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Gulf sturgeon Acipenser oxyrinchus desotoi is a U.S. federally threatened species found 

throughout the northern Gulf of Mexico.  The viability of the Apalachicola River, Florida Gulf 

sturgeon population is a concern to fishery managers because of the small population size, slow 

rate of population recovery, and numerous threats to recovery, including habitat loss and 

interstate water allocation battles.  Although Gulf sturgeon harvest has been illegal since 1985, 

managers and researchers are concerned that the population is not recovering at the desired rate 

to meet the recovery criteria objective of delisting by 2023.   

I developed an age-structured population model for the Apalachicola River Gulf sturgeon 

to describe population recovery and assess the efficacy of proposed management options.  These 

options represent predicted population responses to competing hypotheses of why the 

Apalachicola River Gulf sturgeon population has not recovered to the expected level after twenty 

years of fishery closure.  Hypothesis 1 proposes Gulf sturgeon populations are not recovering as 

a result of very low population size at the end of fishing and given life history characteristics of 

Gulf sturgeon.  Hypothesis 2 proposes Gulf sturgeon recruitment was low due to lack of access 

to historic spawning areas limiting population recovery.  I evaluated these hypothesis and 

corollary management options using 5 modeling scenarios. 
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Model evaluation of these scenarios indicated that the Apalachicola River Gulf sturgeon 

population is greatly reduced from historic, pre-exploitation abundance and full population 

recovery will take in excess of 100 years from time of fishery closure.  The observed abundance 

at the end of exploitation in 1984 was significantly lower than the level I estimated would allow 

population recovery by 2023 (target year from USFWS recovery plan), and any increases in total 

mortality would further slow recovery.  The Apalachicola River Gulf sturgeon population 

recovery is not likely spawning habitat limited at this time (hypothesis 2).  A stock enhancement 

program may provide short-term population increases, but the short-term gain in population size 

may not be worth the risks to the wild stock of initiating a stocking program.  

A key finding is that Gulf sturgeon recovery will be protracted because of reduced 

spawning potential due to erosion of the adult age-structure likely related to historic fishing 

pracitices.  This loss of large, mature, highly fecund individuals within the population greatly 

reduces annual reproductive output slowing population recovery.  To promote population 

recovery, I recommend no short term changes to current Gulf sturgeon management strategies.  

However, efforts should be made to minimize any adult mortality from direct (targeted sampling 

or fishing) or indirect (by-catch, incidental take) sources.  Recovery criteria should be revised to 

incorporate quantitative and/or management metrics.  Improvements in monitoring methods 

should provide greater resolution on the current status and trends in the Apalachicola River Gulf 

sturgeon.   

 



 

CHAPTER 1 
INTRODUCTION 

The Gulf of Mexico sturgeon Acipenser oxyrinchus desotoi (“Gulf sturgeon”) is a 

subspecies of the Atlantic sturgeon A. oxyrinchus oxyrinchus, historically found throughout 

much of the northern Gulf of Mexico.  Gulf sturgeon were listed as “Threatened” under the 

Endangered Species Act (ESA) in 1991 and the current Gulf Sturgeon Recovery Plan (GSRP) 

outlines a variety of criteria that must be met before Gulf sturgeon populations can be considered 

recovered and delisting of this species proposed (U.S. Fish and Wildlife Service [USFWS] 

1995).  Management agencies are particularly concerned with determining what factors are 

currently limiting the recovery of Gulf sturgeon populations.  The Apalachicola-Chattahoochee-

Flint River basin (ACF) is the largest of the historic Gulf sturgeon drainages and may have 

contained the largest population of Gulf sturgeon (Wooley and Crateau 1985).  The Apalachicola 

River Gulf sturgeon population is of special concern because of ongoing water allocation 

disputes in the ACF and because Jim Woodruff Lock and Dam (JWLD) may reduce access to 

historical spawning grounds and potentially affect Gulf sturgeon recovery.     

A short-term goal of the GSRP is to ensure wild stocks are not currently declining as 

measured by catch-per-unit-effort indices of abundance (CPUE) associated with standardized 

gill-net sampling by USFWS and U.S. Geological Survey (USGS) personnel as part of riverine 

monitoring plans(USFWS 1995).  The primary long-term goal is to establish self-sustaining 

population levels that could allow delisting of the species by 2023.  A second long-term goal is 

the recovery of populations to a point at which they could sustain directed fishing (USFWS 

1995).   Under the Critical Habitat Designation, the Gulf sturgeon population in each of seven 

river systems represents an individual management unit defined as the (1) Suwannee, (2) 

Apalachicola, (3) Choctawhatchee, (4) Yellow, and (5) Escambia River populations in Florida 
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(parts of Alabama); (6) Pascagoula and (7) Pearl River populations in Mississippi and Louisiana 

(USFWS 2003).   

Management agencies have expressed concern that Gulf sturgeon in the Apalachicola 

River are not recovering at a rate that will lead to the species being delisted by the target 

recovery date of 2023.  There is uncertainty whether or not this slow rate of recovery is real or 

perceived; however, management agencies are proposing management actions to enhance 

recovery.  These actions are primarily designed to increase the number of Gulf sturgeon recruits 

with the expectation of ultimately increasing the number of adult fish.  Proposed management 

actions include modifying JWLD operations to create passage opportunities for adult Gulf 

sturgeon to potential historic spawning grounds and developing stocking programs to release 

large numbers of juvenile Gulf sturgeon in the Apalachicola River (see Chapter 2). 

Study Site 

The Apalachicola River is the largest river, by discharge, in Florida.  Major tributaries 

include the Chattahoochee and Flint rivers in Georgia, and the Chipola and Brothers Rivers in 

Florida.  The ACF watershed drains an area of 31,375 km² in Georgia, Florida, and Alabama 

(Wooley and Crateau 1985).  The Apalachicola River is unique among rivers known to support 

Gulf sturgeon because the JWLD complex blocks approximately 78% of historic riverine habitat 

(Wooley and Crateau 1985) within the ACF.  Additionally, the impacts of modified flow regimes 

on Gulf sturgeon population viability in the Apalachicola River related to dam operations are 

unknown.  Three known and several potential Gulf sturgeon spawning sites have been identified 

in the upper portion of the Apalachicola River, all of which are within about 40 km downstream 

of the JWLD (U.S. Army Corps of Engineers [USACE] 2004; Pine et al. 2006; F. Parauka, 

USFWS, personal communication).   
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Exploitation History and Current Threats 

  Gulf sturgeon historically ranged throughout the northern Gulf of Mexico from Tampa Bay, 

Florida to the Mississippi River drainage (Wooley and Crateau 1985).  Gulf sturgeon were 

exploited in Florida from the late 1800’s until 1985 (Figure 1-1).  The first fishery for Gulf 

sturgeon began in 1886 in Tampa Bay and ended shortly after in 1890 when only seven were 

caught (Huff 1975).  The fishery then spread west through the Florida panhandle, reaching the 

Suwannee River in 1895, Ochlockonee River in 1898, Apalachicola River in 1900, and limited 

fishing occurred in other smaller rivers, mostly in the Florida panhandle that supported Gulf 

sturgeon by 1901.  Only a few directed fisheries for Gulf sturgeon existed in Alabama, 

Mississippi, and Louisiana (USFWS 1995). Sturgeon meat was the primary product in early Gulf 

sturgeon fisheries with caviar production becoming more important in later years (Huff 1975).  

On average, the Apalachicola River provided approximately 40 percent of the total annual 

commercial Gulf sturgeon harvest in Florida during the first half of the 20th century (various 

sources [Table 1-1]).  In addition, a recreational fishery briefly emerged following the 

completion of the JWLD in 1957 (Wooley and Crateau 1985).  By the 1970’s and 1980’s Gulf 

sturgeon catch rates had declined to the point were most remaining fisheries were untenable and 

take was prohibited in Alabama in 1972, Mississippi in 1974, Florida in 1984, and Louisiana in 

1990 (USFWS 1995).  A similar pattern of high fishery harvests, followed by a rapid decline in 

landings, was also observed in other sturgeon fisheries, such as Atlantic sturgeon during this 

same time period (Spear 2007).  

Although directed Gulf sturgeon fishing has ended, threats to population viability still 

exist for this species throughout its range.  Human activities such as dredging and beach 

rebuilding can harm Gulf sturgeon or important habitats, such as riverine spawning shoals.  

