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Contemporary and Historic Effects of Fishing ondeamouth Bass Populations, Using

Unexploited Populations for Reference

Jan-Michael Hessenauer, Ph.D.

University of Connecticut, 2015

ABSTRACT: Recreational fisheries represent comglexpled human and natural systems
subject to intricate feedback loops. These feeklmps can affect anglers, fish populations,
and the ecosystem. | studied the effects of ré&ore angling on Largemouth Baktcropterus
salmoides populations, using unexploited populations foerefhces. Exploited populations
contained significantly more individuals with lowetabolic rates than unexploited populations,
consistent with predictions of fisheries inducedlation. Naive individuals from unexploited
and exploited populations had equal initial anghmgnerability in standardized trials. However,
individuals from exploited populations learned laridance faster than unexploited
individuals. The cumulative number of catch evdrgst predicted catch rates, and many
individuals from both population types were nevaptared suggesting social learning may be
involved with learned lure avoidance. Enhancediieg may be another mechanism through

which angling selection affects fish populations.

Selection from recreational angling should decrgagrilation vulnerability to angling,
and is associated with ecologically important eagecgohenotypes. | evaluated whether

unexploited individuals could genetically contribub an active fishery, and thus the potential



Jan-Michael Hessenauer — University of Connect2oit,5

for genetic management to restore phenotypes rddogmpulations by selection from
recreational angling. Parentage analysis revehkdndividuals from exploited and
unexploited populations contributed to an actigbdiry in proportion to their stocking frequency

and sex ratios, suggesting that genetic managemarieasible management strategy.

To understand the current effects of recreationgliag on Largemouth Bass populations
| estimated the total number of catch events oguyiin two lakes over two years. Catch was
estimated by monitoring tournaments and from ade&h collected by the Connecticut
Department of Energy and Environmental Protectidand Fisheries Division. Catch data and
population size were utilized in a yield per retrabdel to estimate the effects of length limits
and catch-and-release mortality on population agesi&ze structure. Modeling revealed that
harvest rates estimated from creel data are lilag\fow for length limits to affect population
structure, and even low rates of catch-and-releastality are likely to significantly alter
population structure. Creative management solstibat manage angler catch or effort are

needed for high use fisheries with low harvestsate
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CHAPTER 1

Comparisons of the Resting Metabolic Rates and Aniglg Vulnerability of Exploited and

Unexploited Populations of Largemouth Bas's

Abstract

Recreational fishing represents a coupled humairadagystem subject to complex
feedback processes. Non-random mortality assalveaith recreational fisheries has the
potential to cause evolutionary changes in fishutetpons. Inland recreational fisheries offer
unique opportunities to study fisheries induced@vwan due to the ability to replicate study
systems, limited gene flow among populations, &edetxistence of unexploited reference
populations. Experimental research has demondtthst angling vulnerability is heritable in
Largemouth Basblicropterus salmoides, and is correlated with elevated resting metalralies
(RMR) and higher fitness. Therefore, over timesebn from recreational angling should
decrease RMR and overall population vulnerabibtyamgling in exploited populations. | sought
to quantify differences in RMR and angling vulneliZpamong replicated exploited and
unexploited populations of Largemouth Bass. lemi#d age-0 Largemouth Bass from two
Connecticut drinking water reservoirs unexploitgdangling for almost a century, and two
exploited lakes, then transported and reared tineitmel same pond for 10 months prior to
respirometry. Field RMR of individuals from eaabpplation was quantified using intermittent-
flow respirometry. Individuals from unexploitedsszvoirs had a significantly higher mean

RMR (6%) than individuals from exploited populatsonStandardized angling took place one

1 A manuscript from this chapter has been publishede journal PLOS ONE DOI:
10.1371/journal.pone.0128336



year after respirometry trials. While no differengenitial angling vulnerability existed among
fish from exploited and unexploited population®agin, individuals from exploited populations
learned lure avoidance faster than individuals froraxploited populations. Cumulative catch
events, a metric which incorporates the numbeippbaunities individuals had to directly and
indirectly experience angling, best predicted dawel daily catch rates for both exploited and
unexploited populations, suggesting a social legreomponent of learned lure avoidance. That
individuals originating from exploited populatiohad lower RMR and lost naivety to angling
quicker relative to individuals from unexploitedguoations is consistent with predictions of
fisheries induced evolution, and may have widespedtects on ecosystem energetics as well as

recreational angling quality.

