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Most stock assessment models assume fish populations are comprised of fish that 

are equally vulnerable to angling.  However, vulnerability to angling is influenced by 

genetic traits, habitat selection, movement patterns, and angler behavior.  Ideal free 

distribution (IFD) predicts that angler effort will mirror fish distribution, but tests of this 

hypothesis are rare in the literature.  A field study was conducted comparing spatial 

patterns in recreational angler effort to fish distribution.  A total of 313 largemouth bass 

anglers were mapped with over 90% fishing within 50 m from shore, indicating fish 

located offshore were relatively invulnerable to angling.  Using radio telemetry, 81 

largemouth bass Micropterus salmoides were tracked from November 2010 through 

October 2011.  Three types of habitat preference were observed in tagged fish, 

onshore, offshore, and generalist.  Biweekly and within-day exchange rates of fish 

between areas vulnerable and invulnerable to angling were estimated using program 

MARK.  Exchange rates estimated from biweekly surveys indicate onshore fish 

remained vulnerable to angling for the majority of the year.  Conversely, offshore fish 

remained invulnerable to angling for a significant portion of the year.  Generalist fish 
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likely did not remain invulnerable to angling due to high exchange rates between 

vulnerable and invulnerable locations.  Exchange rates estimated from within-day 

surveys indicated that fish spending most of their time in invulnerable areas were 

actually vulnerable to angling due to high exchange rates.  Results from tag return data 

showed that anglers caught 59% of the onshore fish, 47% of the offshore fish, and 65% 

of the generalist fish.  The distribution of effort and exchange rates estimated from 

biweekly surveys predicted that a portion of the population was invulnerable to angling.  

However, exchange rates estimated from within-day surveys and results from angler tag 

returns indicated all largemouth bass were equally vulnerable to angling.   
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CHAPTER 1 
INTRODUCTION 

In open-access fisheries where fishing effort is not controlled by regulations (e.g. 

most recreational fisheries), assessing fish stocks is vital to fisheries management to 

prevent stocks from being overfished.  Fisheries managers use data on fish populations 

and computer models to perform stock assessments, which evaluate the impact of 

fishing on fish population age structure and abundance.  Aside from size selectivity, 

most stock assessment models assume that fish populations are comprised of fish that 

are equally vulnerable to angling (Cox and Walters 2002).  However, there are many 

factors that influence vulnerability of fish including genetic traits, seasonal and diel 

movements, habitat selection, and angler behavior (Warden and Lorio 1975; Hilborn 

and Ledbetter 1979; Mesing and Wicker 1986; Nuhfer and Alexander 1994; Snedden et 

al. 1999; Scheuerell and Schindler 2003; Cooke et al. 2007; Kobler et al. 2009; Philipp 

et al. 2009; Suski and Ridgway 2009).   

Vulnerability to angling is believed to be influenced by genetic traits such as 

aggression and growth (Bryan and Larkin 1972; Nuhfer and Alexander 1994; Cooke et 

al. 2007).  In nest guarding species such as largemouth bass Micropterus salmoides, 

vulnerability to angling was found to be positively related to aggression in nest guarding 

males (Cooke et al. 2007).  Brook trout Salvelinus fontinalis and cutthroat trout 

Oncorhynchus clarkii with higher growth rates were also found to be more vulnerable to 

angling than slower growing fish (Dwyer 1990; Nuhfer and Alexander 1994).  

Additionally, the degree of domestication was found to influence the vulnerability to 

angling in cutthroat trout and rainbow trout O. mykiss (Brauhn and Kinciad 1982; Dwyer 

1990).  Individuals selected for higher growth rates were more vulnerable to angling 
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than other domesticated strains of cutthroat trout and rainbow trout (Brauhn and Kinciad 

1982; Dwyer 1990).  However, it has also been observed that largemouth bass selected 

for vulnerability to angling had lower growth rates and higher metabolic rates than 

largemouth bass selected against vulnerability to angling (Redpath et al. 2009).  

Because largemouth bass selected for vulnerability to angling had higher metabolic 

rates, they required higher consumption rates to attain growth rates similar to 

largemouth bass selected against vulnerability to angling (Brett and Groves 1979; 

Jobling 1985).  Therefore fish spending more time foraging are more vulnerable to 

angling because these fish have a greater chance of encountering lures and a greater 

chance of reacting to lures (Cooke et al. 2007; Biro and Post 2008; Redpath et al. 

2009).   

Habitat selection can also influence vulnerability to angling.  Various habitat 

selection traits have been observed in arctic charr S. alpinus (Sandlund et al. 1987), 

lake trout S. namaycush (Morbey et al. 2006), juvenile sockeye salmon O. nerka 

(Scheuerell and Schindler 2003), and brook trout (Bourke et al. 1997) that correspond 

with foraging areas.  A portion of largemouth bass, northern pike Esox lucius, and lake 

trout populations utilized onshore habitat whereas other fish used offshore habitat 

(Mesing and Wicker 1986; Morbey et al. 2006; Kobler et al. 2009).  If anglers 

predominantly target one type of habitat, a portion of some fish populations could be 

relatively invulnerable to angling. 

Additionally, angler behavior can influence the vulnerability of fish.  The ideal free 

distribution (IFD) predicts that angling effort will mirror the distribution of fish (Fretwell 

and Lucas 1970; Fretwell 1972).  The IFD has been used to model both commercial and 
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artisanal fisheries (Gillis et al. 1993; Gillis 2003; Swain and Wade 2003; Voges et al. 

2005; Abernethy et al. 2007).  The IFD has worked well at predicting the distribution of 

commercial fisheries (Gillis et al. 1993; Gillis 2003; Swain and Wade 2003; Voges et al. 