Fisheries by-catch, especially in marine habitats, may still remain a significant source of 
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mortality.  Wooley and Crateau (1985) estimated a 10 percent annual by-catch mortality rate for 

Apalachicola River Gulf sturgeon, which may be skewed towards larger, mature fish.  Because 

of Gulf sturgeon behavior (such as use of benthic habitats) and gear types used in most nearshore 

fisheries (trawls), Gulf sturgeon, especially mature individuals, are most vulnerable to by-catch 

harvest during winter months when they are out of the rivers and feeding in estuaries.  

Occasional incidental mortality incurred through sampling programs may be a factor as well (F. 

Parauka, USFWS, personal communication).  Emerging water allocation issues within the ACF 

potentially reducing the amount of upstream water reaching the Apalachicola River also pose a 

threat to the Apalachicola River Gulf sturgeon population.  Reduced streamflow from JWLD 

could negatively affect Gulf sturgeon population recruitment through the dewatering of 

spawning sites (Flowers et al. In review) or decreasing habitat suitability for young-of year 

individuals (Randall and Sulak 2007; Flowers and Pine 2008).     
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Table 1-1. Harvest history data sources 
Source Years of fishery covered 
U.S. Bureau of Fisheries. 1898, 1900, 1902, 

1905, 1917, 1922, 1927, 1931, 1932, 1934, 
1936, 1939, 1940. Report of the United States 
Commissioner of Fisheries 

1896, 1897, 1900, 1902, 1908, 1910-1915 
(estimates of harvest), 1918, 1923, 1927-1932, 
1934, 1936     

Florida State Board of Conservation. 1939, 
1941, 1943, 1945, 1947, 1949, 1951, 1953, 
1955, 1957, 1959, 1961, 1963, 1965, 1967, 
1969, 1971, 1973, 1975, 1977, 1979, 1981, 
1983, 1985. Biennial Report.  

1938-1985 
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Figure 1-1.   Historic (Year, x-axis) Gulf sturgeon landings (Total Landings (kg), y-axis) in 

Florida from 1897-1984 (multiple sources) 
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CHAPTER 2 
HYPOTHESES AND THE MODELING APPROACH 

Despite the reduction in mortality with the cessation of the Gulf sturgeon fishery, Gulf 

sturgeon populations in the Apalachicola River have not recovered.  A key challenge for Gulf 

sturgeon managers is to determine if population recovery is limited by human factors (i.e., loss of 

spawning habitat due to dam construction) that could be mitigated by directing management 

actions at these recovery impediments.  If recovery is being hampered by human activities, then 

given our knowledge of the species’ life history and population ecology, what are realistic 

expectations of the time until recovery?  Currently two competing hypotheses as to why Gulf 

sturgeon populations in the Apalachicola River have not increased at the expected rate following 

species protection exist: 

(1) Gulf sturgeon population recovery is hindered by low population size present at the end 

of the exploitation period and has not recovered but will given sufficient time; 

(2) Gulf sturgeon population recovery is limited by reduced spawning production caused by 

restricted access to historic spawning habitat resulting from the construction of JWLD. 

Regarding hypothesis 1, the recovery rate of a severely depleted fish population is often 

greatly prolonged when compared to light to moderately exploited populations due to the erosion 

in population age-structure often in older, more fecund individuals.  When these individuals are 

removed by the fishery more time is required for these highly exploited populations to rebuild 

their age-structure and related reproductive capacity (Walters et al. In press).  The effects of 

degraded age-structure and reduced reproductive potential on the time required for population 

recovery may be even more pronounced in slow growing and late maturing species such as 

sturgeons (Paragamian et al. 2005, Walters et al. In press). 
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The impact of lost spawning habitat on fish population viability (hypothesis 2) is a 

widespread fisheries management concern and area of research (Gunn and Sein 2000, 

Paragamian et al. 2005).  Many populations of fish and other fauna, especially riverine migratory 

fish species, have been impacted by dams restricting access to historic spawning and feeding 

areas (Freeman et al. 2003).  Gulf sturgeon in the Apalachicola River are currently limited to 

approximately 22 percent of the historic ACF basin (Wooley and Crateau 1985).  However, it is 

unknown how much of the basin was actual historic spawning habitat for Gulf sturgeon.  Three 

spawning locations have been identified for Gulf sturgeon below the JWLD, and water flow at 

these sites has likely been altered by JWLD. 

Using a Modeling Approach to Evaluate Management Options 

A model is a scientific tool that allows the synthesis of data and identification of 

important parameters and features of a system (Hilborn and Mangel 1997).  Modeling exercises 

are valuable not for their ability to make precise predictions but for providing broad scenarios 

against which hypotheses and ideas can be tested (Walters 1986).  Models can evaluate 

hypotheses through their ability to simulate existing data and provide predictions of additional 

characteristics of a system (Hilborn and Mangel 1997).  Previous Gulf sturgeon studies have 

focused on growth, reproduction, movement, and feeding throughout their range (Wooley and 

Crateau 1985, Sulak and Clugston 1998, Fox et al. 2000).  Life history traits such as these should 

be used in population models to gain an understanding of how populations may respond to 

management actions or disturbances (Musick 1999; Dulvy et al. 2003).  In this study I 

synthesized the life history information from these previous studies and applied principles of 

ecology and population dynamics in a modeling framework to evaluate the hypotheses presented 

above.     
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The GSRP suggested the use of population models to assess restoration and management 

options for Gulf sturgeon, identify future research needs, and forecast time to population 

recovery (USFWS 1995).  Model parameter inputs were readily derived from available literature 

and data on the Apalachicola River Gulf sturgeon population.  Population models have been 

created for Gulf sturgeon in the Apalachicola (Zehfuss et al. 1999), Pearl (Morrow et al. 1999), 

Suwannee (Pine et al. 2001), and Yellow Rivers (Berg et al. 2007), but most of these previous 

models focused on assessing population size, population growth, or monitoring program design.  

Unlike these previous Gulf sturgeon models, the model in this study was specifically designed to 

examine what factors may be limiting population recovery by screening policy options proposed 

by managers.  The basic outline of this study is diagrammed in Figure 2-1.   

Population Models in Species Conservation-A Review 

Models are useful tools for assessing animal populations and policy options, and have 

greatly improved with (1) advances in model design, including statistical and mathematical 

approaches (2) better incorporation of biological data into these approaches, (3) improved 

understanding of the most informative usage of models within a management framework, and (4) 

advances in software and computing power over time (Walters and Martell 2004).  Computer 

models have been used in fisheries and wildlife management since the 1960’s to make 

predictions about population responses to management actions (i.e., Walters 1969) such as 

evaluating fisheries yield and sustainability to different harvest policies (Walters and Martell 

2004).  Because of improvements in computing there has been a tendency for models to become 

more sophisticated and complex over time.  However, more complex models do not necessarily 

provide better predictions and care should be taken to use a model with a balance of simplicity 

and accuracy (Walters and Martell 2004). Today a variety of modeling programs are widely 

available, many tailored to specific population model structures or analysis of specific data types.     
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Population models used in fisheries and wildlife conservation are commonly 

demographically based (i.e., age or stage based), meaning they are based on rates of change 

occurring in life events (i.e., mortality, immigration/emigration, reproduction, etc.) between and 

during different stages.  These stages can be based on the age, length, or weight of an animal, or 

the life history progression of an individual (i.e., juvenile, immature, adult stages).  Models can 

be based on the individual animals, population/groups of animals, or a combination of both, 

depending on the situation or requirements of a study.  The structure of a model is important and 

may have implications in the predictions it makes (Pascual et al. 1997).  Depending on the 

individual study, models can be designed to project forward to simulated populations into the 

future, or they can be designed to project backward either from some point into the past.   

Two main classes of population models are commonly used in fisheries and wildlife 

conservation— stock assessment models (originally designed to aid in harvest planning to 

maximize yields) and population viability analysis (PVA) models (originally designed for 

conservation evaluation).  These models can use similar structures, parameters, and have similar 

modeling utility— data synthesis and identifying life stages that should be targeted for 

management activities (Morris et al. 2002, Walters and Martell 2004), however the type of 

predictions these model classes make are different.  The PVA models provide estimates of future 

extinction risks over varying periods of time and because of this are often used to simulate 

populations of conservation concern (Morris et al. 2002).  Stock assessment models also provide 

simulations of future population abundance and biomass, which could include extinction as an 

outcome, but do not expressly provide probabilities of extinction.  The decision by a researcher 

as to which class of model to use, a PVA or stock assessment, should depend largely on the 

questions being addressed by the study.       
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One application of stock assessment models for non harvested species is the assessment 

of “permissible take” under the ESA.  The ESA can allow for limited take of listed species for 

specific purposes given that this take will not decrease the likelihood of population recovery. 