Introduction

Recreational fishing is popular worldwide, accongtior an estimated 12 % of global
fish harvest (Post et al. 2002; Cooke and Cowx 20@bke and Cowx 2006; Lewin et al. 2006).
Recreational fishing represents an excellent examipa complex coupled human and natural
system (e.g. Liu et al. 2007) that includes feellbaops which effect individual fish behavior
and health, angler practices and effort, fish paoh characteristics and ultimately the
ecosystem as a whole (e.qg., via trophic cascadege@ter et al. 1985; Carpenter & Kitchell
1993). Feedback loops associated with recreatammgling can occur over multiple temporal and

to some extent spatial scales (e.g. Post et aR)200

Selection from angling represents one potentiadliaek loop associated with
recreational fishing. Similar to commercial fistesr recreational fisheries are generally size

selective (Al6s et al. 2014a; Kuparinen and Me20@7; Matsumura et al. 2011), typically result



in higher population mortality rates (Allendorfat 2008; Law 2007), and may interrupt critical
life history events (Kuparinen and Merila 2007; fiaglt et al. 2008; Alds et al. 2014a).
However, the passive nature of most recreatioshkfies in which a fish needs to choose to eat
(or attack) the bait or lure is an important distion (Uusi-Heikkila et al. 2008; AlGs et al.

2012). Recreational anglers also likely have noaigacity to adapt terminal tackle and
presentation methods to target particular sizdsbfor to intercept particular life history stages
than is common in commercial fisheries. These@spw recreational fisheries have been
shown to select for behavioral phenotypes and tirderlying physiological drivers (Biro and
Post 2008; Uusi-Heikkila et al. 2008; Alds et &12) as well as morphological traits such as
body shape (Alés et al. 2014b). As a result, rmordom mortality associated with commercial
and recreational fisheries can produce selectsjear@ses in targeted populations, a phenomenon

known as fisheries induced evolution (FIE).

Given the potential for FIE resulting from recreatl angling, inland recreational
fisheries offer opportunities to reveal both thegance and mechanisms of FIE. Multiple lakes
and river systems can serve as replicate experahenits (Philipp et al. 2009), and while rare,
unexploited populations still exist (Kocovsky andrfihe 2001; Mueller et al. 2005; Hessenauer
et al. 2014). Comparison between exploited and ploéed populations establishes a reference
point for the impacts of harvest and fishing. Euethe absence of harvest, catch-and-release
fisheries still have the potential to exert selexpressures as a result of unintended post-release
mortality (Muoneke and Childress 1994) and decrasproductive fitness (Philipp et al. 1997,
Suski and Philipp 2004; Stein and Philipp 2014&c&use multiple systems can be used as

replicates, and gene flow is often limited amorngssiand unexploited populations exist for



reference, research on inland recreational fiskessociated with FIE is increasing (Cooke and

Cowx 2004; Uusi-Heikkila et al. 2008; Philipp et 2009; Redpath et al. 2010; Post 2012).

