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CHAPTER I – ESCAPEMENT RATE OF MISSISSIPPI’S RED DRUM STOCK 

1.1 Introduction 

Red Drum (Sciaenops ocellatus) are a recreationally and commercially desirable 

species (Beckman et al. 1988) that inhabits the Gulf of Mexico and the eastern coast of 

the United States, as far north as Massachusetts (Matlock 1980; Murphy and Taylor 

1990; Porch et al. 2002). In the Gulf of Mexico (GoM) Red Drum are primary targeted by 

recreational fishers in the inshore waters. This portion of the stock is composed of young 

individuals (age 1 to 4 year old) and sustains significant Gulf-wide annual recreational 

landings, estimated to be over six million kg in recent years (Powers et al. 2012). 

The magnitude of landings may be of concern because the GoM Red Drum stock 

was classified as “overfished” in the last gulf-wide assessment (Porch 2000) indicating 

that the stock’s biomass was below sustainable levels at that time. Recent attempts to 

address stock status, using data limited approaches (Hightower 2013), indicate that the 

stock is rebuilding, but do not address whether it is overfished. A continuing need for the 

assessment of the stock, in the absence of age-structured catch information and stock-

wide indices of abundance to inform an age-structured stock assessment model, is an 

estimate of the annual instantaneous mortality rate. Information about total mortality is 

necessary for the assessment of stocks that use cohort models to understand stock status 

(NOAA Fisheries 2012). Total instantaneous mortality (Z y-1) is composed of two 

components: natural (M, y-1) and fishing (F, y-1) mortality. Natural mortality is an 

indication of the productivity of stocks and thus indicates resilience to fishing mortality 

(Williams 2002; Brodziak et al. 2011; Lee et al. 2011). Estimates of mortality enable 
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assessment and management. The actions of management generally include effort 

controls, and is achieved by altering fishing mortality (Vaughan and Helser 1990). 

One metric that directly addresses the status of a stock and incorporates an 

estimate of total mortality is the “escapement rate”. Escapement rate was developed to 

evaluate the impact of fishing on spawning stock biomass (SSB), and is the number of 

fish that survive to a given age with the observed fishing mortality, relative to that when 

no fishing mortality occurs. The escapement rate metric is used exclusively for fishes that 

exhibit ontogenetic patterns of spawning movement. The escapement rate metric is used 

as a fisheries reference point to evaluate potential sustainability of a stock under a given 

fishing regime (Vaughan and Helser 1990). In the GoM, escapement rate is a reference 

point that is specific to Red Drum. A similar method, one that uses escapement to set 

“escapement goals”, is one of the main tools to manage salmon fisheries (Portley and 

Geiger 2014).  For this method, the number of fish that avoid harvest are estimated and 

then compared to an “escapement goal”, in an effort to accomplish a desirable level of 

catch such as maximum sustainable yield (Carroll 2005). The inability to get a count on 

the number of Red Drum that escape harvest necessitate the use of an escapement rate 

rather than the direct use of escapement. 

The escapement rate metric is used to understand the inter-annual dynamics of 

Red Drum, and is used for two reasons. The first is that the stock exhibits an offshore 

migration that is thought to occur at approximately age-4 (y), and the inshore component 

of the stock is targeted only by recreational fishing while the offshore component is 

targeted by commercial fishers and fishing charters. Thus, the division of ontogenetic 

stage is also a division of the sector used to target the stock. Similarly, the division of the 
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ontogenetic stage is also a division of the management authority, with the inshore 

component of the stock managed by the state. The National Marine Fisheries Service 

(1986) GoM Red Drum stock assessment concluded that sustainability of the stock could 

be achieved if the spawning stock biomass is sufficient to maintain exploitation of the 

stock in nearshore (state) and offshore (federally-managed exclusive economic zone, 

EEZ) waters. The escapement rate target for the Red Drum stock assessment was 20% 

and in light of heavy exploitation, was later amended by the Gulf of Mexico Fishery 

Management Council (GMFMC) to 40% (GMFMC 1987, 1988). The increase in 

escapement necessarily implied that the fishing mortality from the recreational sector 

should be reduced to allow a greater juvenile and sub-adult survival. The current 

escapement rate target for Red Drum in the GoM states is 30%, and 40% in Florida 

(Hightower 2013). GoM states calculate escapement rate for age four fish, because this is 

the age at which a portion of the females become mature and move to the offshore 

portion of the stock (Overstreet 1983, Murphy and Taylor 1990). Leaf and Brown-

Peterson (2015) found the mean escapement rate of the Mississippi stock to be ~20%, but 

the 95% confidence estimate is 10 to 41%. An updated escapement rate estimate is 

needed to assess the current Red Drum management plan (Powers et al. 2012), and an 

improvement in vital rate estimation would increase the precision of the estimate. 

In this work, I use Red Drum life-history characteristics and recreational catch 

statistics to estimate mortality components and escapement rate of the Red Drum stock in 

Mississippi. I determine the instantaneous natural mortality rate, evaluate the overall and 

year-specific instantaneous total mortality rates, and calculate the overall and year-

specific instantaneous fishing mortality rates. I use mortality estimates to calculate an 
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escapement rate for the Mississippi Red Drum stock. To understand the impact of model 

misspecification I also evaluate alternative natural mortality estimations and fishery 

recruitment criteria, and then report how these decisions effect the escapement rate. 

1.2 Methods 

To determine mortality, and subsequent escapement rate, I determined the length-

at-age relationship, and used this relationship to construct an age-length key (ALK). 

ALKs are used to transform length-specific harvest information into age-specific harvest 

values. These were analyzed to determine instantaneous total mortality using catch-curve 

analysis. The estimated instantaneous total mortality rate was then used in conjunction 

with natural mortality rate estimates to determine the annual escapement rate. 

The relationship between fork length (FL) and age was estimated for Red Drum 

caught in Mississippi waters using length and age data from Mississippi Department of 

Marine Resources (MDMR) and a three parameter von Bertalanffy growth function 

(VBGF): 

𝐿𝑡 = 𝐿∞( 1 − 𝑒−𝑘(t−𝑡0)), 

where Lt is the FL (mm) at age t (y), 𝐿∞ is the mean hypothetical maximum FL (mm),  𝑘 

is the instantaneous growth rate coefficients (y-1), and  𝑡0 is the hypothetical age (y) 

where FL is equal to zero. The model was fit in the Bayesian framework using non-

informative priors (from the uniform distributions with bounds slightly more extreme 

than the range of parameter values found in the literature). I used four Markov chains that 

converged after 500,000 iterations with a thinning interval of 500. The VBGF was used 

to create an ALK to describe the probability distribution of age-at-length in 10 mm fork 

length “bins” (range 200 to 826 mm FL). The ALK was applied to length-specific 
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recreational harvest data for Red Drum in Mississippi, obtained from the National 

Oceanic and Atmospheric Administration’s Marine Recreational Information Program 

(MRIP; http://www.st.nmfs.noaa.gov). The derived age-specific annual harvest was used 

to estimate mortality rates for the escapement rate reference point. 