Permissible take guidelines are often developed using models however, PVA models may not 

include management indices that can be used to establish these guidelines.  Even though 

numerous PVA models exist for marine mammals and sea turtles, separate dedicated “take” 

models have been developed to evaluate allowable harvest levels for these species (Heppell 

2005).   

Both PVA and stock assessment models can be custom programmed, but several existing 

programs are available and widely used by managers.  Two example PVA model programs are 

VORTEX (Chicago Zoological Society, Brookfield, Illinois, 2008), an age-structured PVA 

model that takes into account genetic population dynamics factors and RAMAS (Applied 

Biomathematics, Setauket, NY, 2008), an age/stage-structured PVA model with different 

versions capable of including spatial and multispecies data. The VORTEX model was recently 

used in an assessment of endangered mussel populations in the ACF basin (USFWS 2008) while 

RAMAS is being used by Gulf sturgeon managers in systems in the western Gulf of Mexico (J.P. 

Kirk, USACE, Vicksburg, MS, personal communication).  An example of an age-structured 

stock assessment population modeling program is MOCPOP (Beamesderfer 1991), which has 

been used to assess a variety of sturgeon populations (Rieman and Beamesderfer 1990; Morrow 

et al. 1999; Pine et al. 2001).   

Study Model 

Hypotheses in this study were related to population recovery rates and not extinction 

risks so I decided that a stock assessment model would be more appropriate than a PVA model.  

The model I used in this study is designed to be a simple, yet powerful tool for resource 
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managers to use to evaluate recovery times in populations of concern.  The design of the model 

is similar to MOCPOP; however, it overcomes some of the limitations found in MOCPOP and is 

flexible enough to be adapted to individual situations (e.g., specific policy scenarios for 

individual sturgeon stocks).  The MOCPOP model is limited in its ability to model separate 

groups within a population and describe uncertainty around parameter and simulation estimates 

(Beamesderfer 1991, Paragamian et al. 2005).  It is also nearly obsolescent, having last been 

updated in 1991 and its MS-DOS based interface is not user friendly.  

I constructed the model for this study in the readily available program Microsoft Excel 

(Microsoft Corporation, Redmond, WA 2003), which has advantages over existing canned 

models.  By design, spreadsheet models are open and transparent which allows users to easily 

see the relationships among different model components so that they can better understand the 

behavior of different aspects within the model.  Excel also makes it very easy for the model to be 

modified based on specific situations allowing the model to be readily updateable with new 

parameter data.  This model is also inexpensive, an advantage over some of the other models 

which must be purchased (e.g., RAMAS Metapop 5.0 licenses range from $595-1495).   

There are a few disadvantages of building a model like this in Excel.  Because 

spreadsheets rely on functions built into individual cells, increasing model capability may greatly 

increase model complexity to a point where the model may be to unwieldy within the 

spreadsheet format.  In this case models may be better constructed through a coded language in a 

statistical program such as SAS (SAS Institute Inc., Cary, NC 2008), R (R-Project 2008), or 

ADMB (Otter Research Ltd. 2008), which can condense large numbers of repeating functions 

into simpler code.  Excel has been criticized for flaws in its statistical operations (McCullough 

and Wilson 1999, 2002), but these statistical operations are not used in this model and therefore 
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not a concern.  If so desired, this basic model could be constructed in any available spreadsheet 

or statistical software package, like those mentioned above.              

Because it is stock assessment based, the model in this study was already well adapted to 

estimate allowable harvest levels and its population effects.  Commonly used management 

metrics, such as fishing mortality at maximum sustain yield (Fmsy) and spawning potential ratio 

(SPR; [annual egg production under harvest]/[annual egg production of an unexploited stock]) 

(Goodyear 1993), can be readily calculated using the model without significant parameter 

additions.  These guidelines are commonly as part of fishery management plans for harvested 

species but are not widely used for species of concern.  In conservation these metrics can be used 

to establish targets, such as maximum allowable total mortality based on estimates of Fmsy plus 

natural mortality.   Gulf sturgeon populations could be considered recovered when they reach an 

SPR value of >0.30, a level considered healthy for exploited stocks (Goodyear 1993).  

Age-Structured Population Model Case Studies 

Age-structured population models like the one used in this study have been used for a 

wide variety of species in a range of situations to evaluate management scenarios.  Age-

structured population models were used to examine recruitment and recovery characteristics of 

white sturgeon A. transmontanus in Kootenai Lake (Paragamian et al. 2005).  This study used a 

spreadsheet-based, assessment type model similar to MOCPOP to assess factors affecting the 

recovery of this population.  Included in these factors were the effects of fishing mortality, 

population augmentation using hatchery fish, and a reduction in the success of natural 

recruitment as a result of altered hydrologic conditions resulting from impoundments.  Kareiva et 

al. (2000) and Wilson (2003) used similar age-structured population models to evaluate 

management activities on threatened Snake River chinook salmon Oncorhynchus tshawytsch 

populations.  These activities included habitat restoration efforts to increase juvenile survival and 
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dam passage activities to allow both adults access to upstream spawning sites and smolts 

downstream passage to rearing areas.  In this situation, a multi-agency group responsible for 

management of these salmon stocks discussed and suggested the scenarios modeled in these 

studies (Wilson 2003).   

Age-structure assessment models have been used to evaluate management consequences 

on a variety of non-fish species. Milner-Gulland (1994) used age-structured modeling techniques 

to evaluate the effects of different harvest scenarios on Saiga antelope Saiga tatarica in Central 

Asia.  These included different sexually, temporally, and climatically based harvest strategies. 

Gerber et al. (2004) used age-structured modeling techniques to assess mortality sources in 

southern sea otter Enhydra lutris populations and evaluated the effectiveness of strategies to 

reduce mortality.  Age-structured models were also used to evaluate harvest effects on green sea 

turtles Chelonia mydas in Australia (Chaloupka 2002).  A stage-structured model was used to 

evaluate conservation scenarios for a Canadian endangered species, the spotted turtle Clemmys 

guttata (Enneson and Litzgus 2008).  This study evaluated the potential effects of several 

activities designed to increase juvenile survival in order to increase population growth rates.   

Model Scenarios 

To test hypotheses using the model, five test scenarios were created to evaluate the 

effects on the simulated population in which certain parameters were adjusted for each situation 

(Table 2-1).  The condition of low post-exploitation population slowing recovery was tested by 

evaluating post harvest population recovery.  I evaluated the recovery effect of varying 

population abundance at the end of the fishery in 1985 (N1985) (Scenario 1) and estimated the 

value of N1985 that could produce a fully recovered population in 2023 (Scenario 2).  I also 

examined the effects of added mortality from sampling, management practices, and/or fisheries 

by-catch (Scenario 3), and supplemental stocking effects on the population (Scenario 4).  
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Scenario 5 assessed effects of decreased spawning production, representing spawning habitat 

loss, by capping maximum egg production at various points below the historic maximum.  The 

goal was to test if reduced egg production is impacting Gulf sturgeon recovery.  Descriptions of 

each of the five scenarios can be found in Table 2-1. 
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Table 2-1. Model scenarios 

Scenario Hypothesis 
Tested Description 

Base - N1985= 282, F= 0, Stocking= 0 individuals, Egg production 
capacity= 100% 

1 1 Variable N1985= 181,282,645 
2 1 Test for N1985 that provides 90, 95, and 99% of No at 2023 
3 1 Test for F effects on recovery, F= 0.01, 0.05, 0.1  
4 1 Stocking effects on recovery: 500, 2500, 5000 individuals for 5 

years (2010-2014), 2500 for 5 years close to fishery end 
(1990-1994), 2500 20 years (2010-2029)  

5 2 Cap population egg production at different levels: 50, 25, 
12.5%   
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Inputs 
L∞ No 
k N1985 
recK Wmat 
M Sk 
F Vuln 
Fec Amax 

Hypotheses 
 - Gulf sturgeon recovery is spawning habitat limited. 
 - Gulf sturgeon recovery is limited by low population size 

at the end of exploitation.

Age- Structured 
Model Outputs 

Projected recovery time and trends under the 
different hypotheses. 

Test Scenarios 
- Variation of N1985 
- Variation of F 
- Stocking regimes 
- Variation of spawning limitation 

Additional Data Needs 
- Spawner-recruit relationship 
- Environmental effects 
- Introduced species effects 

 
Figure 2-1. Study design. 