2005).  However, for artisanal fisheries the IFD has not worked well because these 

fisheries did not meet key assumptions (Abernethy et al. 2007), such as anglers must 

have perfect knowledge of the fishery (Fretwell and Lucas 1970; Fretwell 1972).  In 

artisanal fisheries, lack of knowledge prevented fishers from targeting locations with 

highest fish densities (Abernethy et al. 2007).  In many recreational fisheries catch 

inequality occurs when a small portion of anglers catch most of the fish (Baccante 1995; 

van Poorten and Post 2005; Seekell et al. 2011).  Catch inequality implies that not all of 

the anglers have the same knowledge of the fishery, and thus, not all anglers would be 

fishing in areas of highest fish abundances.   

The IFD also assumes that the primary goal of an angler is to catch fish (Fretwell 

and Lucas 1970; Fretwell 1972).  This assumption may be appropriate for modeling 

commercial fisheries, however, may not be appropriate for recreational fisheries.  

According to the economic theory, the distribution of effort can be characterized by the 

perceived economic returns to anglers from fishing in alternative locations (Holland and 

Sutinen 1999), where economic returns to anglers from fishing can be both catch 

related and non-catch related.  Catch related returns, such as total catch, trophy catch, 

or harvest (Post et al. 2008; Hunt et al. 2011) vary between angler demographics and 

target species (Arlinghaus et al. 2008).  Non-catch related returns, such as travel costs, 

aesthetics, or remoteness (Parkinson et al. 2004; Post et al. 2008; Hunt et al. 2011) 

have been found to be more important to anglers than catch related returns (Driver and 
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Knopf 1976; Fedler and Ditton 1994; Ditton 2004; Arlinghaus 2006).  These violations of 

the IFD could cause differences in the vulnerability of fish and depending on the 

knowledge of anglers and non-catch related returns to anglers from fishing.   

Previous studies show that there are various habitat selection traits in fish 

populations, but it is unknown whether the spatial distribution of angler effort actually 

mirrors the distribution of fish.  The primary objective of this study was to determine if 

there is a portion of a fish population invulnerable to angling due to either angler or fish 

behavior.  The second objective was to determine the exchange rate of fish between 

areas that are targeted by anglers and areas that are not targeted by anglers.  High 

exchange rates would indicate that all fish may be vulnerable to fishing even if angler 

effort does not spatially overlap with fish distribution.  Finally, data from angler tag 

returns were used to empirically test if there was a portion of the population that 

remained invulnerable to angling.   
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CHAPTER 2 
METHODS 

Study Area  

Lake Santa Fe (27.74°N, 82.07°W) is located in north central Florida.  The lake is 

comprised of two basins, a main basin of 1,873 ha (Florida Lakewatch 2005a) and a 

577 ha northern basin (Florida Lakewatch 2005b), which is also known as Little Lake 

Santa Fe (29.77°N, 82.09°W).  The main lake reaches a maximum depth of 8.1 m and 

has an average depth of 4.9 m, and the northern basin has a maximum depth of 6.3 m 

and an average depth of 3.6 m (Figure 2-1).  There are eleven canals around the lake, 

seven in the main basin and four in the northern basin.  There is a thin band of 

emergent vegetation around the perimeter consisting primarily of maidencane Panicum 

hemitomon, bald cypress Taxodium distichum, spatterdock Nuphar luteum, and giant 

bulrush Scirpus californicus. 

Angler Distribution 

The location of anglers was sampled to evaluate the spatial distribution of fishing 

effort from November 2010 through October 2011.  Surveys were generally conducted 

on two non-random weekdays and one random weekend day every two weeks.  

Weekday surveys were usually conducted on the first Monday and following 

Wednesday every two weeks due to the fish tracking schedule.  Weekend surveys were 

usually conducted on a random weekend day following the Monday/Wednesday survey.  

Surveys were conducted at random times during the time period of one hour after 

sunrise until one hour before sunset.  Specific sample times on each day were chosen 

using a stratified random design by randomly selecting morning, afternoon, or evening 

with equal probability (P = 0.33).  Within each time of day stratum, specific angler count 
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time was selected randomly within that period.  Starting locations at the lake for the 

angler survey were also randomly selected.  Surveys were conducted by driving around 

the perimeter of the lake to locate anglers near shore.  Offshore anglers were located by 

running transects through the middle of the lake.   

Once a boat or person along the shoreline was found, I determined if they were 

fishing.  For someone to be considered fishing, they must have a fishing line in the 

water, switching tackle, or be dealing with a fish.  Distance and bearing to anglers were 

obtained from a TruPulse 360B laser rangefinder and was entered into the Trimble 

Recon using Tripod Data Systems SOLO Field Software.  All anglers on the same boat 

or dock were given the same location.  Anglers were classified as bass anglers or non-

bass anglers depending on observed fishing techniques.  Starting in March 2011, 

subsets of anglers were also interviewed to determine the accuracy of visual estimation 

of the species they were targeting.   From November 2010 through May 2011, the 

canals around the lake were sampled for angler distribution three times a month, two 

random weekdays and one random weekend day.  From June through October the 

canals were not sampled due to low water levels that precluded both angling and 

surveys.   

Fish Sampling 

The spatial distribution of largemouth bass was measured with radio telemetry.  

Fish were captured using electrofishing and angling in the fall of 2010.  Electrofishing 

was conducted along the shoreline and angling was used to collect fish from water 

greater than three meters deep or at least 50 m from the edge of the vegetation.  