Philipp et al. (2009) demonstrated that vulnergbib recreational angling has a
heritable genetic component. This was establiflysdeveloping strains of Largemouth Bass
(Micropterus salmoides) that had high vulnerability (HV) and low vulnerity (LV) to angling
through an intensive multi-generation artificialesion experiment. They demonstrated that
selection from angling resulted in appreciable otidns of angling vulnerability in LV fish
(Philipp et al. 2009), suggesting that selectiomai@ls decreasing vulnerability was feasible in
exploited populations. Subsequent experiments detraded that relative to LV individuals,
HV individuals exhibited a suite of correlated pbgmes including higher metabolic rates
(Redpath et al. 2010), which correlated with lowegection rates of prey (Nannini et al. 2011),
and more intensive parental care and boldness @eb#l. 2007) resulting in higher fithess
potential in the absence of angling (Sutter e2@12). Therefore, selection from recreational
fishing acts on a suite of behavioral traits linkedinderlying heritable physiological processes
that collectively make some individuals more vuéi#e to angling (Biro and Post 2008; Uusi-
Heikkila et al. 2008; Alés et al. 2012). As a eésimrgemouth Bass, an ecologically (Carpenter
et al. 1987; Mittelbach et al. 1995) and econonyq&S Fish and Wildlife Service 2006)
important widespread sportfish, has emerged asdehspecies for study of FIE (Philipp et al.

1997; Cooke et al. 2007; Philipp et al. 2009; Rédea al. 2010; Sutter et al. 2012).

Experimental evidence suggests that recreatiomgdingnshould, over time, decrease the
prevalence of HV phenotypes in exploited systeraditeg to a decrease in overall angling
vulnerability (Philipp et al. 2009) and correlatgtenotypes, such as metabolic rates (Redpath et

al. 2010). Over the course of a single growingeadin temperate climates) angler catch rates

4



are known to decline (Aldrich 1939; Beukema 19768ckhey & Linkous 1978; van Poorten &
Post 2005) independent of changes in fish densgg@ated with harvest or mortality from
angling (Askey et al. 2006; Klefoth et al. 2013tudies have associated, across several species,
the decreases in population-level vulnerabilitangling with behavioral modification due to
individuals learning lure avoidance behaviors (Bauk 1970; Hackney & Linkous 1978; Askey
et al. 2006; Kuparinen et al. 2010). Foraging ardm@ory represents one framework that
provides a mechanistic study of the behavioral fications of fishes in response to predation
risk (Ahrens et al. 2012). Individuals of a popigda can be thought of as belonging to two
groups, one that is currently vulnerable to anglangd another that is invulnerable to angling
(Ahrens et al. 2012). The division of individual$o these two groups and the movement of
individuals between these groups are a functidmebfvioral decisions that each individual
makes, and some of these decisions have been dieatedso have heritable components (Biro
and Post 2008; Philipp et al. 2009; Klefoth e28l13). Therefore, selection from recreational
angling may be influencing the inherent vulnerapitif exploited populations, and potentially

the ability of individuals within exploited popuians to modify their behavior to avoid lures.
Together these mechanisms may result in decreasell ates, even if Largemouth Bass density

remains unchanged.

My first objective was to examine the metabolicfppes of two exploited and
unexploited populations of Largemouth Bass. | higpsized that Largemouth Bass from
exploited populations would exhibit lower metabahtes relative to Largemouth Bass from
unexploited populations, consistent with the outesrof previous studies that used Largemouth
Bass line-bred for differences in angling vulneligh{Philipp et al. 2009; Redpath et al. 2010).

My second objective was to evaluate the anglingerability of two exploited and unexploited



populations of Largemouth Bass. | hypothesizetitithviduals originating from unexploited
populations will have higher inherent angling vubdglity relative to individuals originating
from exploited populations. Further, | hypothedizat individuals from exploited populations
will modify their behavior in response to anglingra quickly than individuals from unexploited
populations, such that the angling vulnerabilityegploited individuals will decrease more

