with
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hypoxic conditions. Additionally, low CPUE values could be associated with normoxic
conditions when most of the tow actually occurred in a hypoxic area. This issue is
currently under review and will be addressed during future cruises (G. Pellegrin, NMFS,

Pascagoula, MS, personal communication).

Other Environmental Influences

Time of day stands out as one of the more important factors affecting catch rates
of brown shrimp, with night catches exceeding those during the day by a minimum of
two times. This pattern reflects the fact that brown shrimp are primarily nocturnal and
tend to bury themselves in soft substrate during the day (Cook and Linder 1970). Craig
and Crowder (2005) also found the catch rates of brown shrimp to be significantly greater
at night. Another reason could be that during the day the shrimp are able to detect and
avoid the net better, which could also be a function of depth. Therefore, the shallower
the water, the less chance at avoiding the net.

The insignificance between marine environmental variables and brown shrimp
CPUE was not unique. In a study of their abundance in the Mississippi Sound, Riedel et
al. (2008) found no relationship between abundance and temperature or salinity. In
addition, when Zein-Eldin and Renaud (1986) summarized the inshore environmental
effects of temperature and salinity regarding brown shrimp, they found brown shrimp
were collected at temperatures ranging from 10-37 °C and salinities ranging from 0 to 45
ppt. The eurythermal and euryhaline nature of brown shrimp can be related back to its
biology as an estuarine dependent species. However, Haas et al. (2001a) did find

correlations between adult brown shrimp abundance and temperature and salinity, as
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were measured in the marshes and estuary, respectively. Measurements taken at these
locations would have been controlling other factors such as growth rates, which have
been found to increase with greater water temperatures (Minello et al. 1989) This type
of correlation would not have been found with my data because my study examined the
environmental conditions where the shrimp were captured. Finally, any trends would
have been difficult to detect because the waters of the Gulf of Mexico tended to be very
similar in temperature and salinity measurements.

Finding no significant relationship between number of severe weather events that
entered the study area and catch rates was not totally unexpected. When these weather
events passed through the study area, a good portion of the shrimp had already moved out
of the inshore waters into the deeper offshore waters (Haas et al. 2001a). In addition,
these severe weather events tend to affect the fishery infrastructure more than the brown
shrimp. For example, in a Jackson county in Mississippi after Hurricane Katrina, two of
the four processing plants were closed indefinitely (C. Armstrong, NMFS, Pascagoula,
MS, personal communication). Posadas (2007) had assessed the full impact of Hurricane
Katrina on the Mississippi coast seafood processors/dealers and estimated damages in

excess of $100 million.

Management Implications

From the substantial difference in summer catch rates in the waters off Texas and
all the other states and seasons, the question could be raised if restrictions similar to those
in Texas could benefit other states in the coastal Gulf region. Watts and Pellegrin (1982)

conducted a comparison of shrimp catch rates between 1980 (no closure) and 1981
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(closure) and found a significant increase in shrimp catch rates in 1981. Several studies
(Griffin et al.1993, Nance et al.1994) have examined the economic impacts of the Texas
closure and what impact similar closures would have on a Gulf-wide basis. Their results
suggest that overall net profits would increase, but would not be evenly distributed
throughout the fishery. Mainly larger vessels would only be able to realize an increase in
profit because of the higher flexibility to fish deeper (Nance et al.1994). However,
before closures are implemented, more in-depth studies of brown shrimp distribution and
life history should be conducted to assess the results and true validity on a more local
scale, rather than applying a gulf-wide perspective. For example, LaFleur et al. (2005)
suggested that the coastal region of Louisiana could see reductions of $45.9 million if

shrimping disappeared from Terrebonne Parish, Louisiana.