 
 

 
 



 

CHAPTER 3 
 METHODS 

Model Construction 

 My population model for assessing Apalachicola River Gulf sturgeon consists of three 

tables (Figure 3-1): the first features attribute-at-age information on a per-recruit basis for wild 

born individuals, while the second contains attribute-at-age information for hatchery stocked 

individuals. The third is derived from the first two tables and simulates the actual population by 

adding numbers of individuals-at-age per year.  Each table is contained as a page within an Excel 

spreadsheet.  Population numbers-at-age in any given year was calculated using the function: 

))((1)t1,( ata,a SNN =++      (3-1) 

where a is age, t is time and Sa is age-specific survival.  Other parameters included in the model 

and used in assessing population responses to management actions include natural mortality (M), 

anthropogenic mortality (F), fecundity (f), and vulnerability-at-age (v), initial population size 

(No), and skip spawning effects (Sk).  A list of all parameters and their values used in this study 

is provided in Table 3-1.     

Source Data and Inputs 

 Model inputs were extracted from historic data and from other studies throughout the 

Gulf of Mexico (Table 3-1).  As part of ESA mandated GSRP for this species (USFWS 1995), 

information on Gulf sturgeon life history, particularly the location, timing and characteristics of 

spawning habitats, have been collected for several Gulf sturgeon populations (Marchant and 

Shutters 1996; Sulak and Clugston 1998; Fox et al. 2000). The age-attribute table for wild fish 

was developed utilizing data from an ongoing tagging and recapture effort for Gulf sturgeon in 

the Apalachicola River that has been conducted regularly since 1977 by the U.S. Fish and 

Wildlife Service.  This tagging study was not continuous, but has occurred with regularity over 
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this time period with similar methods and project personnel throughout the entire time period. 

Zehfuss et al. (1999) used this same dataset to assess population status and evaluate sampling 

programs for Gulf sturgeon in the Apalachicola, and I updated this dataset to include over 1,800 

captures of Gulf sturgeon up to the year 2007.  The record for each individual Gulf sturgeon 

included date, location of capture, gear type, total length (TL), fork length (FL), weight, tag type 

and number, and whether or not the specimen was a recapture.  Also, observed mortalities 

resulting from sampling and sex information, if available, were recorded.  Some length-at-age 

data based on pectoral fin rays was available from L. Jenkins (USFWS, unpublished).  

Biological Parameters 

Length- and Weight-At-Age 

 The length-at-age relationship for Gulf sturgeon is a very important component of my 

population model because this relationship is used to directly or indirectly define other model 

parameters such as weight-at-age, sampling vulnerability, mortality, and fecundity.  For managed 

fish species, length-at-age curves are commonly estimated by collecting a wide size range of fish 

and then estimating ages of a sub-set of these fish using common aging techniques (such as 

scales, otoliths, or fin-rays [Devries and Frie 1996]).  Because Gulf sturgeon are a threatened 

species, lethally sampling fish for age analyses is not permitted.  Common non-destructive aging 

methods for sturgeon using pectoral fin rays or scutes have been shown to be unreliable at older 

ages compared to otoliths (Rien and Beamesderfer 1994; Rossiter 1995).  Huff (1975), Jenkins 

(USFWS, unpublished data), and Sulak et al. (2002) all contain information on Gulf sturgeon age 

and growth.  Alternatively, the use of incremental growth data has been suggested as a way to 

estimate growth model parameters (Fabens 1965).  Using incremental growth data from the 

existing Gulf sturgeon tagging study to estimate growth has the advantages of not requiring 

direct age estimates of individuals, important in a case such as this for Gulf sturgeon where lethal 
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aging methods (otoliths) are impracticable and alternatives (fin rays) are inaccurate (Coggins 

2007).    

I used length-at-age information from the Apalachicola River in Jenkins (USFWS, 

unpublished data) combined with Gulf sturgeon tagging data from 1978-2007 in the 

Apalachicola River to construct a growth curve using a single likelihood framework (C. Walters, 

University of British Columbia; T. Essington, University of Washington; personal 

communication).  The advantages of combining direct aging and tagging data are that the sample 

size of individuals used for aging is increased, potentially including a better representation of the 

population, and that the effect of age-assignment errors is diluted because of this additional data.  

The output from this method was then reparameterized into a simplified von Bertalanffy growth 

curve (Ricker 1975), recommended by Johnson et al. (2005) for sturgeon species,   

)e(1 ka
a LL −−= ∞     (3-2)  

where L∞ is the asymptotic length parameter, k is the Brody growth parameter, and La is length-

at-age.  This simplified formulation of the von Bertalanffy assumes that the variable to (age at 

length zero) is zero and eliminates problems arising from limited size-structure representation in 

the data set (few very young or old individuals) that could lead to biologically unrealistic 

estimates of to (Johnson et al. 2005).  A single-growth model was used for both sexes combined 

because of a lack of published support for sexually dimorphic growth (Johnson et al. 2005).   

Mortality and Vulnerability 

 Natural mortality is the average annual rate at which individuals exit the population by 

death. Estimates of M are commonly acquired from tagging studies (such as Sulak and Clugston 

[1999] for Gulf sturgeon) or calculated from population dynamics aspects such as longevity 

(Hewitt and Hoenig 2005) or individual growth rate.  Jensen (1996) proposed using the von 
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Bertalanffy k parameter to estimate overall M, where 1.5k=M.  However, I used alternative 

method recently proposed where:     

      M = k    (3-3) 

(C. Walters, University of British Columbia, personal communication).  Evidence for this M=k 

relationship was found in a review of fish species on Fishbase (www.fishbase.org, 2008) where 

estimates of both M and k were available.  Correlation analysis between these two parameters 

found a 1:1 relationship such that M and k were proxies.   Annual M was variable at age and 

dependent on overall length, simulated here by Lorenzen’s (2000) method to predict age specific 

mortality: 

a
amax L

 L*MMa ∞= .    (3-4) 

where Ma is mortality- at-age and Mamax is mortality-at-maximum age.  Mamax will be solved for 

as the value which yields an overall M=k averaged across all ages.   

Because Gulf sturgeon are protected from harvest, F was not a significant factor to the 

population in its current state and natural mortality represented most of total mortality (Z).  

However, F was used to simulate harvest that occurred during the Gulf sturgeon fishery and 

reduce pre-exploitation abundance to that observed at the end of fishing in 1985.  This F 

parameter was also used in scenario 2 to simulate the effects of general anthropogenic mortality 

resulting from human sources including sampling programs, habitat modification operations (i.e. 

dredging, beach rebuilding), and by-catch in commercial fishing operations.  The F was not 

evenly distributed across all ages and was applied to the population with a vulnerability schedule 

that determined what proportion of the population was removed through harvest.  Field 

observations of Gulf sturgeon netting activities suggested a dome-shaped vulnerability schedule, 

where Gulf sturgeon first recruit to the gear at around 450 mm (Huff 1975) after which the oldest 
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individuals were less vulnerable than younger mature individuals (F. Parauka, USFWS, personal 

communication).  A double logistic vulnerability function was used (adapted from Martell et al. 

2008): 

))(-(
-

(-(
  

50h50%l Lov50aLyv50A
a σL-LσL-L

v
)/)/ exp+1

1
)exp+1

1
=         (3-5) 

where va is vulnerability-at-age, Lyv50 is length at 50% vulnerability, young age, σLyv50 is standard 

deviation length at 50% vulnerability, young age, Lov50 is length at 50% vulnerability, old age 

and σLov50 is standard deviation length at 50% vulnerability, old age. 

Fecundity  

Fecundity is the mean egg production for individual Gulf sturgeon, which is zero until an 

individual matures, after which it increases approximately linearly to fish weight (Walters and 

Martell 2004).  Gulf sturgeon maturation occurs between ages 8-12 for females and 7-10 for 

males (Huff 1975).  Fecundity is important because it determines the potential number of recruits 

that an individual can produce.  Gulf sturgeon, like other Acipenserids, are highly fecund and 

produce large numbers of eggs at spawning.  Chapman et al. (1993) estimated there were 20,652 

Gulf sturgeon eggs/kg eggs, whereas Huff (1975) found gonad weight represented 12.7% of a 

ripe female Gulf sturgeon’s overall body weight.  This means a single 75 kg female could 

produce close to 200,000 eggs.  However, Gulf sturgeon mortality from age-0 and age-1 is 

extremely high, estimated between 99.9-100.0% (Pine et al. 2001), meaning large numbers of 

eggs do not produce large numbers of age-1 recruits.  In this model, fecundity at a given age was 

approximated by: 

mataaf WW −=           (3-6) 

where fa is fecundity-at-age, Wa is weight-at-age, and Wmat is the weight at the age of maturity. 
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Maturation follows a knife-edge schedule in this fecundity function, meaning all individuals 

mature at the same age.  