rapidly than individuals from unexploited populaitso
Methods

| collected Largemouth Bass from four populatian€bnnecticut, USA, during fall
2012. Hemlock Reservoir (177 ha; N°#3'2.27”, W 7317°19.78”) and Easton Reservoir (198
ha; N 4£15'55.25”", W 7316'1.10") are private drinking water reservoirs amere impounded
in 1914 and 1926, respectively, by the Bridgeporditdulic Company. Both reservoirs have
been closed to angling since their constructiorhil®\some illegal shoreline angling likely
occurs, both of these lakes lack public boat acaedsare patrolled by water company law
enforcement officers; resulting in populations thate essentially been unexploited by anglers
for almost a century (Hessenauer et al. 2014 ohtrast, both Amos Lake (46 ha; N
41°31'1.57”, W 7958'31.14") and Gardner Lake (214 ha; N30’'39.66”, W 7313'38.77")
support popular public Largemouth Bass fisheriasghpublic boat ramps, and were therefore
deemed ‘exploited’ for the purposes of this stuéyl.four lakes are mesotrophic, and
Largemouth Bass are the dominant piscivore. Fishneonities consist of Centrarchidae
(primarily Bluegill Lepomis macrochirus and Pumpkinseeldepomis gibbous) and Percidae
(primarily Yellow PerchPerca flavescens) species. Gardner and Amos Lakes are seasonally
stocked with Brown TrouBalmo trutta and Rainbow TrouDncorhynchus mykiss as part of put-

and-take fisheries practices, and while not stockesttly Hemlock and Easton Reservoirs



contain Brown and Rainbow trout from the downstrehsplacement of fish stocked upstream.
Hemlock Reservoir and Amos Lake also contain pdjmria of landlocked Alewiveélosa
pseudoharengus. Largemouth Bass are not native to Connectiawut,aae believed to have been
introduced throughout the state (and region) fronuastate New York source population via
Federal stocking programs in the 1850’s (Whitwd®96). It has not been management practice
to stock Largemouth Bass in any lakes or reserwoitise state since early naturalization, and no
records of such stockings exist for the study lak&k four systems experience the same climate

conditions, given their similar latitude and proxiyro Long Island Sound.

Age-0 Largemouth Bass were captured from widelirihisted locations within each
source lake via beach seining, trap netting, arad électrofishing. Sampling occurred over
approximately four weeks beginning Septembé’f 2612 and ending October'®2012.

Sampling effort was consistent among the threesgeagach lake. Trap netting entailed setting
five trap nets over 48 h intervals, with each ®agptied each morning. Seining occurred over a
two work day period (concurrent with trap nettimg)d night-time electrofishing completed one
full lap of each lake. | chose to sample each laite a combination of active (seining, and
electrofishing) and passive (trap-netting) techegjamployed with similar effort among lakes
because vulnerability to sampling gears has beewrsko vary with animal personality (e.qg.
Wilson et al. 1993; Biro and Dingemanse 2009; Catal. 2012) Animal personality has been
linked to metabolic rate (Biro and Stamps 20083r¢fore my sampling approach was designed
to guard against collecting an unrepresentativepanf possible personality traits and
metabolic rates. Age-0 Largemouth Bass disperdelwiand randomly from their nest of origin
(Hessenauer et al. 2012), suggesting that my saspldikely to be biased towards a small

number of kin groups, and thus confounded by palematernal effects within populations.



After capture, Largemouth Bass were transported 99,783, and 95 km from Amos, Easton,
Gardner, and Hemlock, respectively, in aeratedezsdb a single outdoor rearing pond at the
Connecticut Department of Energy and Environmeptatection Burlington State Fish Hatchery
in Burlington, Connecticut. Prior to release ittte pond, individuals from each population were
double tagged with population-specific batch mank$uding a fin clip and visual implant
elastomer tag. Throughout spring and summer 0820 pond was stocked at regular intervals

with small minnows for foragdP{mephal es promelas andNotemigonus crysoleucas).