Offshore fish were targeted in an attempt to obtain fish that were invulnerable to 

electrofishing during the tagging process.  Largemouth bass >350 mm were implanted 
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with Advanced Telemetry Systems (ATS) F1835 transmitters following the 

recommendations of Winter (1996).  The transmitters had a 502-day life expectancy and 

weighed 14 g.  Radio tags and surgery equipment were sterilized prior to surgery using 

isopropyl alcohol and implanted into the body cavity through a ventral incision.  Two or 

three sutures were used to close the incision, after which cyanoacrylate adhesive was 

applied to the incision and exposed sutures following the procedures outlined in Dutka-

Gianelli et al. (2011).  Once the adhesive dried, the incision and surrounding area was 

covered with an antibiotic ointment.  The fish were also tagged with an external reward 

tag ($200) to obtain angler catch data on the tagged fish.  Fish were allowed to recover 

in an aerated holding tank before being released near the capture location.   

A survey was conducted on Mondays once every two weeks to track every fish.  If 

a fish was not found during this tracking event, a second survey, usually on the 

following Wednesday, was conducted by scanning the whole lake to find the fish.  

Random subsets of 30 fish were also tracked an additional time every two weeks on a 

random weekend day.  Fish not found within the previous 30 days were not included in 

the weekend survey.  Start locations for the general fish survey and the weekend survey 

were chosen at random to avoid finding fish at the same time during every tracking 

event.   All tagged fish were tracked using ATS R410 receivers with hand held yagi 

antennae and locations of the fish were recorded using GPS receivers.   

More detailed temporal scale sampling was also conducted to assess within-day 

fish movements.  Between 8 and 14 fish were tracked once every two hours during 

hours of safe light, approximately 1 hour before sunrise to 1 hour after sunset.  A total of 

three surveys were conducted in April, June, and August.  Fish were not tracked at night 
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due to low levels of angling effort at night.  By tracking fish on a detailed temporal scale, 

I was able to evaluate how effective the biweekly surveys were at classifying fish habitat 

use and fish movement patterns.   

Habitat Sampling 

Habitat characteristics were measured to explain the spatial distribution of 

largemouth bass anglers and largemouth bass.   The bathymetry of Lake Santa Fe was 

surveyed using a Lowrance LCX 28cHD and mapped in ArcGIS 10 (Figure 2-1).  The 

outside edge of vegetation was mapped by taking waypoints every 10 m along the 

outside edge of vegetation.  The shoreline and vegetated areas were sampled every 50 

to 500 m.  At each of these sampling points, the slope of the shoreline was surveyed 

and width of the vegetated area, presence of bald cypress, presence of spatterdock, 

presence of giant bulrush, rugosity of the vegetated area, and the presence of 

manmade structure were recorded.  Slope of the shoreline was calculated using: 

                  
    (2-1) 

where depth of water was surveyed at approximately 40 m from the edge of vegetation 

and DShore was the distance from the shoreline to the location where depth was 

surveyed.  The width of the vegetated area was measured as the distance from the 

shoreline to the outside edge of vegetation.  For vegetation not connected with the 

shoreline, the width of vegetation was determined using the average distance across 

the vegetated area.  Rugosity, a qualitative measurement of the complexity of vegetated 

areas, was visually assessed on a scale of 1 to 10.  Habitat with a rugosity score of 1 

represented a straight line of vegetation and habitat with a rugosity score of 10 

represented a complex mosaic of plants with many patches, channels, and undulations.   
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Analysis 

Martin (1958) and more recently Cox and Walters (2002) hypothesized that there 

is a portion of a population that is not vulnerable to angling at any given time (Figure 2-

2).  Under this assumption catch is comprised only of the fish from the vulnerable 

portion of a population (Cox and Walters 2002).   Cox and Walters (2002) proposed that 

fish can be either vulnerable Vt or invulnerable It to angling at time t as per 

          (2-2) 

where Nt is the number of fish in a population at time t.  Vulnerable fish may be found in 

locations that anglers target and are willing to respond to fishing gear.  Invulnerable fish 

are either in areas not targeted by anglers or do not react to angling gear (Cox and 

Walters 2002).  Fish can move between vulnerable and invulnerable states by moving 

to different areas or changing their reactivity to lures using the form: 

   

  
                 (2-3) 

   

  
        (2-4) 

where k1 is the rate at which fish move from a vulnerable state to an invulnerable state; 

k2 is the rate at which fish move from an invulnerable state to a vulnerable state; and k3 

is the harvest rate (Cox and Walters 2002).  If k1 and k2 are high, then the whole 

population is essentially vulnerable to angling because individuals don’t stay 

invulnerable for long periods of time.  However, if k1 and k2 are low, angler catch and 

the fishing mortality rate would be based on only a subset of the entire fish stock.   

To test if there were spatial differences in the vulnerability to angling of fish based 

on the distribution of effort, generalized linear models (GLMs) were used to analyze the 

distribution of largemouth bass anglers.  Binomial GLMs were constructed to predict the 
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probability that largemouth bass anglers will target a given area using presence and 

absence of largemouth bass anglers.  Because multiple largemouth bass anglers fishing 

from one platform (e.g. boat, dock, or section of shoreline) were not independent 

observations, largemouth bass anglers on the same platform were classified as a single 

presence observation.  Additionally, I generated pseudo-absence data points because I 

did not measure locations where largemouth bass anglers were not observed.  One 

thousand pseudo-absence locations were randomly generated within Lake Santa Fe to 

represent locations where largemouth bass anglers were not found.  Generating 

pseudo-absence data is a typical approach in species distribution modeling where 

presence-only data is common (Warton and Shepherd 2010).  Including pseudo-

absence points enables presence-only data to be analyzed using techniques developed 

to analyze presence-absence data (Pearce and Boyce 2006), such as binomial GLMs.  

Continuous predictor variables used in the model were: distance from shore, distance 

from vegetation, depth, the width of the vegetated area, and slope of the shoreline.  