Two components of escapement rate are fishing mortality (F, y-1) and natural 

mortality (M, y-1). In this work M was estimated using four different methods: the 

updated Hoenig equation reported by Then et al. (2015) , the Lorenzen (1996) equation, 

and two realizations of the ensemble approach by Cope (2017). The first method, the 

updated Hoenig equation, uses the inverse of longevity (𝑡𝑚𝑎𝑥) to estimate instantaneous 

natural mortality rate (M):  

𝑀 = 4.899(𝑡𝑚𝑎𝑥)
−0.916. 

I used 42 (y) for 𝑡𝑚𝑎𝑥, the oldest Red Drum recorded in the literature for the GoM 

(Wilson and Nieland 2000). In the second method, natural mortality was derived from an 

algorithm following Lorenzen (2000, 2005), with the magnitude of natural mortality at 

age, 𝑀𝐿, estimated as: 

𝑀𝐿 = 𝑀1 (
1

𝐿
), 

where 𝑀𝐿 is the annual instantaneous natural mortality rate of an individual of fork length 

𝐿 (cm), 𝑀1 is the instantaneous natural mortality rate of an individual at 𝐿 = 1 cm FL and 

has been determined from empirical analysis of wild fishes to have an average of 15 y-1 

(Lorenzen 2000, 2005).  Age-specific natural mortality rates, Mi of ages i = 1 to 4, were 

determined by converting length-specific natural mortality (𝑀𝐿) from the algorithm of 

Lorenzen age specific using the length-at-age relationship from the VBGF function 

derived previously. The third method employed a tool developed by Cope (2017), which 
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uses an ensemble approach by reporting multiple M values from a suit of different 

methods given the input of several life-history parameters and fish morphometrics. I used 

the greatest confidence life-history parameters reported in the most recent stock 

assessment report (SEDAR49 2016), a body length of 20 cm, and the mean predicted 

weight of a 20 cm fish (78.38 g, determined using a weight-at-length relationship 

modeled with a power function using data from MDMR’s Sportfish Gillnet Survey) for 

the third method, and the same life-history parameters, a gonadosomatic index of 0.005, a 

body length of 100 cm, and the mean predicted weight of a 100 cm fish, determined by 

the weight-at-length relationship, for the fourth method. Both of the M estimates obtained 

from the Cope (2017) ensemble approach were median values from the distribution of 

reported M values. These did not include the M estimates obtained from the updated 

Hoenig equation or length-specific Lorenzen equation.  

The total mortality rate (Z, y-1) was estimated using catch curve analysis, which 

uses age-structured catch as a proxy for abundance (Thorson and Prager 2011). An 

assumption of catch-curve analysis is that if a population experiences constant 

recruitment and mortality each year, the number of individuals in a cohort declines 

exponentially. A log-transformation linearizes the catch-at-age relationship, and the 

absolute value of the slope is Z y-1. While it is difficult to track the fate of an individual 

cohort for multiple years, under the given restrictive assumptions, the abundance of 

multiple cohorts in a single year is homologous (Haddon 2011). To determine age-

structured annual abundance I used recreational harvest data from MRIP, which reports 

the number of fishes landed in that sector divided into one cm FL size bins. Fishery 

selectivity biases the relative abundance of small (younger) fishes so I evaluated the 
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annual age specific total mortality starting at the age of maximum abundance (termed 

“peak” criterion by Smith et al. [2012]) spanning to the age of the smallest median 

asymptotic length (82.6 cm) from the Bayesian analysis (median age of 9.6, y). For 

comparison, and to evaluate model misspecification, catch-curve analysis was performed 

using alternative starting and ending ages. These included the starting point of the age-

group one year beyond the age of peak abundance (hereafter, “Peak Plus” criterion; Pauly 

[1984] and Thorson and Prager [2011]), and an ending age of the age at the 30 inch (76.2 

cm) total length upper slot limit for Mississippi Red Drum (median age of 6.0, y). I 

define the Peak catch-curve that is truncated on the right side at the age of the smallest 

median asymptotic length as the “base model.” 

Year-specific and global estimates of total mortality were estimated for each catch 

curve scenario using a hierarchical linear regression model in the Bayesian framework: 

𝐶𝑖,𝑗 = 𝑍𝑗𝐴𝑖,𝑗 + 𝑏𝑗 +  𝜀  , 

where 𝐶𝑖,𝑗 is the natural log transformed catch of the 𝑖th age class from the 𝑗th year, 𝑍𝑗 is 

the slope parameter estimate for the 𝑗th year (e.g. year-specific total mortality), 𝐴𝑖,𝑗is the 

age class of the 𝑖th fish of 𝑗th year, 𝑏𝑗 is the intercept parameter estimate for the 𝑗th year, 

and 𝜀 is the random error term assumed to be normally distributed with variance 𝜎2. The 

year-specific slope and intercept terms were estimated from the global slope and intercept 

assuming a normal distribution: 

𝑏𝑗  ~ 𝑁(𝑏,̅  𝜃𝑏̅
2) , 

𝑍𝑗  ~ 𝑁(𝑍̅, 𝜃𝑍
2) , 
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where 𝑏̅ and 𝑍̅ are global intercept and slope terms, respectively, and 𝜃𝑏̅
2 and 𝜃𝑍

2are the 

associated variances.  For the global slope and intercept terms (𝑍̅ and 𝑏̅), I assumed non-

informative normally distributed priors with a mean of zero and a variance of 10,000.  I 

assumed non-informative priors from the uniform distribution for the associated 

variances(𝜃𝑍
2 and 𝜃𝑏̅

2) and the global error term (𝜀). I used four Markov chains that 

converged after 500,000 iterations, with a burn-in of 3,000, and a thinning interval of 

100, as indicated visually by the trace plots. Using this model structure I estimated the 

resulting year-specific and global instantaneous total mortality rates (Z, y-1) from the 

respective slopes. The global estimate of Z is the instantaneous mortality rate estimate for 

the entire time period. The Z estimates were then used to calculate year-specific and 

global fishing mortality. 

Using the natural mortality and global fishing mortality estimate, the escapement 

rate for Red Drum up to age four was calculated, using the following equation modified 

from Porch (2000):  

𝐸 =
𝑒∑ −(𝐹𝑖+𝑀𝑖)

4
𝑖=1

𝑒∑ −𝑀𝑖
4
𝑖=1

, 

where F and M are the instantaneous fishing and natural mortality rates (y-1), 

respectively, which for all natural mortality estimators, except for the Lorenzen equation, 

are invariant with age. For the mortality calculated with the Lorenzen equation, M and F 

are age-specific mortality of age i fish. 