Conclusions

Brown shrimp represent the most important stock of penaeid shrimp species in the
northern Gulf of Mexico. By using the offshore waters and the estuaries and bays of the
Gulf of Mexico during their life cycle, they are exposed to a wide range of environmental
conditions. At the inception of this study, the hypothesis was that nutrients delivered to
the northern Gulf of Mexico by the Mississippi River and other major rivers were a
driving force that influenced brown shrimp catches and this cause and effect would be
observed annually on a gulf-wide basis. However, I could find no conclusive evidence in
the literature that directly linked riverine nutrient concentrations to river discharge, nor
were nutrient measurements available for use in the analysis. A gulf-wide analysis could

not be applied due to significant differences in catches in each state and during each
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season. These significant differences are mainly the result of the seasonal closure of
Texas waters to shrimping during the survey. In addition, annual river discharges could
not be used because brown shrimp would be most influenced during select times of the
year rather than throughout the year.

Even though no direct link was apparent between river discharge and nutrient
concentrations, analysis still indicated that a significant relationship existed between
catch rates and river discharge. By applying a more finite approach, another factor that
seems to drive the catches of brown shrimp emerged, the content of the discharge may
not be as important as its physical characteristics, i.e., temperature and salinity. As
previously stated, extended periods of high river discharge during the late winter and
early spring adversely affect brown shrimp catches. The temperature of the discharge of
river water can be the coldest of the year at a time when greater water temperatures in the
estuaries are promoting faster growth that aids in securing a refuge from predation. The
extended periods of high discharge could sufficiently lower the water temperature to
reduce growth rates and thereby cause the brown shrimp to become more susceptible to
predation. Predation in the estuaries previously has been shown to have a large impact on
mortality of brown shrimp while they inhabit the estuaries (Minello and Zimmerman
1983, Minello et al. 1989). Overall, the time spent in the estuaries by early life stages of
brown shrimp can substantially impact their catch rates.

Once they enter the offshore waters of the northern Gulf of Mexico, brown shrimp
catches were principally influenced by temporal and spatial characteristics, i.e., time of
day and depth zone. The one exception to the spatial distribution was the occurrence of

brown shrimp when they encounter areas of low dissolved oxygen concentrations in the
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hypoxic zone off the Louisiana coast. The apparent lack of significance of other marine
environmental factors can be explained by the eurythermal and euryhaline physiology of
this species.

Future research should focus on the early life stages of brown shrimp in
the estuarine systems. This research should consider the physical characteristics, i.e.,
temperature, salinity and nutrient concentrations, of these systems. Since river discharge
has been shown to play a significant role in the relative abundance of brown shrimp,
measurement of the content of the discharge, in addition to its physical characteristics, is
advisable. Direct measurements of the content of the discharge combined with measures
of the amount of discharge, may yield important predictive relationships. This additional
information would improve overall understanding of the mechanisms affecting the

dynamics of brown shrimp stocks in the northern Gulf of Mexico.
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Table 3. Summary of the different depth zones sampled during Summer and Fall
Groundfish Surveys as part of the Southeast Area Monitoring and Assessment
Program from 1987 through 2005. Depth zone refers to the two digit starting
and ending depth sampled in fathoms based on the original survey design.
Minimum Depth and Maximum Depths represent the corresponding depth in
meters of each depth zone.

Depth Zone  Minimum Depth (m) Maximum Depth (m)

0506 9.14 10.97
0607 10.97 12.80
0708 12.80 14.63
0809 14.63 16.46
0910 16.46 18.29
1011 18.29 20.12
1112 20.12 21.95
1213 21.95 23.77
1314 23.77 25.60
1415 25.60 27.43
1516 27.43 29.26
1617 29.26 31.09
1718 31.09 32.92
1819 32.92 34.75
1920 34.75 36.58
2022 36.58 40.23
2225 40.23 45.72
2530 45.72 54.86
3035 54.86 64.00
3540 64.00 73.15
4045 73.15 82.30
4550 82.30 91.44
5060 91.44 109.73
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Table 4. Total number of tropical storms and hurricanes that made direct landfall in
Texas, Louisiana and Mississippi/Alabama or were within 50 kilometers of the
respective state line during the time period of 1986 —2005.