Discrete predictor variables used in the model were: rugosity of the vegetated areas, 

presence of manmade structure, presence of cypress trees, presence of spatterdock, 

and presence of bulrush.  Rugosity of the vegetated areas was classified as a discrete 

predictor variable because rugosity was on a scale from 1 to 10.  Discrete variables 

were used to test if there were differences in vulnerability of fish to angling within the 

various vegetated habitat types.  If largemouth bass anglers or pseudo-absence points 

were located within 50 m from the outside edge of vegetation, they were classified as 

being located in onshore habitat.  Largemouth bass anglers or pseudo-absence points 

that were located greater than 50 m from the edge of vegetation were classified as 
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being in offshore habitat.  Fifty meters was chosen as the cutoff for targeting onshore 

habitat because it seemed unlikely that an angler would consistently cast farther than 50 

m to target an area.  Presence and pseudo-absence points in offshore habitat were 

given values of zero for the width of vegetated area, slope of the shoreline, and the 

rugosity score of the vegetated areas.  Using Akaike Information Criteria (AIC; Akaike 

1974), the full model was compared to a variety of reduced models.  Significant 

variables from the full model were used to create a set of reduced models.   The best 

model was selected based on the fewest number of parameters and ΔAIC scores of 

less than 10. 

To determine the vulnerability of the fish to angling, each fish location was 

classified using the same criteria to predict the distribution of largemouth bass anglers 

(e.g. distance from vegetation, distance from shore, depth, etc.).  The best GLM used to 

describe angler distribution was applied to each fish location to predict the likelihood 

that a largemouth bass angler would target the fish location.  Because pseudo-absence 

points were used instead of actual absence points, the model did not provide the actual 

probability that largemouth bass anglers target a given location (Pearce and Boyce 

2006).  Within the binomial GLM model structure, the number of pseudo-absence points 

used in a model influences the probability that largemouth bass anglers will target a 

given location.  Therefore, this technique will only provide a relative likelihood that 

largemouth bass anglers will target a location (Pearce and Boyce 2006).  As a result, 

predicted vulnerabilities of the fish were scaled so the highest vulnerability was equal to 

one.  Fish locations with a vulnerability greater than or equal to 0.5 were considered to 

be in areas where they were vulnerable to angling.  Fish locations with vulnerabilities 
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less than 0.5 were considered to be areas that were invulnerable to angling.  The 

vulnerability score used to determine if fish locations were vulnerable or invulnerable to 

angling was arbitrarily selected post hoc.     

Using the fish locations classified as vulnerable to angling or invulnerable to 

angling, capture histories for each fish were created.  A capture history is a string of 

characters or numbers representing a time series of where a fish was found during each 

sampling event throughout the study.   Fish locations were classified as either V or I.  

Fish locations in areas vulnerable to angling were represented with a V.  Fish locations 

in areas invulnerable to angling were represented with an I.  Fish not found or not 

searched for during a survey were given a 0.  For example, a fish with a capture history 

of VI0I represents a fish initially found in a vulnerable location, found on the following 

survey in an invulnerable location, not found during the third survey, and found again in 

an invulnerable location during the fourth survey.   

The capture histories of each fish created from the biweekly surveys were used in 

multistate models within the program MARK (version 6.1; White and Burnham 1999) to 

estimate daily exchange rates of fish between vulnerable and invulnerable areas of the 

lake (e.g. k1 and k2 from Figure 2-2) and evaluate factors influencing exchange rates.  

The model parameters included; heterogeneous exchange rates, season effects, and 

fish habitat preference. Exchange rates were allowed to be heterogeneous since, 

movements of largemouth bass to areas targeted by largemouth bass anglers may not 

be the same as the exchange rate out of the areas targeted by largemouth bass anglers 

(e.g. k1 ≠ k2 from Figure 2-2).  To test for seasonal differences in exchange rates, the 

study was divided into four seasons: fall, winter, spring, and summer.  To test if there 
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were differences in exchange rates based on habitat preference of fish, fish were 

divided into three categories based on the majority of their locations.  Each time a fish 

was found, the location was classified as either an onshore or offshore location.  If a fish 

was found within 50 m from the outside edge of vegetation, the location was defined as 

an onshore location.  If a fish was found greater than 50 m from the outside edge of 

vegetation, the location was defined as an offshore location.  A fish was classified as an 

offshore fish if less than 30% of its total locations were onshore, an onshore fish if 

greater than 70% of its total locations were onshore, or a generalist if 30-70% of its total 

locations were onshore.  The categories used to divide the fish into habitat preference 

groups were selected based on natural breaks within the data (Figure 2-3).  Offshore 

fish ranged in size from 366 to 559 mm with an average of 477 mm.  The sizes of the 

generalist fish ranged from 359 to 567 mm with an average of 428 mm.  Finally, 

onshore fish ranged in size from 353 to 648 mm with an average of 432 mm.  All 

possible model combinations used to predict the exchange rates were tested and 

ranked using small-sample corrected Akaike Information Criteria (AICc).  The most 

parsimonious model was selected based on fewest parameters and ΔAICc values of 

less than 10.   

In order to account for possible bias in the estimation of exchange rates using the 

biweekly surveys, exchange rates were also estimated in the program MARK using the 

within-day surveys.  To compare the estimates from the biweekly surveys and the 

within-day surveys, the best model characterizing biweekly exchange rates was used to 

assess within-day exchange patterns.  Average exchange rates were estimated instead 

of estimating exchange rates for each within-day survey because only 8 to 14 fish were 
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tracked during each survey.  Because the survey in April had only 7 capture occasions 

(14 hour tracking period) and June and August had 8 capture occasions (16 hour 

tracking period), only the first 7 capture occasions from June and August were used to 

estimate exchange rates.   