Skip Spawning 

An important aspect of Gulf sturgeon life history is skip spawning, where individuals 

may not spawn every year. In any given year the spawning population is less than the total 

population (Sulak and Clugston 1998), but how much lower depends on the periodicity of the 

skip spawning events (Jorgensen et al. 2005). Female Gulf sturgeon likely spawn at intervals 

ranging from every 3-5 years, and males every 1-5 years (Smith 1985; Fox et al. 2000).  Because 

of skip spawning and the late age-at-maturity, female Gulf sturgeon may only spawn a few times 

during their life (Sulak and Randall 2002).  This relationship between skip spawning and 

fecundity level is not unique to sturgeon and has been documented in other species as a life 

history adaptation based in energy availability and allocation (Jorgensen et al. 2005, Rideout et 

al. 2005).  In incorporated skip spawning in the recruitment and fecundity aspects of my model 

using a modified Ricker curve (Figure 3-2): where  
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with P(Sp) as the probability of an individual spawning in a given year, Mai is the initial 

maturation age, Mar is the number of years needed for entire population to mature, Mah is the age 

of 50% of population maturation, and Sk is the average skip spawn interval (years) of fully 

mature individuals.  I used this equation to explore the population level effects of skip spawning 

by assessing whether skip spawning significantly altered the number of yearly recruits and 

ultimately recovery trajectory.  
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Recruitment 

 Population recruitment in the model was simulated using yearly estimates of population 

egg production controlled by a density dependent recruitment relationship.  A Beverton-Holt 

(Beverton and Holt 1957) recruitment relationship was used in this study and in Pine et al. 

(2001), although there is little data available on the actual spawner-recruit relationship exhibited 

by Gulf sturgeon populations.  The stock recruit relationship followed the form: 

      
bε

aεR
−

=
1

     (3-8) 

where R is annual recruits to age-1, a and b are stock recruitment parameters, and ε = annual 

population egg production.  . 

Leading Parameters: Initial Population Size and Recruitment Compensation 

Two parameters in my model, the Goodyear compensation ratio (recK, Goodyear 1977, 

1980) and the initial population size prior to fishing (No), were leading parameters – selected 

input parameters estimated by the other input parameters through optimizing model fits (Hilborn 

and Walters 1992).  The Goodyear compensation ratio is defined as the ratio of juvenile survival 

rate at low stock sizes relative to juvenile survival in the unexploited condition, representing the 

recruitment compensation potential of the population.   The recK parameter is used to describe 

population recruitment response to depletion.  Higher recK values imply populations that have 

higher compensatory juvenile survival at low population sizes relative to unexploited population 

sizes.  Conversely, populations with lower recK values have a lower compensatory increase in 

juvenile survival at low population sizes.  This implies that high recK populations are more 

resilient to exploitation than populations with low recK values because they have a stronger 

compensatory response when depleted (Walters and Martell 2004).  I estimated recK following 

the approach in Martell et al. (2008) which used the management parameters of maximum 
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sustained yield (MSY) and the exploitation rate needed to achieve this yield (FMSY) (Pine et al. 

2008).  This approach provides probability density estimates for a range of recK parameter 

values (Figure 3-3).  The recK value used in the model was 4, which is relatively low across 

species, and was similar to the value used by Walters et al. (2006) for white sturgeon.   

The No parameter was estimated using results from a Stock Reduction Analysis (SRA) 

performed on the Florida Gulf sturgeon population in a separate ongoing project (Pine et al. 

2008).  This analysis simulated historical pre-exploitation Gulf sturgeon abundance and 

population structure in Florida waters and examined the effects of harvest through time on Gulf 

sturgeon populations.  Unexploited Apalachicola River Gulf sturgeon abundance was based on 

proportion of total historic catch during peak years of harvest (1900-1925).  The estimate of total 

catch proportion was similar to the proportion of ACF basin area to total basin area for all Gulf 

sturgeon river systems.  These unexploited abundance estimates were useful guidelines for 

initializing the model; however, precise estimates were not required for model operation or 

predictions.  Within the model, recK and No could be confounded where population 

characteristics can be explained equally well by a high recK and low No or a low recK and high 

N0. 

Model Initialization 

 After development, the model was initialized with parameter estimates developed in the 

SRA model (Table 3-1) to represent the initial, pre-exploitation population of Gulf sturgeon in 

the Apalachicola River.  The population then underwent simulated harvest for 25 years until 

abundance was at the level observed at the end of harvest in 1985 (Wooley and Crateau 1985).  

From this point the model was run for 100 years (until 2084), tuning the model to observed data 

on population size or size structure when possible, through 2023 (target year for recovery) plus 
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the additional years for recovery assessment.  Parameters and the model scenarios (Chapter 4)  

were evaluated using this general framework.       
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Table 3-1. Parameter definitions and values 
Parameter Description Value Source 
F Anthropogenic mortality 

(fishing, etc.) 
variable  

Fmsy Fishing mortality at maximum 
sustained yield 

0.05-0.08 Pine et al. 2008 

K Brody growth parameter 0.13 Tagging data 1978-2006 

L∞ Von Bertalanffy asymptotic 
length parameter 

220 cm Tagging data 1978-2006 

M Annual natural  mortality, 
overall  

wild = 0.13 
stocked = 0.14 

Tagging data 1978-2006 

N Population size in a given year estimated  

No Initial pre-exploitation 
population size 

~24,000 Pine et al. 2008  

N1985 Population size at end of harvest 282 
(181-645) 

Wooley and Crateau 1985 

recK Goodyear recruitment 
compensation parameter 

4 Tagging data 1978-2006, 
Martell et al. 2008 

Sk Factor to adjust skip spawning 
effects 

1-5 year 
intervals 

Sulak and Clugston 1999, 
Pine et al. 2001 

Wmat Weight at maturity 10.8 kg Huff 1975, 
Tagging data 1978-2006 

Mai 1st age at maturity 6 Huff 1975 

v Vulnerability-at-age variable-at-age Tagging data 1978-2006 
F. Parauka, personal 
communication 

Z Total mortality variable  
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Parameters 
-Growth 
-Mortality 
-Fecundity 
-Population 
-Perturbations 

Attributes at Age – Population 1 
-Length-at-age 
-Weight-at-age 
-Fecundity-at-age 
-Survival-at-age 

Population 
-N-at-age per year 
-Total N per year  
-Total B per year 
-Average individual weight 
-Total eggs produced 

Outputs 
-Predicted future N 
-Predicted future B 
-Predicted future average  

individual weight  
-SPR 
-Fmsy  

Attributes at Age – Population 2 
-Length-at-age 
-Weight-at-age 
-Fecundity-at-age 
-Survival-at-age 

 
Figure 3-1. Spreadsheet model structure 
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Figure 3-2. Skip spawning effects (Sk) on fecundity.  Fecundity value on primary y-axis, annual 

probability of spawning on secondary y-axis.  AdjFec represents skip-spawning 
adjusted fecundity-at-age, the product of fecundity-at-age and annual spawning 
probability.  Annual population fecundity is lower because only a proportion of 
individuals are spawning at a given time. 
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Figure 3-3. Probability distribution of recK parameter estimates using method proposed by 

Martell et al. (2008). 
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CHAPTER 4 
RESULTS 

Hypothesis 1: Low Post-Harvest Population Size Limiting Recovery 

Scenarios 1-4 were designed to examine the time until recovery of Apalachicola River Gulf 

sturgeon population by estimating recovery time for this population using cumulative knowledge 

of Gulf sturgeon population ecology.  Hypothesis 1 states that the Apalachicola River Gulf 

sturgeon population has not recovered despite over twenty years of protection due to extremely 

low population biomass at the conclusion of the commercial fishery. 