Quantification of resting metabolic rates

During fall 2013, after individuals had acclimaiud been reared in the common pond
for at least 10 months, | measured field restingal@ic rates (RMR) of individuals from each
of the four populations. Each day, four individuaf similar size (one from each source
population) were moved to a closed pen immerselddrpond and held without food for 48 h.
After this 48 h period, fish were randomly assigt@despirometry chambers to measure their
oxygen consumption using intermittent, flow-througkspirometry (Steffensen 1989). The
respirometry system, housed inside a 1.83 x 3.083 m cargo trailer parked at the side of the
pond, was identical to the system used by Redpath €£010). The respirometer contained four
chambers (~0.75 L total volume) immersed in a 34@ater tank. Water in the tank was aerated
continuously and exchanged daily with pond waifleank water temperatures were initially
matched to pond temperatures at the time fish plaeed in the respirometry chambers (mean
temperature 18.5° C; range 15.0-20.4° C), and ltiedsh constant throughout each trial using a
digitally controlled 250 W aquarium heater. Wdtew in each chamber was controlled by two
aguarium pumps. The first pump circulated watesubh the chamber past a fiber optic oxygen

probe connected to an OXY-4 fiber optic oxygenrunsient(Loligo Systems, Tjele, Denmatk)



which measured variation in oxygen partial pressdiee second pump exchanged water within
the respirometry chamber with aerated tank waBennps were automatically controlled by the
AutoResp 4 softwar@_oligo Systems, Tjele, Denmarkyhich alternated between a four minute
flush phase, a one minute wait phase and an 8-20tenmeasurement phase (duration selected
based on fish size and water temperature). The sa@asurement phase was applied to all four
fish during a given trial, such that overall measnent lengths were not different among the four
populations. Oxygen partial pressure was measwied per second and regressed against time.
The slope of the regression line comparing oxygercentration over time was used to calculate

oxygen consumption using the equation:

kXxVXa
Mo, = ——
m

where Ma is oxygen consumption (mg&g*- h%), k is the slope of the regression line, V is the
volume (in L) of water within the chamber (corratfer fish volume)a is the solubility of

oxygen in water at the experimental temperaturé,mams the mass (kg) of the fish.

Trials were initiated during the afternoon, andiwidlals were left undisturbed overnight
in their randomly assigned chambers, resultingtiotal trial length of 20-22 h. This procedure
generated one data point for each fish every 18425 for a total of 47- 100 data points per trial.
To ensure high quality data, | limited analysisl&da points generated from measurement phases
resulting in oxygen consumption over time slopethwégression’r> 0.90 (Cruz-Neto and
Steffensen 1997; Herrmann and Enders 2000). Fabriedividual, | also examined a graph of
oxygen consumption over total trial time to endinag fish were not becoming active during a
given measurement phase (which would manifestspska in oxygen consumption). Any fish

that became active during multiple measurements eecluded from the dataset. After



removing fish from the chambers, background oxygamsumption rates were quantified by
resuming the collection of data using empty chambarapproximately 90 minutes, generating
six blank measurements. All equipment was stedliand sensors were calibrated regularly

throughout the data collection.

Analysis of resting metabolic rate data

Field RMR for each individual was defined as thelswest observations per individual
from the 47-100 data points collected during tled,tcorrected for mean background oxygen
consumption (Shultz et al. 2011; Blevins et al. 201The effect of exploitation status (exploited
vs. unexploited) on log field RMR was evaluatechgsa mixed model analysis of covariance
(ANCOVA) (Montgomery 2013). For the ANCOVA, lognmerature, exploitation status,
population of origin (nested within exploitatioragts), as well as the interaction between
temperature and population of origin were treatetha@d effects. Fish identification number,
respirometry tube number, and trial day were teaterandom effects. This approach accounts
for differences in temperature among respirometaystand allows the variability among
individuals, populations, and day of the trial ®dxplicitly included within the model (Wagner
et al. 2006; Blevins et al. 2013). Model residwa¢se normally distributed (assessed by
examining the normal quantile plot), and mean rgaglwere not significantly different among
the four populations, indicating that the assumstiof the model were met. After correcting to
mean temperature (18.5° C) across all trials basdtie temperature vs. metabolic rate
relationship defined by the ANCOVA analysis, thstdbution of mean RMR among
unexploited and exploited individuals were comparsithg a Kolmogorov-Smirnov (KS) test.
Statistical analysis was conducted in JMP 11 (mixedieling, and residual analysis) and