Tag Returns 

Angler tag return data were analyzed to test if there was a portion of the 

population that was invulnerable to angling.  Anglers that caught tagged fish were 

instructed to remove the external $200 reward tag and call the number on the tag to 

receive the reward.  Instructions were posted at the boat ramps and on the tag.  When 

anglers called to claim the reward they completed a short telephone survey to identify 

their target species, capture location, if they were fishing near the shoreline or in open 

water, capture date, and if the fish was harvested.  A Pearson’s Chi-square test (Eq. 2-

5) was used to test if there was a difference in the number of fish caught by anglers 

between the offshore fish, generalist fish, and onshore fish.   

   ∑ (     )
  

      
    (2-5) 

For the Pearson’s Chi-square (χ2) test Oi was the observed number of fish caught in fish 

habitat preference group i and Ei was the expected number of fish caught in fish habitat 

preference group i.  The expected numbers of fish caught were calculated as: 

      ̅  (2-6) 

where Ni was the number of fish in habitat preference group i, and  ̅ the average portion 

of total tagged fish caught by anglers.   
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Figure 2-1.  Bathymetric map of Lake Santa Fe, Florida.  The center of the lake is 

located at 27.74°N and 82.07°W. Contour lines represent depth in meters. 
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Figure 2-2.  Representation of a recreational fishery from Cox and Walters (2002).  
Total population is comprised of a vulnerable portion V and an invulnerable 
portion (N-V) of the population (Cox and Walters 2002).  Constants k1 and k2 
represent the exchange rates between the vulnerable and invulnerable 
portions of the population (Cox and Walters 2002).  Removals from the 
vulnerable portion of the population occur at the rate k3 (Cox and Walters 
2002). 
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Figure 2-3.  Proportion of time spent onshore for each fish broken up into habitat 

selection groups.  Blue represents fish that spend most of their time offshore, 
green represents generalist fish that frequently move between onshore and 
offshore habitat, and black represents fish that spend most of the time 
onshore. 
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CHAPTER 3 
RESULTS 

A total of 832 anglers were surveyed from November 2010 through October 2011.  

Of these, 313 were targeting largemouth bass (Figure 3-1).  Largemouth bass anglers 

tended to congregate around the littoral zone of the lake, whereas the non-bass anglers 

tended to be located in open water (Figure 3-1).  Many of the offshore anglers were 

targeting black crappie, Pomoxis nigromaculatus.  A total of 44 anglers interviewed 

indicated that 91% of all anglers were correctly identified.    

Largemouth bass angler distribution was best characterized by the model 

containing distance from vegetation and vegetation rugosity (Table 2-1).  All vegetated 

habitats had relative likelihood values greater than 0.65 and offshore habitats had 

relative likelihood values less than 0.20, indicating largemouth bass anglers target 

vegetated areas more than offshore areas (Figure 3-2).  Largemouth bass anglers were 

more likely to target vegetated habitat with higher rugosity scores than vegetated habitat 

with lower rugosity scores (Figure 3-2).   

Eighty one largemouth bass were tagged in October 2010.  Sixty four were tagged 

near onshore habitat and 17 tagged in offshore habitat.  None of the fish suffered from 

mortality due to the surgery process, so all fish were included in the MARK analysis.  

Each fish was found an average of 28 times over 88 tracking events.  Due to memory 

limitations in the program MARK, only 61 of the tracking events could be analyzed to 

predict the exchange rates.  To compress the data set tracking events having less than 

10 found fish were combined with the preceding or following tracking event, whichever 

was closer.  During the study 38 fish were harvested, died from natural mortality, or 

were lost due to unreported harvest or tag failure.  The remainder of the fish were 
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searched for during the entire study, however the transmitters started to fail after day 

300 and only 17 fish were tracked for the full 365 days.   

On average, approximately one third of the tagged fish were located in offshore 

habitat at any given, whereas most bass anglers fished along shore (Figure 3-3).  

Assuming the distribution of tagged fish was representative of the bass population as a 

whole, the distribution of largemouth bass anglers did not mirror the distribution of the 

largemouth bass.  Thus, about a third of the fish appeared to be invulnerable to angling 

based on their location at any one time.   

The best model predicting exchange rates using the biweekly survey data from 

vulnerable to invulnerable areas included the interaction between fish habitat preference 

and heterogenic exchange rates (Table 2-2).  Estimates of exchange rates from the 

biweekly survey ranged from 0.001 to 0.035 per day, with highest average exchange 

rates for offshore fish and lowest average for onshore fish (Table 2-3).  Offshore fish 

located in invulnerable areas had a 0.3% chance of moving to vulnerable areas, 

whereas offshore fish located in vulnerable areas had a 3.5% chance of moving to 

invulnerable areas each day (Table 2-3).  This suggests a general offshore movement 

for fish classified as the offshore behavior type.  For generalist fish, the probability of 

moving to either a vulnerable or invulnerable area was approximately 0.7 to 0.8% each 

day (Table 2-3).  Finally, onshore fish located in vulnerable areas had a 0.1% chance of 

moving to invulnerable areas, whereas onshore fish located in invulnerable areas had a 

1.1% chance of moving to vulnerable areas each day (Table 2-3).  This suggests a 

general onshore movement for fish with onshore habitat preference.  Differences in 

exchange rates of offshore fish indicated this subpopulation remained invulnerable for a 
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significant portion of the year.  Conversely exchange rates of onshore fish indicate this 

subpopulation was vulnerable to angling for the majority of the year.  Exchange rates of 

generalist fish were almost equal, indicating they did not remain invulnerable for a 

significant portion of the year.  However, the generalist fish were potentially subjected to 

less fishing effort than the onshore fish.   