Scenario 1 

In this scenario I evaluated the effects of varying N1985 on population recovery times. Gulf 

sturgeon population abundance at the end of harvest had a significant effect on the recovery rate 

of the population, with higher N1985 values resulting in shorter recovery time than low N1985 

values.  Using the range of N1985 from Wooley and Crateau (1985), abundance at the recovery 

goal date of 2023 ranges by a factor of nearly two depending on whether the N1985 lower bound 

( = 191) or upper bound ( = 645) is used for the initial population abundance.  Extending the 

time interval of recovery until 2084 reduces the effect of different initial population starting 

values as populations are expected to reach 94-97% of the pre-exploitation levels by this time 

(Figure 4-1).  The effects on the recovery rate of the population at shorter time intervals are 

driven by life history attributes such as late maturity combined with the impact on the 

reproductive potential of the population at low population sizes and the absence of large, older 

fish in the population (discussed further in Chapter 5).   

N̂ N̂

 Scenario 2     

 In this scenario I examine a range of values of N1985 required to allow the Apalachicola 

River Gulf sturgeon population recovery to >90% of its unexploited abundance by 2023 
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(USFWS 1985). Given currently available best biological input parameters, to meet this goal an 

N1985 population size must have been 49% of the unexploited population (Figure 4-2).  For 95 

and 99% recovery levels in 2023, N1985 must have been 69% and 89%. Values of N1985 in this 

range are >24 times actual estimates (Wooley and Carteau 1985).   

Scenario 3 

 This scenario examined how increasing Z after the closure of the directed fishery altered 

time till recovery.  The increase in Z was applied using the anthropogenic mortality term F, 

simulating the effects of non-specific human-induced mortality.  Increased total mortality had a 

strong negative effect on population recovery.  With an annual F of 1% (total mortality of 14%), 

population size at the recovery goal years of 2023 and in 2084 was estimated at 27 and 84% of 

the historic population size, respectively (Figure 4-3).  With F values of 5 and 10% (total 

mortality 18 and 23%), these recovery values become 15 and 7% in 2023 and 45 and 14% in 

2084, respectively.   

Scenario 4 

Several different enhancement regimes were used to simulate potential effects of stocking 

age-1 individuals on population recovery in this scenario.  These regimes were designed to 

simulate short-term conservation stocking programs where stocking is intended to stabilize and 

give the targeted population a boost at low abundance levels to aid recovery, as opposed to a 

more traditional, long term stocking program used for some sport and commercial fisheries.  The 

effect of different stocking rates, time of stocking, and duration of stocking schemes were varied.  

My results show the effects of enhancing Gulf sturgeon populations through stocking programs 

may have mixed success in decreasing population time to full recovery.  Results show that a 

supplemental stocking program would have the greatest benefits on the recovery rate of 

Apalachicola River Gulf sturgeon if stocking programs had been initiated when the population 
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biomass (and population fecundity) was at its lowest point.  For example, a stocking program of 

2,500 age-1 fish released for 10 years after the end of the commercial fishery in 1984 would have 

led to population recovery of approximately 46% by 2023 vs. 38% recovery if the same stocking 

program were initiated in 2010 (Figure 4-4).  If stocking rates for this program starting in 2010 

were doubled (5,000 age-1 individuals) the population would have recovered to 44% by 2023.  

Doubling the number of years, from 10 to 20, stocking 2,500 age-1 individuals starting in 2010 

does not significantly affect recovery at 2084 (96 vs. 97%).  

Hypothesis 2: Spawning Habitat Limiting Population Recovery 

This scenario evaluated the effects of limited spawning area availability on population 

growth.  My results show that effects on population recovery from reducing spawning habitat 

would not be significant for around 20 years after the closure of the fishery, but thereafter could 

have large impacts.  Reducing spawning habitat availability by between 13 and 50% would 

reduce recovery by similar fractions throughout time.  Simulating 50% of historic spawning area 

availability, the population would recover to 22 and 48% at 2023 and 2084, while 12.5% 

availability of historic spawning area results in recovery of 10% in 2023 and 13% in 2084 

(Figure 4-5).   Reducing available spawning habitat area has the potential to severely affect Gulf 

sturgeon population recovery.  

Evaluating Model Uncertainty and Parameter Sensitivity 

 I evaluated uncertainty and model sensitivity around the leading parameter recK when 

constructing this model.  The range of recK values (Figure 3-3) described by the Martell et al. 

(2008) method were input into the model to test the simulated population recovery response 

(Figure 4-6).  This response was evaluated by examining estimates of population abundance at 

the year 2023 relative to pre-exploitation population abundance.  Pre-exploitation abundance was 

estimated using the parameter values listed in Table 3-1.   Higher recK values required high 
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exploitation rates to fish the population down and allowed the population to rebound much 

faster.  Field data suggest recK is low because of the relatively low sustainable catch observed 

during the later years of the fishery and the slow recovery rate after harvest ended (Figure 1-1).    

 Model sensitivity analyses were also performed for the model parameters M, Mai, k and 

Sk.  Similar to the analysis described for the recK parameter, sensitivity was evaluated by 

examining the effect ranges of parameter values had on estimates of population abundance at the 

year 2023 relative to pre-exploitation population abundance estimates derived from parameter 

values in Table 3-1.   Increasing M has the effect of reducing population recovery linearly, such 

that for the value of M=1.5k time to recovery is almost halved (Figure 4-7).   Recovery is faster 

because the population age-structure contains fewer old fish that have to be replaced during 

recovery.  Increasing Mai linearly increased population recovery time slightly (Figure 4-8), 

longer time to maturity slightly reducing overall reproductive output by removing fecundity 

contributions of younger ages.  Increasing k increased recovery time (Figure 4-9), by increasing 

time for individuals to reach terminal length, indirectly decreasing weight- and fecundity-at-age.  

Because individuals were smaller longer, more time was spent at smaller, less fecund ages and 

total reproductive potential of the population was lower.  Adjusting Sk had no appreciable affect 

on recovery time (Figure 4-10).  Within the model it appeared that skip-spawning reductions in 

annual egg production were offset by increased survival of eggs to age-1 due to density 

dependence factors within the recruitment relationship.    
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Figure 4-1. Model scenario 1, recovery rates based on the range of N1985 estimates.  Percent of 

original pre-exploitation population on the y-axis, year of simulation on the x-axis.     
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Figure 4-2. Model scenario 2, N1985 population sizes required for recovery by 2023.  Percent of 

original pre-exploitation population on the y-axis, year of simulation on the x-axis.     
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Figure 4-3. Model scenario 3, the effect of additional mortality on population recovery.  Percent 

of original pre-exploitation population on the y-axis, year of simulation on the x-axis.     
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Figure 4-4. Model Scenario 4, effects of enhancing Gulf sturgeon stock with hatchery 

individuals.  Percent of original pre-exploitation population on the y-axis, year of 
simulation on the x-axis.     
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Figure 4-5. Model Scenario 5, population recovery trends based on reduced access to spawning 

habitat.   Percent of original pre-exploitation population on the y-axis, year of 
simulation on the x-axis.     
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Figure 4-6. Model sensitivity to a range of recruitment compensation values (recK, x-axis) as 

measured by the percent recovery of the population at the 2023 level.  Percent pre-
exploitation population (y-axis) was calculated by first calculating 2023 population 
size using optimum recK value from Figure 3-3.  Alternative recK values were then 
used to estimate 2023 population size, and then these population estimates were 
compared to the population size from the optimum recK value (Figure 3-3).   
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Figure 4-7. Model sensitivity to a range of natural mortality values (M, x-axis) as measured by 

the percent recovery of the population to the 2023 level.  Percent pre-exploitation 
population (y-axis) was calculated by first calculating 2023 population size using 
M=k value calculated using the von Bertlanffy growth function.  Alternative M values 
were then used to estimate 2023 population size, and then these population estimates 
were compared to the population size from the optimum M value (Table 3-1).   
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Figure 4-8. Model sensitivity to a range of initial age at maturity Mai values (Mai, x-axis) as 

measured by the percent recovery of the population to the 2023 level.  Percent pre-
exploitation population (y-axis) was calculated by first calculating 2023 population 
size using Mai estimates from Huff 1975.  Alternative Mai values were then used to 
estimate 2023 population size, and then these population estimates were compared to 
the population size from the optimum Mai value (Table 3-1).   
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Figure 4-9. Model sensitivity to a range of von Bertalanffy k values (k, x-axis) as measured by 

the percent recovery of the population to the 2023 level.  Percent pre-exploitation 
population (y-axis) was calculated by first calculating 2023 population size using k 
estimates from growth curves developed with tagging data.  Alternative k values were 
then used to estimate 2023 population size, and then these population estimates were 
compared to the population size from the optimum k value (Table 3-1).   
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Figure 4-10. Model sensitivity to a range skip spawn interval Sk values (Sk, x-axis) as measured 

by the percent recovery of the population to the 2023 level.  Percent pre-exploitation 
population (y-axis) was calculated by first calculating 2023 population size using Sk 
estimates from Sulak and Clugston (1999).  Alternative Sk values were then used to 
estimate 2023 population size, and then these population estimates were compared to 
the population size from the optimum Sk value (Table 3-1).   