1.3 Results 

The VBGF appeared to fit the data well, but slightly underestimated the lengths of 

fish just before the asymptotic length (Figure 1.1). The median parameter estimates and 
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95% credible intervals for 𝐿∞, 𝑘, and 𝑡0 were 898.6 (850.2 to 951.7) mm, 0.24 (0.18 to 

0.32) y-1, and -1.05 (-1.94 to -0.43) y, respectively. These estimates were used in the 

ALK along with the MRIP length-specific catch data to determine catch-at-age. The 

catch-at-age exhibited exponential decay for all years (2004 to 2015; Figure 1.2). Age at 

maximum catch varied annually, and thus the peak of the global model, which was 2.5 y, 

was used for the Peak method. 

The natural mortality rate estimates were variable depending on method. The 

Lorenzen approach for estimating natural mortality produced greater values than the 

other methods for smaller fish and lower values for the larger fish (Figure 1.3). 

Instantaneous natural mortality ranged from 0.16 to 0.44 (y-1), with the updated Hoenig 

equation and the Cope (2017) ensemble approach using a 100 cm fish being the most 

similar (Table 1.1). The Cope (2017) methods returned multiple M values that were non-

normally distributed, and the inputs from a 20 cm long fish resulted in a wider spread of 

reported M values than that of the 100 cm long fish. Given that the distributions were 

non-normal, the median values were used, which were 0.345 and 0.1875 for the method 

using a 20 cm fish and a 100 cm fish, respectively (Figure 1.4). 

Total mortality estimates were variable and sensitive to the approach used to 

determine their values. Total mortality rate (Z) estimates from the Bayesian hierarchical 

linear model ranged between 0.67 and 0.73 (y-1, Figure 1.5), with a global Z estimate of 

0.71 (y-1, Figure 1.6) for the base model (Table 1.2).  The year specific Z values were 

variable (Figure 1.7), and the resulting escapement rate estimates followed a similar trend 

regardless of which method was used to estimate M, but the escapement rates obtained 

with M estimates from the Cope (2017) ensemble approach using the 20 cm fish were the 
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greatest, with the Lorenzen equation producing the next highest escapement rate values, 

and the Hoenig and the Cope (2017) ensemble approach using the 100 cm fish producing 

very similar and the smallest escapement rate estimates (Table 1.2, Figure 1.8). 

Escapement rate was strongly and negatively correlated with fishing mortality (r = -

0.981, p < 0.001; Figure 1.9). 

When comparing the different catch-curve methods, all four catch-curves resulted 

in different Z estimates, and were most sensitive to the choice of truncation points. The 

Peak and Peak Plus catch-curves that were truncated to the upper slot limit of Red Drum 

had Z values approximately 20 percent larger and 10 percent smaller than those of the 

base model, respectively, while the Peak Plus catch-curve truncated at the minimum 

asymptotic length prediction had Z values around 2% lower than the base model (Figure 

1.10). 

The base model was used to compare how different M estimation methods 

impacted the escapement rate. The M values derived from the Hoenig equation and 

Cope’s (2017) ensemble approach using a 100 cm fish resulted in very similar, and the 

lowest, escapement rate estimates, which were fairly consistently around 11 and 12 

percent, respectively. The M values from the Lorenzen equation and Cope’s (2017) 

ensemble approach using the 20 cm fish showed much more yearly variance, but 

followed similar patterns with the escapement rate fluctuating about 20 and 23 percent, 

respectively (Figure 1.11). 

The escapement rate estimates from the different methods varied with the choice 

of the truncation method and the M estimation method, with year aggregated (grand) 

values ranging from 6.9 to 28.2 % depending on method. The catch-curves, truncated on 
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the upper end at the slot limit resulted in more extreme (both higher and lower) 

escapement rates than those truncated at the minimum asymptotic length regardless of the 

method used to estimate M. Within each truncation method, escapement rates were 

ordered from greatest to lowest by the M estimation method as follows: (1, highest) 

Cope’s (2017) ensemble approach using a 20 cm long fish, (2) Lorenzen equation, (3) 

Cope’s (2017) ensemble approach using a 100 cm long fish, (4, lowest) updated Hoenig 

equation (Figure 1.12). 

1.4 Discussion 

In this work I estimated the year-specific and year-aggregated instantaneous 

mortality components (Z, M, and F) of the Mississippi Red Drum stock for the years 

2004 through 2015 using a suite of different M estimation methods, and four different 

catch-curve scenarios for Z. I then used the mortality estimates from the different 

methods to calculate escapement rates for the stock, and showed the impacts of each 

method on the resulting escapement rate. Both the M method chosen and the catch-curve 

scenario impacted the escapement rate estimate. 

Depending on what M method that was used, the base model showed year 

aggregated escapement rates ranging from 11.1 to 23.2 %. All seem reasonable, and are 

within the range of M values reported in SEDAR49 (2016) and are very similar to those 

reported by the GMFMC as used for previous escapement rate estimates for Mississippi 

(Table 1.3). One advantage of the Lorenzen equation, is that it doesn’t assume constant 

mortality at age for the analyzed ages, while the other methods evaluated do. This is 

appealing because life-history theory suggests that larger individuals have a survival 

advantage (Lorenzen 2000). However, it should also be noted that the updated Hoenig 



 

12 

equation has been assessed from empirical analysis to be the most robust (Then et al. 

2015).  The advantage of the Cope (2017) ensemble approach is that it reports several 

values from a suite of methods, that can be used in a variety of ways to inform the 

decision on M. 

The largest differences in escapement rates were a result of the construction of the 

catch-curve scenarios. Both the decision on the age at full recruitment and maximum age 

to be used affected the Z estimate and thus the escapement rate. The maximum age to be 

included in the catch-curve had the greatest impact on Z, but the range of Z values I 

found are well within the range that are reported in the most recent stock assessment 

report (SEDAR49 2016). The Z estimates obtained from the Peak method on the data 

with more truncation, which incorporated fewer of the older individuals, were the most 

dissimilar to previously published rates (Table 1.3; Figure 1.12). Eliminating these older 

specimens, even if just a small fraction of the total catch, can drastically increase the 

slope of the regression that determines Z. With most of the fishing targeting the younger 

ages, it is critical to consider if the inclusion of the older fish is logical. This is especially 

the case for Red Drum because they can live 40 years or older, which is drastically older 

than the main targeted age classes. The truncation of data to the maximum size limit 

seems reasonable as the escapement rate is most concerned with the younger fish, but it 

may not be completely justified as anglers in Mississippi waters are allowed to keep one 

(out of a bag limit of three) over the 30 inch size limit each trip. Consequently, a small 

portion of old individuals are still being harvested and perhaps should not be ignored. 