Exchange rates estimated from the within-day sampling indicated higher exchange 

rates than the biweekly observations.  Estimates of exchange rates from the within-day 

surveys ranged from 0.33 to 1.00 per day (Table 2-4).  Similar to trends in exchange 

rates from biweekly surveys, offshore fish had the highest average exchange rates and 

onshore fish had the lowest average exchange rates (Table 2-4).  However, exchange 

rates from within-day surveys were one to two orders of magnitude larger than 

estimates from the biweekly surveys (Tables 2-3, 2- 4).  Exchange rates for the offshore 

fish appear to be inflated due to small sample sizes.  Out of 33 fish surveyed, only five 

were offshore fish and only one of these was found every two hours during the within-

day surveys.  Three of the offshore fish were found to move between vulnerable and 

invulnerable areas, whereas two of the offshore fish were only located in invulnerable 

areas.  The exchange rate of 1.00 indicated that if offshore fish were located in 

vulnerable areas, they did not stay there for more than a day.  Additionally, offshore fish 

had a high probability of moving to vulnerable areas within a given day (59%; Table 2-

4).  However, there was an offshore fish that was not included in the within-day survey 

that moved less than 50 m between biweekly tracking events.  Therefore, it seemed 

unlikely that this fish had a high probability of moving to a vulnerable area within a given 

day.  Furthermore, there were offshore fish that had seasonal movement patterns, 
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where they would spend periods of time onshore (e.g. during the spawning season) 

while spending the rest of the year offshore.  These fish would have low overall 

exchange rates, but would spend a significant portion of the year onshore.  Although 

there were some offshore fish that had high exchange rates, there were still individuals 

that likely remained invulnerable to angling for a significant portion of the year.  

However, results from the within-day surveys indicated that the whole population was at 

least occasionally vulnerable to angling due to the high exchange rates that occurred 

owning to daily movements. 

Results from the tag returns indicated that 58% of all radio tagged fish were 

caught at least once by anglers (Table 2-5).  Forty seven percent of the offshore fish 

were caught, 65% of the generalist fish were caught, and 59% of the onshore fish were 

caught (Table 2-5).  Of the offshore fish that were caught, approximately 38% were 

reported as being caught onshore and approximately 63% were reported as being 

caught offshore (Table 2-5).   Of the generalist fish, 92% were caught onshore and only 

8% were caught offshore (Table 2-5).  None of the onshore fish were reported as being 

caught offshore (Table 2-5).  Additionally, all largemouth bass were caught by anglers 

specifically targeting largemouth bass or by anglers were targeting largemouth bass 

along with other species.  Results from the Chi-square test indicated there was not a 

significant difference between the portions of fish caught based on the habitat 

preference of the fish (Chi-square = 1.39, P = 0.45), indicating all fish had similar 

vulnerabilities to angling regardless of the fish’s habitat preference.    
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Table 2-1.  Delta AIC scores and model weights for binomial generalized linear models predicting angler distribution.  DVeg 
represents distance from the outside edge of vegetation, R1:R7 represents dummy variables for rugosity scores 
1:7, WVeg represents width of the vegetated area, slope represents slope of the shoreline, DShore represents 
distance from the shoreline, MM represents the presence of manmade structure (e.g. docks), CY represents the 
presence of cypress trees, SP represents the presence of spatterdock, and BR represents the presence of giant 
bulrush. 

Model ΔAIC Weight Npar 

DVeg+R1+R2+R3+R4+R5+R6+R7 0.0 0.97 9 

DVeg+WVeg+Slope+R1+R2+R3+R4+R5+R6+R7+MM+CY+SP+BR 7.9 0.02 15 

DVeg+DShore+Depth+WVeg+Slope+R1+R2+R3+R4+R5+R6+R7+MM+C
Y+SP+ BR 

9.4 0.01 17 

DShore+WVeg+Slope+ R1+R2+R3+R4+R5+R6+R7+MM+CY+SP+ BR 12.5 0.00 15 

DVeg 38.0 0.00 2 

Depth+WVeg+Slope+ R1+R2+R3+R4+R5+R6+R7+MM+CY+SP+ BR 42.5 0.00 15 

R1+R2+R3+R4+R5+R6+R7 43.0 0.00 8 
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Table 2-2.  Delta AICc table and model weights testing for exchange rates of fish 
between areas vulnerable and invulnerable to angling using the program 
MARK.  Habitat represents the habitat preference of the fish, HM represents 
the heterogenic movement, and Npar represents the number of parameters. 

Model ΔAICc Model Weight Npar 

Habitat * HM 0.0 1.00 8 

Habitat * HM * Season 20.1 0.00 26 

Habitat 220.0 0.00 5 

Habitat * Season 231.2 0.00 14 

HM 355.3 0.00 4 

Season * HM 361.3 0.00 10 

Null 363.5 0.00 3 

Season 363.7 0.00 6 
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Table 2-3. Biweekly survey estimates of exchange rates between areas vulnerable (Vul) 
and invulnerable (Invul) to angling derived from the MARK model 
incorporating habitat preference of the fish and heterogenic movement.  
Estimates are in daily (24 hour) time steps. The LCI and UCI represent the 
lower and upper 95% confidence intervals around the estimate.  Estimates for 
movement are divided into habitat preference. 

Main Location Parameter Est. LCI UCI 

Offshore Vul to Invul 0.035 0.021 0.054 

Offshore Invul to Vul 0.003 0.002 0.004 

Generalist Vul to Invul 0.008 0.006 0.010 

Generalist Invul to Vul 0.007 0.005 0.009 

Onshore Vul to Invul 0.001 0.001 0.001 

Onshore Invul to Vul 0.011 0.008 0.016 
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Table 2-4.  Within-day survey estimates of exchange rates between areas vulnerable 
(Vul) and invulnerable (Invul) to angling from April, June, and August.  
Estimates were derived from the MARK model incorporating habitat 
preference of the fish and heterogenic movement.  Estimates are in daily (24 
hour) time steps.  The LCI and UCI represent the lower and upper 95% 
confidence intervals around the estimate.  Estimates for movement are 
divided into habitat preference. 