 

CHAPTER 5 
DISCUSSION 

Hypothesis Evaluation 

Based on the results from this simulation model, it is likely that slow recovery of the 

Apalachicola River Gulf sturgeon population is attributable to hypothesis 1, low population size 

at the end of directed Gulf sturgeon harvest.  Gulf sturgeon are adapted to a life history strategy 

common for other large-bodied, slow-growing fish species— producing small numbers of 

recruits per year over a long life span (Goodwin et al. 2006).  Because of their long life span and 

high age-at-maturity long periods of time are needed to recover a population’s spawning 

capacity, even with ideal recruitment conditions and no increase in total mortality.  Individuals 

spawned at the end of harvest in 1985 are only now reaching their full fecundity potential. Figure 

5-1 shows the effects of a simulated collapse and recovery on the numbers-at-age of a Gulf 

sturgeon population.   This figure illustrates the slow recovery time caused by the need for the 

population to rebuild its age-structure and spawning capacity (Walters et al. In press).     

At the present time hypothesis 2, recovery limited by spawning habitat, does not seem to 

be a primary factor slowing population recovery at the present time.  However, attributes of 

hypothesis 1 may affect hypothesis 2, as low population size likely puts the population under 

threshold of spawning habitat restrictions.  Spawning habitat area limitation may become a 

limiting factor in the near future as abundance increases with recovery.  Gulf sturgeon spawning 

behavior may mitigate spawning habitat limitation  effects with characteristics such as skip 

spawning, relatively short incubation periods (2-3 days), and annual spawning periods lasting 

several having the effect of reducing the density of spawners at the spawning sites at a given 

time, to percentage of the adult population (Sulak and Clugston 1998).  Factors other than 

spawning habitat availability may limit Gulf sturgeon recruitment, with possible bottlenecks 
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occurring later within the life history of the species.  For example, Bradford et al. (1997) 

suggested that in-river rearing area might be a limiting factor for salmon smolt production.  

Management Implications 

Mortality 

 Mortality is a critical aspect in any population – if the mortality rate exceeds the birth 

rate the population will not grow and eventually will go extinct. Concerns that total mortality 

exceeded population growth rate was the motivation to close the Gulf sturgeon fishery in 1985.  

This same concern motivated the end of white sturgeon harvest in the Kootenai River system 

(Paragamian et al. 2005) and management actions to reduce anthropogenic mortality for other 

species of concern, such as turtle-exclusion devices in commercial trawls to reduce sea turtle by-

catch.  Pine et al. (2008) found that sustainable exploitation rates for Gulf sturgeon are relatively 

low (<25 percent annually) and populations are especially sensitive to harvest with small 

increases in mortality affecting populations (Morrow et al. 1998, Pine et al. 2001).  Care should 

be taken to eliminate mortality from anthropogenic sources including indirect mortality from 

sampling programs, fishery by-catch, or mortalities from beach restoration or maintenance 

dredging operations. 

Supplemental Stocking  

Gulf sturgeon stocking in Florida has been a contentious issue among managers in the 

past (Hoover 2002).  As predicted by the model stocking, would not decrease the absolute 

recovery time, but would primarily increase short-term population size.  This may be beneficial 

for severely depressed populations at a high risk of extinction, but is not required in populations 

that are stable or slowly growing such as the Apalachicola River Gulf sturgeon population.          

The stocking rates used in this model were much lower than those recommended by the 

Atlantic States Marine Fisheries Commission ([ASMFC] 1996), who recommended stocking 

56 



 

approximately 2.5 million individuals over a ten year period, per river, for both Atlantic and Gulf 

sturgeon subspecies.  For comparison, model estimates of annual age-1 recruitment ranged from 

the hundreds to several thousands depending on yearly population abundance.  High stocking 

rates over large periods of time such as these could genetically swamp these depleted populations 

with hatchery reared animals raising concerns over the genetic integrity of the population 

(Tringali and Bert 1998).  This is the case with Kootenai River white sturgeon where natural 

recruitment was extremely low and the population was maintained through a stocking program 

(Paragamian et al. 2005).  These authors estimated the Kootenai River white sturgeon population 

would reach a genetic bottleneck in 2005, after which the population would be dominated by 

hatchery-origin white sturgeon.  

Stocked individuals are less ecologically fit than native individuals, often having higher 

natural mortality rates (Lorenzen 2000, Fleming and Petersson 2001)   and lower reproductive 

success (Fleming and Petersson 2001).  Less fit hatchery individuals will reduce the success of 

enhancement programs, however, over time less fit individuals will be removed from the 

population through natural selection and the remaining hatchery individuals and their offspring 

will more closely resemble wild individuals (Lorenzen 2005).  The stocking component of my 

model included a function to control the rate at which stocked individuals will produce 

phenotypically “wild” offspring.  The rate at which stocked Gulf sturgeon would produce wild 

offspring is unknown and in this study, the rate was set at 50 percent, meaning stocked fish 

would produce an equal number of stock- and wild-type recruits.  Greater rates of wild type 

production would increase the benefit of a Gulf sturgeon stocking program by increasing the 

abundance and reproductive capacity of the wild population.  
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A second key consideration for a hatchery program is the long maturation time of Gulf 

sturgeon means that any stocked individuals must survive 6-10 years after stocking before 

contributing to the spawning biomass of the population.  K. Sulak (USGS, personal 

communication) has observed that survival rates of stocked Gulf sturgeon in the Suwannee River 

are significantly lower than those of native individuals. If an unidentified bottleneck exists in the 

system at an older age, stock individuals will still be subjected to that bottleneck, decreasing 

their impact.  There is a well established tradeoff between size at stocking, survival, and costs 

that would be critical to evaluate in developing any stocking program (Leber et al. 2005).  

Jim Woodruff Lock-and-Dam Passage 

My model predicted that the Apalachicola Gulf sturgeon population will not be limited by 

spawning habitat availability until reaching higher population densities.  Because of this, 

establishing upstream passage through JWLD may not result in the expected population benefits 

and could be deleterious (see below).  For upstream passage to be successful as a means of 

increasing access to upstream spawning sites, it would have to be accompanied by successful 

downstream passage as well (Jager 2006).  Freshwater life-history characteristics of Gulf 

sturgeon, such as lack of feeding and riverine specialization, likely inhibit the success of this 

management activity.  Unlike other sturgeon species, there are no landlocked or freshwater 

resident Gulf sturgeon populations.  Uncertainty exists over how Gulf sturgeon would utilize the 

existing lock at JWLD for passage, as observed in shortnose sturgeon A. brevirostrum in South 

Carolina (Cooke et al. 2002).  If Gulf sturgeon did not use existing dam locks for passage, then 

dam modifications such as low-gradient fish ladders (Kynard et al. 2003) or fish elevators 

(Kynard 1998) may be necessary.  If Gulf sturgeon did successfully pass JWLD, it is unknown 

whether or not Gulf sturgeon passed above JWLD would be able to navigate Lake Seminole to 

reach potential spawning sites in the Flint and Chattahoochee Rivers. From a conservative 
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population management standpoint, until further information is known, passage through JWLD 

should be considered a “one-way trip” mortality event to the spawning biomass. 

If further evidence is discovered showing spawning habitat is a limiting factor to 

recovery, such as declines in recruitment and population size from the monitoring program, then 

other management options might prove to be more effective than passage at JWLD.  

Construction of artificial spawning areas has proven to be effective for increasing recruitment 

success of other sturgeon species (Khoroskho and Vlasenko 1970, LaHaye et al. 1992, Johnson 

et al. 2006) and was recommended specifically in the Apalachicola (Wakeford 2001).  Another 

technique would be to optimize river flows during spawning season to maximize the availability 

of spawning habitat area.  Flows between 420 and 570 m3/s at JWLD have been suggested as 

suitable to accomplish this (USFWS 2006).  Pursuing these methods may be more beneficial and 

less costly (because of the increased mortality risk) to the Gulf sturgeon population.            