In addition to carefully and thoughtfully picking the maximum age truncation 

point of the catch-curve, there are a few considerations for future work that could 
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improve mortality estimates. One is the decision on how to correct for under-recruited 

age classes. It is common practice in standard catch curves to include only those in the 

population that are fully recruited to the fishery (Peak method) or one year past fully 

recruited (Peak Plus method), but incorporating continuous selectivity-at-age may 

improve the accuracy. This is of high concern for this analysis since peak catch varied 

year to year, and thus the peak catch of the global model was used. Integrating a 

selectivity function in the catch curve would eliminate a potential source of bias, improve 

efficiency by permitting the use of the youngest age classes, and improve accuracy 

(Thorson and Prager 2011). Another improvement would be access to age-specific 

harvest rather than length-specific. While estimated ages from lengths is not difficult, it 

does introduce another source of error. Thirdly, one of the assumptions of catch-curve 

analysis is that the catch is taken randomly from the age classes of interest. As fisherman 

may target certain size classes especially hard, it would be beneficial to have some 

fishery-independent data to compare to. Ways to improve the accuracy of the catch-curve 

should be considered if it is to continue to be used in the estimation of the Red Drum 

management reference point. 

Catch-curves are frequently used in the assessment of data-poor fish species, but 

this work shows the vulnerability to decisions in the construction of the catch-curve. 

Escapement rates from the global model for the 16 different catch-curves ranged from 

6.9% to 28.2%, but the annual trends followed the same general pattern. The discrepancy 

that arose from selecting different age classes to include in the catch curve shows how 

sensitive these models are to these decisions and illustrates the imprecision in mortality 

rate estimates. Consequently, attention and interpretation should be placed on the general 
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trends rather than the exact estimates of escapement and mortality rate estimates. Also, 

given the correlation between Z and escapement rate, I suggest eliminating discrepancy 

introduced from M estimation methods by using trends in Z to evaluate the Red Drum 

stock rather than the escapement rate estimate. 
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Table 1.1  

Natural mortality estimates 

Method Age (y) M (y-1) 

Hoenig All 0.16 

Lorenzen  1 0.43 

2 0.32 

3 0.27 

4 0.24 

Cope (20 cm) All 0.35 

Cope (100 cm) All 0.19 

 

Natural mortality (M) estimates from different methods: the updated Hoenig’s equation reported by Then et al. (2015) , the Lorenzen 

(1996) equation, an ensemble approach by Cope (2017) using a 20 cm long fish, and Cope's (2017) ensemble approach using a 100 cm 

long fish. 
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Table 1.2  

Escapement rate estimates 

Year Z (y-1) Escapement Rate (%) 

updated Hoenig Lorenzen Cope (20 cm) Cope (100 cm) 

2004 0.69 12.05 22.6 25.28 13.47 

2005 0.74 9.88 18.53 20.73 11.04 

2006 0.72 10.74 20.15 22.54 12.01 

2007 0.71 10.88 20.41 22.84 12.16 

2008 0.69 11.87 22.27 24.91 13.27 

2009 0.72 10.67 20.01 22.39 11.93 

2010 0.7 11.45 21.47 24.03 12.8 

2011 0.73 10.02 18.79 21.03 11.2 

2012 0.71 11.25 21.1 23.61 12.58 

2013 0.7 11.62 21.8 24.4 12.99 

2014 0.7 11.34 21.26 23.79 12.67 

2015 0.71 11.1 20.83 23.3 12.41 

Grand 0.71 11.05 20.72 23.19 12.35 

 

Year-specific and year-aggregated (Grand) total mortality (Z, y-1), and associated escapement rate (%) for the Mississippi Red Drum 

stock.  Total mortality was calculated from a catch curve truncated to fish that were fully recruited to the fishery on the lower end, and 

truncated on the upper end at the minimum median asymptotic length obtained in the Bayesian framework. The natural mortality rate 

was obtained using four separate methods including: the updated Hoenig equation using a maximum age of 42 y, the Lorenzen 

equation, and the median value from a unique suite of M values estimated by Cope's (2017) ensemble tool for a 20 cm fish and a 100 

cm fish.  Data came from recreational landings reported by Marine Recreational Information Program. 
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Table 1.3  

Previous escapement rate estimates 

Year Z (y-1) M (y-1) F (y-1) Escapement Rate (%) 

2004 0.7 0.2 0.5 13.53 

2005 0.55 0.2 0.35 24.66 

2006 0.46 0.2 0.26 35.35 
 

Mortality and escapement rate (%) estimates for Mississippi from Powers and Burns (2010, Tab L No. 3 (a)). Parameters include total 

instantaneous mortality rate (Z, y-1), instantaneous natural mortality rate (M, y-1), and instantaneous fishing mortality rate (F, y-1). 

Escapement rate was estimated to age-4 y. 
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Figure 3.9 Developing male histological image 

Photomicrograph of histology sample imaged at 20x magnification, from a male Red Drum (TL = 899 mm) collected in August, 

illustrating the developing reproductive phase. Developing males were identified by presence of primary spermatagonia (Sg1), 

secondary spermatagonia (Sg2), primary (Sc1) and secondary spermatocytes (Sc2), spermatids (St), and spermatozoa (SZ) in 

spermatocysts, but not in the lumen. 
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Figure 3.14 Length-specific maturity 

Percent of fish mature by total length (TL) of female and male Red Drum (n = 694) from the northern Gulf of Mexico, modeled with a 

two-parameter logistic function. The mean L50 parameter estimate, or length at which 50% of the samples are mature, is labeled with 

the total length estimate (mm) at the inflection point. Individuals were assigned a binary maturity classification of zero (0) or one 

hundred (100) percent. 
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Figure 3.15 Age-specific maturity 

Percent of fish mature by age (y) of female and male Red Drum (n = 409) from the northern Gulf of Mexico, modeled with a two-

parameter logistic function. The mean A50 parameter estimate, or age at which 50% of the samples are mature, is labeled with age 

estimate (y) at the inflection point. Ages were otolith-derived age estimates, Individuals were assigned a binary maturity classification 

of zero (0) or one hundred (100) percent. 
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Figure 3.16 Monthly gonadosomatic index 

Mean monthly gonadosomatic index (GSI) of sexually mature female and male Red Drum (n = 249) captured in the northern Gulf of 

Mexico from September 2016 through October 2017. Error bars represent the standard error of the mean. 
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Figure 3.17 Age-specific gonadosomatic index 

Boxplots of the age-specific gonadosomatic index (GSI) values of sexually mature female (n = 142) and male (n = 109) Red Drum 

captured in the northern Gulf of Mexico from September 2016 through October 2017. Dark bands represent the median, box edges 

represent the 25% and 75% quartiles, and open circles represent outliers in the data. 
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CHAPTER IV – DETECTING RESIDENCY AND EMIGRATION OF RED DRUM IN 