Year Texas Louisiana Mississippi/Alabama
1986 1 1 0
1987 1 1 0
1988 0 2 1
1989 3 3 1
1990 0 0 0
1991 0 0 0
1992 0 1 1
1993 2 0 0
1994 0 0 0
1995 1 1 1
1996 0 0 0
1997 0 1 1
1998 2 3 2
1999 1 0 0
2000 0 0 0
2001 1 0 0
2002 1 4 4
2003 3 1 1
2004 1 2 1
2005 2 3 4
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protozoea nauplius eggs

Figure 1. Depiction of the annual life cycle of brown shrimp, Farfantepenaeus aztecus,
that shows the movement between the offshore waters of the Gulf of Mexico
and it’s estuarine systems (figure from Fischer et al. 1981).
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APPENDIX A
SEASONAL AND YEARLY CPUE OF BROWN SHRIMP FOR TEXAS, LOUISIANA
AND MISSISSIPPI/ALABAMA COLLECTED FROM 1987 TO 2005 DURING
THE SUMMER AND FALL GROUNDFISH SURVEYS CONDUCTED BY
THE NATIONAL MARINE FISHERIES SERVICE, PASCAGOULA

LABORATORY, MISSISSIPPI, USA.
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APPENDIX B
AVERAGE MONTHLY DISCHARGE RATES (m*/s) FOR THE MISSISSIPPI
RIVER FOR JANUARY THROUGH DECEMBER RECORDED AT

TARBET LANDING, MS FROM 1986 TO 2005
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APPENDIX C
AVERAGE MONTHLY DISCHARGE RATES (m’/s) FOR THE MISSISSIPPI AND
ATCHAFALAYA RIVERS COMBINED FOR JANUARY THROUGH
DECEMBER RECORDED AT TARBET LANDING, MS
AND SIMMERSPORT, LA, RESPECTIVELY

FROM 1986 TO 2005
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APPENDIX D
AVERAGE MONTHLY DISCHARGE RATES (m*/s) FOR THE MOBILE
(CALCULATED FROM THE DISCHARGE RATES FROM THE
TOMBIGBEE AND ALABAMA RIVERS), PASCAGOULA
AND PEARL RIVERS COMBINED FOR JANUARY
THROUGH DECEMBER RECORDED AT
COFFEEVILLE, AL , MONROEVILLE,
MS, MERRILL, MS AND BOGAL
USA, MS, RESPECTIVELY

FROM 1986 TO 2005
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APPENDIX E
RELATIVE STANDARD ERRORS OF THE MEAN MONTHLY DISCHARGE
RATES (m’/s) FOR THE MISSISSIPPI RIVER FOR JANUARY THROUGH
DECEMBER RECORDED AT TARBET LANDING, MS FROM

1986 TO 2005
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APPENDIX F
RELATIVE STANDARD ERRORS OF THE MEAN MONTHLY DISCHARGE
RATES (m’/s) FOR THE MISSISSIPPI AND ATCHAFALAYA RIVERS
COMBINED FOR JANUARY THROUGH DECEMBER RECORDED
AT TARBET LANDING, MS AND SIMMERSPORT, LA,

RESPECTIVELY FROM 1986 TO 2005
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APPENDIX G
RELATIVE STANDARD ERRORS OF THE MEAN MONTHLY DISCHARGE
RATES (m’/s) FOR THE MOBILE (CALCULATED FROM THE
DISCHARGE RATES FROM THE TOMBIGBEE AND
ALABAMA RIVERS), PASCAGOULA AND PEARL
RIVERS COMBINED FOR JANUARY THROUGH
DECEMBER RECORDED AT COFFEEVILLE,
AL, MONROEVILLE, MS, MERRILL, MS
AND BOGALUSA, MS, RESPECTIVELY