Main Location Parameter Est. LCI UCI 

Offshore Vul to Invul 1.000 0.966 1.000 
Offshore Invul to Vul 0.586 0.111 0.996 
General Vul to Invul 0.767 0.414 0.976 
General Invul to Vul 0.888 0.587 0.994 

Onshore Vul to Invul 0.334 0.122 0.711 
Onshore Invul to Vul 0.996 0.844 1.000 
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Table 2-5.  Catch data of the tagged fish divided into fish habitat preference categories.  
Not all anglers reported where they caught the tagged fish. 

Fish Habitat 
Preference 

Number of 
Fish 

Percent 
Caught 

Percent Caught 
Onshore 

Percent Caught 
Offshore 

Offshore 19 47   38 63 

Generalist 23 65   92   8 

Onshore 39 59 100   0 

Total 81 58   85 15 
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Figure 3-1.  Distribution of largemouth bass anglers (red dots) and non-bass anglers 

(black dots) on Lake Santa Fe from November 2010 through October2011.  
Green area around the perimeter of the lake represents the vegetated areas 
and blue represents open water.  Angler locations outside of the lake are 
located in canals. 

N 
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Figure 3-2.  Fitted general linearized model predicting the relative likelihood that 

largemouth bass anglers will target a given area based on distance from 
vegetation and rugosity score of the onshore habitat.  The dark green line 
represents the rugosity score of 0 (open water), the grey line represents a 
rugosity score of 1, the red line represents a rugosity score of 2, the light blue 
line represents a rugosity score of 3, the light green line represents a rugosity 
score of 4, the dark blue line represents a rugosity score of 5, the orange line 
represents a rugosity score of 6, and the black line represents a rugosity 
score of 7. 
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Figure 3-3.  All fish locations from October 2010 through October 2011 (green dots).  

Areas where largemouth bass anglers target (black) and where they do not 
target (grey) based on binomial generalized linear model incorporating 
distance from shore and rugosity of the shoreline habitat.  Fish locations 
outside of the lake were found in canals. 

N 
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CHAPTER 4 
DISCUSSION 

Unlike predictions of the IFD theory, the distribution of largemouth bass anglers 

did not mirror the distribution of largemouth bass.  The differences in the distribution of 

largemouth bass anglers and largemouth bass lend support to Martin (1958) and Cox 

and Walters (2002) hypothesis that a population is comprised of fish that are either 

vulnerable to angling or invulnerable to angling.  However, data from the tag returns 

indicated that even though a subset of fish spent most of the time in areas invulnerable 

to angling, ultimately they were captured at similar rates to onshore fish.   Therefore, the 

observed exchange rates of largemouth bass could have been sufficiently high such 

that all fish did not remain invulnerable to angling or there were other factors influencing 

their vulnerability.  Understanding the exchange rates between vulnerable and 

invulnerable states is a need in recreational fisheries (Cox and Walters 2002), and this 

study showed that exchange rates were sufficient to make all fish essentially vulnerable 

during the year. 

Largemouth bass anglers targeted only about two thirds of the tagged fish at any 

given time, indicating that largemouth bass anglers were not distributed according to the 

IFD.  Although the IFD has performed well at predicting the distribution of commercial 

anglers (Gillis et al. 1993; Gillis 2003; Swain and Wade 2003; Voges et al. 2005), there 

are major differences between commercial and recreational anglers.  Similar to the 

results of Abernethy et al. (2007), recreational anglers violate key assumptions of the 

IFD.  The IFD states that anglers will be distributed such that all anglers will have similar 

catch rates (Voges et al. 2005).  Abernethy et al. (2007) found that the degree of angler 

experience, including knowledge of the fishing areas and an understanding of the 
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environmental dynamics was positively related to catch rates.  Therefore, the 

differences in angler experience and knowledge could have resulted in the largemouth 

bass anglers not being ideally distributed.   

Furthermore, largemouth bass anglers fishing in offshore areas could have been 

more effective at catching fish than largemouth bass anglers fishing in onshore areas.  

Studies have shown that a few recreational anglers catch a large portion of the fish 

(Hilborn 1985; van Poorten and Post 2005; Seekell et al. 2011).  Catch inequality has 

been found to be common in recreational fisheries (Baccante 1995).  Lake Santa Fe 

has many brush piles scattered throughout the pelagic zone, however they are 

generally not marked with a float and are therefore difficult for anglers to find.  Through 

fall and winter of 2010-2011, there was a large population of threadfin shad Dorosoma 

petenense and numerous fish were tracked as they were chasing these schools of prey 

fish.  Largemouth bass anglers that effectively target fish aggregating near offshore 

structure (e.g. brush piles) and following schools of threadfin shad could have higher 

catch rates than anglers fishing in other areas.   

Studies analyzing the effectiveness of marine protected areas (MPAs) indicate that 

fish with high exchange rates into and out of protected areas were not protected from 

fishing (Walters and Bonfil 1999; Botsfod et al. 2003; Grüss et al. 2011).  Results from 

the tag returns showed that a portion of the offshore fish were vulnerable to anglers 

fishing onshore.  This indicated the exchange rates were high enough that this 

subpopulation was not protected from angling.  Furthermore, exchange rates estimated 

from the biweekly surveys were likely biased low because of the large time intervals 

between tracking events.  Studies have found that large time intervals between tracking 
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events may miss the majority of fish movements (Demers et al. 1996; Ovidio et al. 2000; 

Løkkeberg et al. 2002; Hanson et al. 2007).  Exchange rates estimated from the within-

day surveys were therefore less biased and likely resulted in the whole population being 

vulnerable to angling.  Unlike MPAs, there was still effort directed at largemouth bass in 

the offshore areas of the lake, and consequently, the majority of offshore fish were 

caught in offshore habitats.  Therefore the exchange rates of the fish were not the only 

factor influencing the vulnerability of fish to angling. 