THE NORTH-CENTRAL GULF OF MEXICO USING STABLE ISOTOPE 

ANALYSIS 

4.1 Introduction 

An understanding of the trophic dynamics of species is useful for understanding 

habitat residency (Muller and Strydom 2017; Bird et al. 2018), movement patterns 

(deHart and Picco 2015), and the timing of migration (Deegan et al. 1990; Herzka and 

Holt 2000; Cocheret de la Morinière et al. 2003). A method frequently employed to 

understand habitat occupancy is to assess an individual’s diet through analysis of prey 

items in the digestive tract (Kleypas and Dean 1983; Labropoulou et al. 1997; 

Szedlmayer and Lee 2004). Recently however, the description of the relative 

concentration of carbon (δ13C) and nitrogen (δ15N) stable isotopes in animal tissue has 

been used as an indication of source nutrition and trophic position (Peterson and Fry 

1987). The analysis of stable isotope composition of fish tissue has successfully been 

used to identify trophic position (Hesslein and Capel 1991), differentiate subpopulations 

of fish (Roelke and Cifuentes 1997; Talley 2000), describe changes in habitat and 

migrations between habitat (Deegan et al. 1990; Hesslein and Capel 1991; Hobson 1999; 

Herzka 2005), and explain dietary shifts (Herzka and Holt 2000). Sources of nutrition and 

trophic pathways can be directly inferred from δ13C values (Fry 1981; Fry and Barry 

1989). Measurements of δ15N can be used to determine trophic positions and provide 

insight on food chain length and predator-prey relationships, because a consumer 

becomes more enriched in 15N than its diet (Minagawa and Wada 1984; Peterson and Fry 

1987; Herzka and Holt 2000; Olsen et al. 2014).  A benefit of this approach, relative to 
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the short-term information provided by analysis of stomach contents, is that metabolic 

turnover in tissue can be as little as 0.1% per day (Hesslein et al. 1993), which means 

stable isotope analysis of muscle tissue gives an indication of feeding habits over 

multiple months. Information derived from biological process on this time scale can then 

be compared with that derived from stomach content analysis to make inferences about 

population-level trophic dynamics. 

Red Drum are a conspicuous and important (ecologically and as a fishery 

resource) species in the northern Gulf of Mexico (GoM). Commercial harvest of Red 

Drum in coastal areas, where the stock is managed by the individual states, is currently 

only allowed in Mississippi (60,000 pound quota in 2017; http://www.dmr.ms.gov). The 

recreational fishery primarily targets young Red Drum (age-1 to 4 y) with recent Gulf-

wide annual recreational landings increasing to over six million kg (Powers et al. 2012).  

Because much of the recreational fishing pressure focuses on the younger age-classes 

found in nearshore habitats (sounds and estuaries), natural resource managers need to 

understand if this portion of the stock is being exploited at sustainable levels. Because of 

this concern the “escapement rate” reference point was established. The escapement rate 

is defined as the expected proportion of fish that survive to a given age, given the 

observed total mortality, relative to the number that survive when no fishing mortality 

occurs. (NMFS 1986; Vaughan and Helser 1990). In Chapter I of this thesis, I estimate 

escapement rate for Red Drum from age-0 to 4 y to be consistent with the method 

currently used by GoM states. These ages are used following previous literature that 

suggest age-4 to be the estimate for the age at which a portion of the females become 

mature and join the older spawning-capable stock offshore (Overstreet 1983, Murphy and 
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Taylor 1990).  In Chapter III of this thesis, I provided evidence that Red Drum may not 

become spawning capable until around age-6, and thus the refinement of the estimated 

age at which the offshore ontogenetic movement occurs is necessary for reference points 

to be established. 

The ontogenetic movement dynamics of Red Drum has been described using 

tagging methods, analysis of size frequency distributions, descriptions of reproductive 

characteristics, and identification of stomach contents, but many aspects of its ecology 

and population dynamics are not well understood. Indeed, the GoM Red Drum stock is 

considered to be “data-limited” (SEDAR49 2016) and information about its life-history 

and population dynamics are not well described (Powers et al. 2012). A primary reason 

that the stock is difficult to understand is because it exhibits movement out of the 

nearshore region during ontogeny. Larvae and juveniles inhabit estuarine areas (Rooker 

et al. 1998; Winner et al. 2014) and subadults inhabit deeper channels of the estuary 

(Overstreet 1983), though they tend to be site specific and remain within the estuary 

(Dresser and Knieb 2007; Brogan 2010). At approximately the onset of maturity, adult 

Red Drum (age-4+ y) move offshore to where they are associated with a variety of 

bottom substrate (Brogan 2010; Powers et al. 2012). Winner et al. (2014) found that Red 

Drum caught in the Florida estuaries were rarely older than age-4 y. 

I analyzed tissue specific carbon (δ13C) and nitrogen (δ15N) isotope composition 

in combination to determine ontogenetic movement of Red Drum. Previous work has 

documented the existence of contrasts in stable isotope values in the congener Spotted 

Seatrout (Cynoscion nebulosus) muscle tissue (Fulford and Dillon 2013), indicating that 

stable isotopes can be used to quantify intrapopulation variability in coastal and estuarine 
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systems.  I hypothesized that there are distinct δ13C and δ15N stable isotope differences in 

the muscle tissue of reproductively mature Red Drum compared to those that have not yet 

joined the spawning stock, and thus differences in the isotopic composition with respect 

to reproductive phase, location of catch, and age of the fish. The objective of this work is 

to determine δ13C and δ15N ratios in Red Drum muscle tissue and evaluate isotopic 

patterns with respect to reproductive phase, location, and age to better determine 

ontogenetic movement. 

4.2 Methods 

Red Drum were collected in the north-central GoM (n = 169, Figure 1) using 

fishery-dependent (primarily hook-and-line) and fishery-independent (gill net and long 

line surveys) methods from September 2016 through September 2017. I targeted all age 

classes of fish, and by January the younger age classes (age-0 to 4 y) of mostly immature 

individuals were overrepresented (Table 1). Consequently, March through August 

sampling targeted older and larger individuals, but some younger individuals were still 

collected as well (Table 1). Sagittal otoliths were collected from each fish and were 

rinsed, placed in a sealed envelope and stored at room temperature. Age determination 

followed the methods presented by VanderKooy (2009) as detailed in Chapter II of this 

thesis. A small (less than one cm3) portion of gonadal tissue was collected from each 

individual, preserved in 10% naturally buffered formalin, and analyzed histologically as 

detailed in Chapter III of this thesis; reproductive phase assignments followed Brown-

Peterson et al. (2011). 