FROM 1986 TO 2005

&9



0TeLo YLLO'O 90C1'0 €IT10 8PIT'0 88600 85900 +0S0°0  LTLO'O  SO0C

S090°0 60C1°0 €r1oro 61¥91°0 66700 61C1°0 0080°0 00800 LISO0 +LOL'O TP8O0 61900 #00C
09L0°0 6191°0 9v0°0 1850°0 ¥080°0 68010 9YL00 06¥0°0 66600 +I80'0 S8600  +vPCI'0  €00C
9660°0 6190°0 0€L0°0 0850 09%0°0 9C€0°0 S6£0°0 <T9CI'0 LIIT'O 8E€80'0 12600  9¥€l'0 00T
0860°0 66£1°0 88S1°0 Sovio €680°0 6¥90°0 o6¢II'0 O0LY0°0 S9CI'0 €ISO0 L9900  Ovel'0  T00C
¢8¢I0 L0010 SLIO0 8S10°0 91200 #6100 L¥CO0 LI¥OO <T9¢1'0 8PCI'0 99900 8800  000C
9190°0 8CE0°0 9LT1°0 €€e00 9r€00 LECI'0O TPLI'0 9911°0 9€90°0 89800 8<r1'0  +POI'0 6661
L9T1°0 8990°0 6681°0 0TCT0 0LS0°0 #S90°0 CTILOO 91800 0LS00 +I80'0 08¢00 65900 8661
Y911°0 6L90°0 9¢91°0 8150°0 [1¥0°0 88L0°0 SIPO0 ¢€¥CI'0 6¥CI'0 +e600  91¥0°0 11900  L66I
81L0°0 8¥750°0 L6LO0 [LSO°0 I¥L0°0 L8900 S¥SO'0 9¥01°0 L9900 65900 0600  1C600 9661
LTIT0 ¥860°0 SLSTO CLEOO CCLO0  CTLTO0 0S80°0 €I€10 +v091°0 ¥S800  €0IT'0  8ILOO  S661
0080°0 96600 8€S0°0 €r1L00 ¥rL0°0 00900 9SL0°0 06500 8¥LOO LOLOO  6€S00  €0CI'0 1661
S€90°0 LTIT0 ¥790°0 L1200 SLLO'O L8900 +9S0°0 0S90°0 €IL0°0 8SPO'0  S6S0°0  98L00 €661
LSLOO LT60°0 8¢CC0°0 0001°0 LOTT'0 S6£0°0 89800 19200 000I'0 TLVOO €L80°0  8CLOO  Co661
GSLO0 y1C1°0 [4230X0) 0050°0 €810°0 1€L0°0 9¥IT'0 <T9Y0°0 ¥ESOO0 €OVI'0  8Y91°0  L6LOO 1661
89L1°0 9650°0 19%0°0 ¥610°0 86200 S9€0°0 €680°0 8EBO'0 8CBO'0 68500 BISO'0  95L0°0 0661
6180°0 L1LO0 L101°0 ¥L90°0 ¥790°0 11800 TL60'0 0SSO0 I¥II'0O +E€LO0  PELOO  TPLOO 6861
¢I80°0 GeITo 61€1°0 [44N0) LSTO'0 +0S0°0 8SI00 TI€b00 ILLOO 69900 L6800  88CL'0 8361
L0800 L8Y0°0 1300°0 ¥¥20°0 82010 79600 89800 O0ISO0 SSIT'O ¥S800 CCSO'0  08¥1°0  LB6I
€6L0°0 YLITO 2900 8Y€0°0 8CC0'0 10€0°0 8¥8O'0 8STI'0 L¥PPO'O SLETO 90800  SELOO 9861
QU JOqUIDAON 10qo30() Joqudydog isnsny  An[ aung Ke]\ ady  yorepy Arenuqo Arenuef Iedx

90



	Effects of river discharge and marine environmental factors on the brown shrimp fishery in the northern Gulf of Mexico
	Recommended Citation

	Microsoft Word - THESIS - Tenth Draft 11-09-2.doc