Factors other than spatial location and exchange rates between vulnerable and 

invulnerable areas influence fish vulnerability to angling, such as fish learning and hook 

avoidance.  Fish learning and hook avoidance has been noted in some species 

(Beukema 1970; Young and Hayes 2004; Askey et al. 2006; Kuparinen et al. 2010; 

Klefoth et al. 2012) including largemouth bass (Aldrich 1939; Anderson and Heman 

1969; Hackney and Linkous 1978).  Beukema (1970) found that the angling catchability 

of common carp Cyprinus carpio was three times higher for individuals that had not 

been caught and released than those that had been caught and released.  In response 

to experimental angling, common carp were also found to avoid previously used feeding 

areas (Klefoth et al. 2012).  Additionally, Anderson and Heman (1969) and Hackney and 

Linkous (1978) found a link between fish learning and angler effort.  On Lake Santa Fe, 

the largemouth bass anglers concentrated their effort near onshore vegetated habitat.  

Although this study did not analyze the differences in catchability between fish habitat 

preference, the onshore fish could have been more reluctant to react to lures because 

they were exposed to more fishing effort.  Consequently, the offshore fish could be 

relatively naive to angling due to substantially lower angler effort.  These differences in 
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the levels of vulnerability to angling caused by fish learning and hook avoidance could 

be exacerbated by a concentration of angling effort and by fish habitat preference.   

Although this study showed that the distribution of largemouth bass anglers did not 

mimic the distribution of largemouth bass, several major assumptions were made in 

determining the distribution of largemouth bass anglers.  While setting up the logistic 

GLM to quantify angler distribution, I assumed largemouth bass anglers fishing outside 

the peripheral 50 m buffer of vegetation were fishing in open water.  Post hoc 

examination indicated that approximately 91% of the largemouth bass anglers were 

within 50 m of the edge of vegetation.  Furthermore, our ability to classify anglers based 

on fishing technique was imperfect (91% correct).  I chose not to incorporate this 

uncertainty into the models because of the differences in the distributions of the two 

angler groups.  Even though 9% of the anglers were misclassified, only one of the 

misclassified anglers was located offshore and the majority of non-bass anglers were 

located offshore.  Additionally, the black crappie fishing was exceptional from November 

2010 through February 2011, with over half of the non-bass anglers surveyed during 

those four months.  Moreover, I chose not to incorporate the non-bass anglers in 

determining the vulnerability of the fish because all tagged largemouth bass were 

caught by anglers that were specifically targeting largemouth bass or were targeting 

largemouth bass along with other species.  However, by not including uncertainty in 

these assumptions, the estimates of effort in the offshore areas were likely 

conservative. 

With recreational anglers being a major component in many of today’s fisheries, it 

is important to understand the dynamics of angler behavior.  The spatial distribution of 
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effort can significantly impact both the fish population and the vulnerability of individual 

fish.  Not only is it possible for recreational anglers to overfish populations (Post et al. 

2002; Lewin et al. 2006), but with selective, non-random targeting of individuals within a 

population it might also be possible to alter the genetic structure of the population by 

targeting individuals with certain life history traits (Philipp et al. 2009).  Additionally, the 

catchability of fish could have been influenced by fish habitat preference traits.  At high 

levels of exploitation, differences in catchability could lead to the overexploitation of 

individuals with a certain life history trait without overfishing the entire population.  

Therefore, an understanding of recreational angler dynamics in relation to fish behavior 

and fish population dynamics is imperative increase the sustainability of recreational 

fisheries.   
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CHAPTER 5 
MANAGEMENT IMPLICATIONS 

In systems where the distribution of anglers is not the same as the distribution of 

the targeted species, the non-random distribution of fishing effort can essentially create 

protected areas for fish.  This can happen when the majority of a population congregate 

in certain areas or when fish are distributed throughout a large area and anglers are 

limited by the number of access points and distance (such as many costal fisheries).  In 

these fisheries, there might be a gradual decrease in the vulnerability of fish as distance 

from access points increase, compared to a sudden change in the vulnerability of fish 

as was observed on Lake Santa Fe.  Similar relationships have been observed between 

proximity to urban centers and fishing effort in lake rich environments, where effort 

decreases with distance from urban centers (Post et al. 2008).  Incorporating these 

differences in vulnerability to angling into stock assessment models can allow for more 

accurate predictions of stock status.  Additionally, differences in vulnerability to angling 

may offer unique alternatives to the use of MPAs as management tools.  

Sampling design can also have large implications on the results studies 

quantifying movement rates for creating and designing MPAs.  Similar to many studies 

(see Demers et al. 1996; Ovidio et al. 2000; Løkkeberg et al. 2002; Hanson et al. 2007), 

this study demonstrated that sampling designs with large time intervals between 

tracking events did not adequately quantify the exchange rates of fish between areas 

where anglers targeted and did not target.  This is important to consider when 

quantifying movement rates to test the effectiveness of MPAs because MPAs are less 

effective for fish with high movement rates compared to fish with low movement rates 

(Botsford et al. 2003).  Additionally, this is important when considering the size of MPAs 
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because fish with high movement rates require larger protected areas (Grüss et al. 

2011).  However, by analyzing movement rates over short time steps, it is possible to 

miss seasonal movement patterns or migrations.  It is essential to determine the 

objectives of your study and develop a sampling design that includes the appropriate 

temporal and spatial scales to address those objectives.   
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