To perform stable isotope analysis, a small (about 10 g) sample of muscle tissue 

containing only muscle from between the operculum and anterior side of the dorsal fin of 
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each Red Drum was removed and placed in labeled plastic bags and frozen at -20 °C.  I 

placed tissue samples in the ultra-low freezer (-80℃) for 30 minutes, before placing them 

into a Labconco FreeZone 6 lyophilizer freeze dryer for a minimum of 48 hours. Dried 

tissue was covered with Parafilm and stored in a desiccator with silica gel desiccant until 

they could be ground. I pulverized the dried tissue into a fine homogenous powder using 

a mortar and pestle. The homogenous powder was then placed in labeled 20 ml 

scintillation vials and stored in the desiccant cabinet. I did not extract lipids from the 

tissue, as only 3 samples had C : N ratios over 3.5. For analysis, samples were weighed 

with a Mettler Toledo XP26 microbalance, packed into tin capsules, and stored in well 

plates until analysis. Samples were analyzed with a Thermo Delta V Advantage isotope 

ratio mass spectrometer coupled with a Costech model 4010 elemental analysis system, 

with the first and last sample of each 40 well tray ran in duplicate. Results were recorded 

in the standard del notation of per mil (‰) and referenced to known standards (USGS-40 

and USGS-41) from the National Institute of Standards and Technology. 

I used Carbon (δ13C) and nitrogen (δ15N) stable isotopes to analyze diet patterns 

and infer movement dynamics in the context of reproductive, spatial, and age-specific 

patterns. I used a permutational multivariate analysis of variance (PERMANOVA) and 

Bray-Curtis dissimilarities to test for significant (α = 0.05) differences in the δ13C and 

δ15N centroids with respect to sex and reproductive phase. I then tested whether 

significant differences in mean and variance values of carbon and nitrogen isotopes 

existed between two age groups: a group of fish age-0 to age-6 y old and a group 

composed of fish estimated to be age-7 y and older. I implemented bootstrap sampling 

from the observed distributions of carbon and nitrogen isotope values in each group 
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(sampled n = 10,000 times, with replacement) to derive median and 95% confidence 

intervals. The null hypothesis, that there is no significant difference between in mean 

values of the two age groups, was rejected (α = 0.05) if the confidence intervals did not 

overlap. 

4.3 Results 

The carbon (δ13C) and nitrogen (δ15N) stable isotope values of fish analyzed in 

duplicate exhibited little variation. I found an average difference between duplicate 

samples of 0.16 ‰ and 0.06 ‰ for 13C and 15N, respectively, (Table 2). This shows 

consistent methodology and suggests variances in the data are biologically and not 

methodologically based. 

The carbon-nitrogen bi-plot exhibited pronounced scatter with values of δ13C 

ranging from approximately -26 to -14 ‰, and δ15N values ranging from approximately 8 

to 16 ‰. In the bivariate space, mean isotopic values showed contrasts with reproductive 

phase for δ15N, but not δ13C (Figure 2). All reproductive phases had similar mean (± SD) 

δ13C values, with the early developing phase being the most enriched (-17.25 ± 1.01 ‰), 

and the spawning capable phase being the least enriched (-19.82 ± 1.94 ‰). The 

spawning capable reproductive phase had the highest mean δ15N value (14.20 ± 0.85 ‰), 

and the early developing and developing phases had the least enriched mean δ15N values 

(9.27 ± 0.31 ‰ and 9.62 ± 0.15 ‰, respectively). There were very few samples identified 

in the early developing (n = 2) and developing (n = 2) phases, but they appear to be 

isotopically similar to a group of immature fish, and the immature phase had the next 

lowest mean δ15N value (11.45 ± 1.56 ‰). The regenerating and regressing phases were 

very similar with mean δ15N values of 12.48 ± 2.19 ‰ and 12.64 ± 1.65 ‰, respectively. 
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Using a PERMANOVA and Bray-Curtis dissimilarities, I found that reproductive phase 

was a significant predictor (F10, 91 = 10.63, p < 0.001) of the multivariate isotopic space 

(δ13C and δ15N) occupied, but the sex of the fish was not a significant factor (Table 3). 

I found a difference in mean values of δ13C with respect to location of capture, but 

not with δ15N values. Observed δ13C values were more enriched at sites further offshore, 

but differences in the mean value of δ15N were not apparent (Figure 3). I observed δ13C 

values around -22 ‰ in the muscle tissue of fish caught at estuarine sites, while barrier 

islands fish had mean values around -18 ‰. 

Patterns in age-specific values of δ13C and δ15N are also evident. Although 

differences in the mean value of δ13C was not apparent, the observed variance was 

different by age class. The youngest age classes occupied the complete range of δ13C 

values, and the variance in measured δ13C decreased for fish age-7 y and older with 

median δ13C values around -20 ‰ (Figure 4). Observed variance in nitrogen (δ15N) stable 

isotope values were also different by age. Nitrogen stable isotope values ranged from 

around 8 to 15 (‰) in the youngest age classes and there was a decrease in del 15N 

variance for fish age-5 y and older (Figure 4). The observed mean values of δ15N were 

more enriched around age-7 y, with δ15N values around 11 (‰) for fish younger than 

age-7 y, and around 14 (‰) for fish age-7 y and older (Figure 4). Using bootstrap 

analysis, I found that the examined age groups did not differ in mean δ13C values (p = 

0.50, 95% CIs [-19.37, -18.57] and [-19.63, -19.12]), but the observed variation in δ13C 

was significantly different (p < 0.001, 95% CIs [4.21, 6.57] and [0.41, 0.86]). The 

observed δ15N values were significantly different between each group for both mean (p < 
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0.001, 95% CIs [11.00, 11.57] and [14.27, 14.60]) and variance (p < 0.001, 95% CIs 

[2.44, 3.33] and [0.19, 0.50]). 

4.4 Discussion 

I found that Red Drum, and younger age classes in particular, occupy a relatively 

broad isotopic space. Ranges of δ15N and δ13C found in muscle tissue of Red Drum 

exceed that of other species in the northern GoM (Fleming 2017). I found the extent of 

deviation in δ13C and δ15N values of Red Drum to be 140 % and 180 %, respectively, to 

that reported for the congener Spotted Seatrout (C. nebulosus) sampled from the same 

area (Fulford and Dillon, 2013). This pronounced range in isotopic values can be 

attributed to the opportunistic feeding strategy (Llanso et al. 1998; Scharf et al. 2000), 

and the complex and diverse nutrient sources and availability in estuarine habitats 

(Fulford and Dillon 2013) occupied by young Red Drum (Overstreet 1983; Rooker et al. 

1998; Scharf et al. 2000; Brogan 2010; Winner et al. 2014). Stomach content studies have 

highlighted the diversity in Red Drum diet consisting of small crustacea (Llanso et al. 