Program R 2.13.2 (KS test). Results were consibstatistically significant when £0.05.
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| performed a simple modeling exercise to illugrtite potential effects of different
RMR for exploited and unexploited populations onssstem trophic dynamics. Two
populations (one exploited and one unexploited),000 adult individuals were modeled, with a
mean weight of 0.9 kg per individual. The exereiges limited to a growing season of 200 d,
with a water temperature of 25 °C. | used the calpric multiplier of 3,800 cal‘§O, (Brett
and Groves 1979) to convert field RMR into caloussd by each population. | assigned adults
from the exploited population a RMR of 0.102 g K3j*- i (Cech et al. 1979), and unexploited
individuals a RMR 6 % higher (see results). Outesrof this exercise were expressed in
kilograms of two common prey species, Bluedikomis macrochirus) and Fathead Minnows

(Pimephales promelas) based on the caloric density of those species.
Standardized angling trials

Prior to the onset of standardized angling in A0%4, a seine haul of the rearing pond
(spanning the entire length and width of the poma$ conducted to determine the relative
abundance of individuals originating from exploitetd unexploited populations in the rearing
pond. Individuals were examined and identifiedHmir population-specific fin clips and visual
implant elastomer marks. Standardized angling weduhree days per calendar week, shared
among five experienced anglers, during one of foone periods randomly selected each day
(07:00 - 10:00, 10:00 - 13:00, 13:00 -16:00, anfd@6 19:00.) To ensure that angler effort
targeted the entire pond, six fishing stations vestablished evenly around the perimeter of the
pond. Each station was marked by a stake; anglems permitted to move around the stake, but
instructed to move no further than halfway to te&trstake in either direction. The starting
position each day was randomly selected, and andemagler started at the position opposite the

first. Anglers then proceeded around the ponddirection (clockwise or counter-clockwise)
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that was randomly selected. Three standardized lere employed throughout the angling
trials: a 5 cm F5-Rapala ® crank bait, a Mepps @irPAglia size 0 inline spinner, and a 1.8 g
(1/16" 0z) white jig head fitted with a Mister Twister@rly tail grub. These lures were
selected because collectively they fish the emtaer column, represent a variety of fishing
styles and presentations, and similar lures haee bsed for other standardized angling studies
(e.g., Philipp et al. 2009). Lures were presenntetipredetermined random order and fished for
five minutes of actual fishing time each at eaeltish (i.e., when a fish was captured the five
minute timer was paused for processing and dataat@n). When an individual was hooked, a
stopwatch was started to record handling time. eaah captured individual total length and
weight were measured. The population of origin determined, and the anal fin and one dorsal
spine were clipped (as per Philipp et al. 2009atditate the identification of recaptures. The
station at which the individual was captured, dralttme of day of capture were recorded and
then the individual was released. Water temperataserecorded at the start and end of each
angling session. Data were recorded on the weatmatitions including cloud cover, air
temperature, barometric pressure and humiditylétter three downloaded from a weather
station located roughly 1 km from the study sitAjter the conclusion of standardized angling a
whole pond census was conducted by lowering the pater level and conducting multiple
whole-pond seine hauls to determine the total nurabexploited and unexploited individuals
remaining. A chi-square test was used to determvimether the proportions of fished and
unfished individuals remaining at the conclusionha study differed significantly from initial
proportions.