Recovery Criteria Options 

A review of available USFWS recovery plans reveals that common themes in recovery 

criteria include stable or non-declining populations, minimizing take (incidental or directed), 

protection of important or critical habitat, establishment of subpopulations, maintain genetic 

diversity, and recovery to minimum population sizes.  Some of these criteria are often poorly 

defined or qualitative in nature.  Without clear recovery goals, it is difficult for management 

agencies to assess to the effectiveness of recovery actions (Gerber and Hatch 2002).  

Quantitative metrics are more informative than qualitative metrics regarding recovery success 

and should be emphasized in all recovery plans (Gerber and Hatch 2002).  

The long-term goal of the GSRP is currently based on the qualitative goal that 

populations must be stable and self-sustaining through natural recruitment (USFWS 1995).  My 

model showed, under steady recruitment and mortality conditions, that Gulf sturgeon populations 
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are stable at relatively low population sizes, such as those present at the end of harvest. This 

agrees with the findings of Morrow et al. (1998) who determined that the Pearl River Gulf 

sturgeon population would be stable with as few as 100 adults.  However, even if stable, smaller 

populations are more susceptible to deleterious effects of anomalous events such as large scale 

mortality events due to hurricanes.  Considerations of future Gulf sturgeon recovery criteria 

should include a minimum abundance level, relative to historic stock size and incorporating 

genetic considerations to satisfy recovery goals.  Alternatively, instead of relying on abundance 

as an indicator of population health, common metrics from managed fish species such as SPR 

could also be used. As mentioned in Chapter 2, SPR measures of >0.30 are considered healthy in 

exploited fish populations (Goodyear 1993).   

Genetic effective population size (Ne) may be a useful recovery metric for Gulf sturgeon 

populations and recommended by Tringali and Bert (1995) for this species and used as part of 

recovery goals for other species (Siberian tiger Panthera tigris altaica [Seal and Foose 1984], 

bull trout Salvelinus confluentus [Rieman and Allendorf 2001]). The “50/500” rule is also 

commonly used for species conservation where long-term average Ne should be no less than 500 

and short-term declines to no less than 50 in order to avoid bottlenecks, inbreeding, and other 

negative genetic population effects (Franklin 1980).  Bowen and Avise (1990), estimated current 

Gulf sturgeon populations have an Ne of around 50, but it is unknown whether or not this is an 

artifact of the historic harvest of the species or a natural result of the founder effect occurring 

when the Gulf sturgeon subpopulation was isolated from the greater Atlantic sturgeon 

population.  If Gulf sturgeon Ne is naturally low a variation of the “50/500” rule would have to 

be used.   
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The timeframe set in the GSRP (USFWS 1995) may not be realistic for the Apalachicola 

Gulf sturgeon stock.  Population recovery approaching pre-exploitation levels is probably not 

reasonable given the life-history characteristics of this species.  The recovery interval from end 

of harvest to present is only 38 years, which is within the lifespan of an individual Gulf sturgeon 

and likely incorporates just over three generations of new spawners.  Because of these population 

characteristics, there may be little that managers can actively do to hasten the recovery of the 

Apalachicola Gulf sturgeon population.  If the population is currently increasing, the best option 

for managers may be to do nothing and wait for the population to recover on its own.  If the 

population is currently stable or decreasing then steps should be taken to specifically identify the 

limiting factor(s) and life-history stage(s) that are primarily being affected.  It is therefore critical 

to know the population trends of Gulf sturgeon stocks from a well defined monitoring program.  

Monitoring program and future research 

The most important component of any management program is regular monitoring to 

assess whether the population is responding to the management action.   It is critical that the 

monitoring program is designed to provide accurate information at a level of precisions 

necessary to assess progress of the population to recovery (Gerber and Hatch 2002, Campbell et 

al. 2002). The primary goal of this program must be to detect trends in population abundance.  

Without reliable information on these trends it is difficult to make proper management 

recommendations. Zehfuss (2000) recommended that to detect a ≥10% annual change in 

population size seven consecutive years of monitoring would likely be necessary.  Current 

Apalachicola River Gulf sturgeon monitoring performed on a 3-5 year interval is likely not 

adequate to detect population trends unless significant deviations (~50%) in population size 

occur. 
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 In conjunction with monitoring programs, research should be conducted to fill in Gulf 

sturgeon ecology knowledge gaps.  In this study parameter uncertainty and sensitivity analysis 

has provided guidance for future research needs.  Primarily this involves the spawner-recruit 

relationship and recK parameter, growth rates, and natural mortality rate of Gulf sturgeon.  

Researching spawner-recruit relationships would involve surveying spawning biomass on 

spawning sites and later sampling for larvae downstream of these sites or for young-of-year 

individuals later in other parts of the river.  Growth and mortality rates could be investigated 

using the ongoing monitoring tagging studies as well as by gathering new direct ageing data such 

as fin rays or otoliths sourced from Gulf sturgeon mortalities occurring naturally or through 

sampling.  Future research in these areas could help managers better understand factors affecting 

Gulf sturgeon populations and provide better information for use by population models to make 

new, improved predictions about possible trends in population status and recovery.  In turn, new 

knowledge may identify other areas in need of data to answer new management questions.      
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Figure 5-1.  Surface plot representing theoretical Gulf sturgeon population subjected to harvest.  

Year of simulation on x-axis, age-class on y-axis.  Each cell represents an age class in 
a given year with the color representing numbers of individuals in that age class.   
Large white area at top represents age classes with 0 individuals while light blue area 
at bottom represents >150 individuals.  Gradient between these two areas is described 
by contour lines in 5-individual intervals.  Population was harvested for first 25 years, 
ending at dark horizontal line, and then allowed to recover.  Erosion of population 
age-structure can be seen prior to 25 years, after which population is recovering and 
age-structure is filling out.      

 



 

CHAPTER 6 
CONCLUSION 

 
 Population models are a valuable tool in natural resource conservation.  Because of this, 

they are often required by the recovery plans of species of concern.  In this study, a population 

model was used to evaluate several management scenarios for a threatened Gulf sturgeon 

population in the Apalachicola River.  This was accomplished using existing data and more 

importantly, for any species of concern, without affecting or harming actual populations.  The 

model in this study produced demonstrations of what may actually be occurring in wild Gulf 

sturgeon populations so that resource managers will not be forced to make assumptions about the 

behavior of these populations.  This model has also identified existing problems with current 

recovery policy, such as vague recovery criteria and weak monitoring program.  Specifically, the 

model has provided insight into the possible levels of change that may occur, which monitor 

programs must be designed to detect.             

My results show that the Apalachicola Gulf sturgeon population is likely limited by 

population size at the end of harvest and will not be fully recovered by the current long-term 

recovery date of 2023.  Population recovery at this time may only be around 25-30% of the 

historic population size while the time to full recovery may be in excess of 100 years. 

Uncertainty in estimates of N1985 will not greatly affect recovery time, but recovery will be 

slowed by any additional mortality added to the population.  Limited conservation stocking 

would increase population size over the short-term, but would not reduce the time to full 

population recovery.  Stock enhancement would have been more effective if it was performed 

earlier in the recovery process.  Population recovery could be limited by reduced spawning 

habitat area in the future, especially as population growth occurs. 
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This Apalachicola River Gulf sturgeon case also serves as an example of the utility of 

modeling tools in a practical management framework.  This same model can be modified and 

applied to a variety of other systems.  When making policy decisions involving species of 

concern, managers must take extra precaution to ensure they make the best decisions possible 

using all means at hand.  As new information and analysis methods become available, managers 

should use these tools to aid them in making informed policy recommendations.  This model will 

serve as a flexible framework to help with current and future policy decisions.  It is hoped that 

the model used in this study will be easily understood and of use to resource managers to answer 

questions of their own in the future.                 

Effective management programs are those that successfully integrate modeling 

approaches with field research.  Models can never be “right” and are not replacements for well 

planned field experiments.  If management actions are taken with the intent to improve Gulf 

sturgeon populations, then this model could be used to make predictions of population response, 

and then these predictions compared to data collected following the management action to assess 

model performance.  This iterative process, termed “adaptive management”, of identifying 

management objectives, identifying management actions, using models to predict population 

response to management actions, implementing the management action, and then testing the 

model with data from the management action, has been a successful approach in the past for 

maximizing learning and management effectiveness (Walters 1986).  A true adaptive 

management framework, using models in conjunction with field studies to evaluate and inform 

management policies, may be the best and most powerful method available for managers to use 

in managing animal populations.    
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