1998), and a variety of polychaetes, fishes, shrimp, and crabs (Boothby and Avault 1971; 

Overstreet and Heard 1978). The large amount of variance in isotopic composition, 

especially in young Red Drum, could also be partially explained by certain dietary 

components that are readily available in estuaries and also highly variable in isotopic 

composition. One example of these are polychaetes which have been shown to have high 

enough δ15N values to be considered top predators in some systems, and can have a wide 

range in δ13C values depending on the carbon sources available, including comparable 

values to plankton (Nithart 2000; Dillon et al. 2015). 
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I found isotopic differences with respect to reproductive phase, regardless of the 

gender of the fish. Reproductive phase is dependent on, and highly correlated with, the 

age and maturity of the fish, and time of year. Consequently, I did not explicitly include 

age, maturity, or temporal factors in the PERMANOVA. The observed difference in 

isotopic composition with respect to reproductive phase can be explained by the 

ontogenetic migration of Red Drum. Ontogenetic diet shifts are common in teleost fishes 

(Gerking 1994), and other studies have also been able to detect ontogenetic migrations 

with stable isotope analysis (Cocheret de la Morinière et al. 2003; Wells et al. 2008). 

However, because there are phase-specific differences within mature fish, there may be 

temporal differences in the habitat occupancy of Red Drum as well. I expected that 

immature phase fish would be further separated from the other reproductive phases than 

what was observed. The unexpected similarity could be explained by the diversity of the 

upper estuaries that immature fish occupy. Estuaries are dynamic systems, containing 

primary production from both aquatic and terrestrial sources, and are linked closely with 

several migratory and marine species (Sandifer 1975; Forward et al. 2004; Potter et al. 

2015).  This diversity lends to a highly variable diet on the individual level, which is 

compounded at the phase-specific subpopulation level. This variance increases the 

chances of isotopic overlap with other phases. Some of the phase-specific patterns, 

especially the large separation in the developing phase (and early developing subphase) 

from the other phases may also be due to sample size. Phase-specific patterns in isotopic 

composition were not considered in the original sampling design, and therefore some 

reproductive phases have a relatively small representation (Table 4). 
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An offshore movement, such as the ontogenetic movement of Red Drum, would 

decrease the diversity of nutrients and prey opportunity available to a fish, and you would 

expect the habitat change to be reflected in the stable isotope signatures of their tissues. 

With an offshore movement, tissues often become more enriched in 13C because of the 

positive relationship between salinity and δ13C (Richard et al. 1997; Fry 2002). This type 

of isotopic gradient, with more depleted δ13C nearshore in freshwater dominated areas 

compared to more marine influenced sites, has also been documented in Florida and 

Mississippi oysters (Abeels et al. 2012; Dillon et al. 2015). Furthermore, nearshore 

estuaries of Mississippi are dominated by the primary producer Juncus roemerianus 

(Eleuterius 1972), which have been reported to have mean δ13C values around -24 ‰ 

(Dillon et al. 2015). As you move further offshore, C4 grasses become more common 

because they are more salt tolerant (Bromham and Bennett 2014). Dillon et al. (2015) 

found C4 grasses in Mississippi to have more enriched mean δ13C than J. roemerianus (-

13.8 ‰ VS -23.7 ‰). Moncreiff et al. (1992) indicates that sources of primary production 

such as microalgae and phytoplankton are more important inputs to the tropic network 

than seagrasses at sites near Horn Island in the Mississippi Sound. Microalgae and 

phytoplankton are also more enriched in δ13C than Juncas roemerianus, with reported 

mean values from the Mississippi Sound of -17 ‰ and -22 ‰ (Moncreiff and Sullivan 

2001), respectively. Zooplankton is also an important component to pelagic and oceanic 

food webs, with mean δ13C values estimated between -20 and -18 ‰ in the Gulf of 

Mexico (Dorado et al. 2012). My findings support these patterns; the ability to detect 

movement out of the estuary with δ13C values is evident by the enrichment of 13C that I 

found in the muscle tissue of Red Drum caught further offshore, and mean δ13C vales are 
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consistent with offshore sources.  One site (Grand Bay) was inconsistent with the 

offshore enrichment of 13C.  This discrepancy may be due to the unusual salinity 

gradients that can occur at this site. Grand Bay is a retrograding delta that was abandoned 

by its natal river approximately 6,000 years ago (Escatawpa River) as sea level rose since 

the last glacial period (Cho et al. 2017). As such it only receives freshwater inputs from 

local rainfall in the immediate watershed. Consequently, after periods of no rainfall, 

salinity can reach levels over 30 (Dillon and Walters 2007; Dillon et al. 2015). 

I did not find changes in mean δ15N with location. This could mean that with an 

offshore movement there is no change in the trophic level that Red Drum are feeding at,  

there are differences in base δ15N values amongst habitats, or a combination of the two. 

Typically, oceanic sources of nitrogen are isotopically light compared to terrestrial 

influenced neritic areas due to differential nitrogen cycling (Dorado et al. 2012), but this 

pattern can be complicated in isotopic values of predators due to trophic enrichment of 

δ15N. Location-specific sampling of source nitrogen would be required to make inference 

on differences in base source δ15N values and trophic position. 

Age-specific isotopic changes were evident by the difference in variance of δ13C 

and δ15N and mean δ15N by age. The decrease in variance is explained by the expected 

decrease in diet variability after migrating out of the estuary. Gelpi et al. (2013) found a 

comparable pattern in Blue Crab from Louisiana, with similar spread in δ13C and δ15N 

values with convergence towards a narrower range offshore. The difference in mean δ15N 

is a result of either feeding at a higher trophic order, or migrating to a habitat with a 

different base δ15N value. The isotopic change around age-7 y aligns well with previous 

maturity studies (Overstreet 1983; Murphy and Taylor 1986, 1990; Wilson and Nieland 
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1994; Chapter III of this thesis). Tissue turnover rates are correlated to growth, and large, 

slow growing fish can take a year or more to reach equilibrium (Herzka 2005). In Chapter 

III of this thesis, I estimated age at 50% maturity to be around age-3, but the smallest fish 

capable of spawning had a total length (TL) of 704 mm, (age = 4.5 y) for males, and 840 

mm (age = 5.8 y) for females. Lowerre-Barbieri et al. (2016) highlighted a need to 

differentiate between physiological maturity and functional maturity because they found 

that Red Drum, particularly males, could show maturation indicators (and even release 

low levels of milt) even though they are likely functionally immature. This indicates that 

fish could mature before they truly move offshore to join the spawning stock. The 

estimated age at 100% maturity for Red Drum is around age-6 y (Murphy and Taylor 

1990; Wilson and Nieland 1994; Chapter III of this thesis), which agrees with the timing 

of the isotopic shift at age-7 y, when accounting for isotopic turnover rates. Furthermore, 

previous studies describing the offshore age and size distributions report negligible 

frequencies of fish younger than age-5 y (Powers et al. 2012; Lowerre-Barbieri et al. 

2016). 

The findings of this study improve the understanding of movement dynamics of 

Red Drum. These results suggest the movement out of estuaries likely doesn’t occur until 

an older age than currently thought. Understanding the timing of this movement is crucial 

to the management of the species, as escapement rate is the fishery reference point, and is 

directly impacted by the estimated age of ontogenetic migration; escapement rate is 

currently estimated to age-4 y (see Chapter I of this thesis), and estimating it to age-6 y 

would result in much smaller escapement rates. Others have shown how δ13C and δ15N 

can be useful indicators of habitat occupancy and diet (Fry 1981; Hesslein and Capel 
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1991; Cocheret de la Morinière et al. 2003; Herzka 2005; Fulford and Dillon 2013), and I 

used this approach to understand movement dynamics in Red Drum. This work reiterates 

the utility of stable isotope analysis in understanding movement dynamics, migrations, 

and habitat occupancy of fishes.
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Table 4.1  

Age-specific collection by month 

M
o

n
th

 

 Age (y) 

 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 31 

Jan. 0 17 10 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Feb. 0 3 2 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Mar. 0 0 0 3 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

Apr. 1 2 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 

May 0 2 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 

Jun. 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 

Jul. 0 0 3 0 1 0 0 2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 2 0 0 0 

Aug. 0 0 0 1 0 0 1 0 0 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Sep. 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

Oct. 0 29 10 1 4 4 2 3 0 2 0 1 0 1 1 0 0 0 1 2 0 0 0 2 0 1 0 0 

Nov. 0 0 3 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Dec. 0 13 5 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
 

The number of Red Drum collected from each age group. Ages are integer values of otolith-derived age estimates, and each column is an age class. Each row represents a month of collection, 

starting with January (Jan.) and ending with December (Dec.). 
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Table 4.2 Absolute difference in samples analyzed in duplicate  

Sample Run δ13C δ15N ΔC ΔN 

1 
1 -22.52 12.043 

0.03 0.038 
2 -22.49 12.005 

2 
1 -18.381 12.692 

0.03 0.121 
2 -18.411 12.813 

3 
1 -18.319 12.113 

0.06 0.055 
2 -18.259 12.168 

4 
1 -21.160 12.510 

0.035 0.053 
2 -21.195 12.563 

5 
1 -21.520 10.618 

0.708 0.159 
2 -20.812 10.777 

6 
1 -17.591 9.578 

0.082 0.001 
2 -17.673 9.579 

7 
1 -22.836 11.261 

0.024 0.007 
2 -22.860 11.254 

8 
1 -19.404 12.689 

0.279 0.062 
2 -19.683 12.627 

9 
1 -18.667 14.908 

0.17 0.088 
2 -18.497 14.996 

Average 0.16 0.06 
 

Absolute difference (Δ) in carbon (δ13C) and nitrogen (δ15N) stable isotope values (per mil) between two analyses from the same 

sample number. 
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Table 4.3 PERMANOVA results 

Factor df SS MS F R2 P 

Sex 1 1.327 1.327 0.739 0.004 0.465 

Phase  5 44.737 8.947 4.984 0.144 0.001 

Sex : Phase  3 1.822 0.607 0.338 0.006 0.909 

Residuals 146 262.115 1.795  0.846  

Total 155 310.000   1.000  
 

Results of PERMANOVA analysis of Bray-Curtis dissimilarities in carbon (δ13C) and nitrogen (δ15N) stable isotope structure of 

muscle tissue from Red Drum caught in the northern Gulf of Mexico in relation to sex, and reproductive phase (determined using 

histology following Brown-Peterson et al. [2011]), df  is the degrees of freedom; SS   is the sum of squares; MS is the mean sum of 

squares; F is the  F value by permutation, boldface indicates statistical significance at p < 0.05, p-values based on 999 permutations. 
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Table 4.4 Reproductive phase-specific collections 

Phase 
Number of 

Samples 

IMM 73 

EDEV 2 

DEV 2 

SC 12 

RGR 12 

RGN 55 
 

Number of Red Drum collected from each reproductive phase for stable isotope analysis from September 2016 through September 

2017. Follow the terminology established by Brown-Peterson et al. (2011), IMM is immature; EDEV is early developing; DEV is 

developing; SC is spawning capable; RGR is regressing; RGN is regenerating. 
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Figure 4.1 Sample area 

Map of sampling area where Red Drum were collected (n = 169) for stable isotope analysis from September 2016 through September 

2017. Exact catch location was recorded for a portion of the collected samples (n = 72), and they were collected at the locations 

indicated by the green dots.  
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Figure 4.2 Reproductive phase-specific bivariate plot 

Bivariate plot of carbon (δ13C) and nitrogen (δ15N) stable isotope values per mil for Red Drum in the northern Gulf of Mexico. Mean carbon (δ13C) and nitrogen (δ15N) stable isotope values (± 

standard deviation) by reproductive phase are indicated by the labeled points (IMM is immature; EDEV is early developing; DEV is developing; SC is spawning capable; RGR is regressing; 

RGN is regenerating) and follow the terminology established by Brown-Peterson et al. (2011). Number of fish in each reproductive phase is shown in Table 4. 
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Figure 4.3 Spatial patterns in isotopic composition 

Box plot of carbon (δ13C) and nitrogen (δ15N) stable isotope values per mil for Red Drum by collection site. Locations are roughly 

organized from most north on the left side to the most south on the right side. Refer to Figure 1 for site locations. Two locations (BC 

and BSL) are separated from the others with a segmented line because specific locations of catch were not recorded for these 

locations. BC refers to charter companies that troll off shore out of the Biloxi Small Craft harbor, and BSL refers to small tackle 

charter who operates out of the Bay St. Louis area. 
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Figure 4.4 Age-specific patterns in isotopic composition 

: Boxplot of nitrogen (δ15N) and carbon (δ13C) stable isotope values per mil by age of specimen (y) for Red Drum (Sciaenops 

ocellatus) examined in this study. Ages are otolith derived age estimates, and the number of samples collected from each age class can 

be found in table 2. 
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APPENDIX A – Histology Processing 

Table A.1  

Dehydration sequence for gonads 

Step  Solution Duration 

1  70% EtOH 60 

2  80% EtOH 60 

3  95% EtOH 40 

4  95% EtOH 40 

5  95% EtOH 40 

6  100% EtOH 60 

7  100% EtOH 60 

8  100% EtOH 60 

9  Xylene Substitute 60 

10  Xylene Substitute 60 

11  Xylene Substitute 60 

12  Paraplast Plus 40 

13  Paraplast Plus 40 

14  Paraplast Plus 40 
 

Processing sequence for dehydration of gonad tissues. Each step is completed under vacuum for the given duration (min). 

  