Attempting to remove overt hunger as a confoundemgable, the pond was liberally

stocked with forage to create athlibitum feeding environment during the experiment (stogkin
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dates: July 10, July 3%', August 18' and September 2 Forage included the minnow species
Pimephal es promelas andNotemigonus crysoleucas at the following stocking rates: 226.8 kg/ha:
July 10" and July 3%, 56.8 kg/ha: August 15and September 12 Throughout the study period

large schools of forage fishes were observed imptmal.

Analysis of angling data

Exploratory regression analyses of variation inraggted daily catch rate (bass/hr) were
used to evaluate predictors associated with enwiemtal conditions (cloud cover, barometric
pressure, humidity and max water temperature) asdgge of time (angling day, cumulative
number of angling hours and cumulative number tfttavents). Predictor variables were
regressed with catch rates one at a time, with datsformed as appropriate to ensure linearity.
Because | hypothesized that both the initial amglininerability and the rate at which naiveté
was lost (lure avoidance was learned) would déf@ong individuals originating from fished
and unfished populations, separate regression medek fit for exploited and unexploited
population. Each model included the significardactors identified in the exploratory analyses.
Prior to fitting regression models, daily catcteratas standardized for individuals originating
from exploited and unexploited population (catde idivided by relative abundance at start of
the angling trials). Regression parameters caledlgor exploited and unexploited individuals
were compared using t-tests. Regression modetrgggns were verified by visually
examining the normal quantile plots for the ex@diand unexploited regression models.
Potential differences in length, weight or handlimge were evaluated among captured
individuals from exploited and unexploited popuwas using t-tests. Statistical analyses were

performed using program JMP v. 11, maintaining eerall alpha value of 0.05 to determine
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significance. Results were considered statistictinificant when K 0.05. Data are reported
as mean + SD where appropriate.

Results
Respirometry

Respirometry trials were conducted on 30 (Amadee)a25 (Easton Reservoir), 25
(Gardner Lake), and 31 (Hemlock Reservoir) Largaeim@ass during fall 2013. Log
transformed field RMR were normally distributed (W99, P = 0.84). Fish weight did not
differ significantly across populations (Amos: 3Bg, Easton: 32 + 2 g, Gardner: 33+ 2 g,

Hemlock: 31 £ 1 g; k107= 0.69, P = 0.56).

Mean field RMR of Largemouth Bass from unexploitedervoirs was approximately 6%
higher than that of fish from lakes open to fishfogexploited least squares mean: 118.2 mg
0,-kg*-h* exploited least squares mean: 111.6 k" h'; F173= 8.34, P = 0.005, Table
1.1). Based on the modeling exercise a 6% diffexen mean field RMR would require a
population of 1,000 0.8 kg unexploited individuadsconsume an extra 100,600,000 calories
relative to a similar population of exploited indivals. This is the caloric equivalent of 86.7 kg
of Bluegill (Pope et al. 2001) and 142.5 kg of featth Minnows (Bourret et al. 2008).
Population of origin was not a significant predrabdd RMR once the effect of exploitation status
had been accounted for,(f5= 1.48, P =0.23). Temperature had a significafieicen field
RMR (Fp 444= 118.9, P<0.001), however there was no signifitamperature by population
interaction (i 326= 0.77, P =0.51) suggesting all four populatiorsponded to the temperature

range in a similar manner.
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The temperature-corrected and back-transformegerahRMR observations was
similar for both exploited and unexploited popwas (unexploited range: 86.5-163.1 mg Kgj
L. h', exploited range: 79.9-156.3 mg-®g*- h*; Figure 1.1). However, the groups had
significantly different distributions (D= 0.26, R=04) where 75 % of unexploited individuals
had higher metabolic rates than the median of xpéoged populations (exploited population
median: 113.2 mg £kg*-h*; Figure 1.2), and 71 % of exploited individualsitmetabolic rates
lower than the median of the unexploited populai@mexploited population median: 124.8 mg

O,-kg*-h).
Standardized Angling

Standardized angling began on Jul{’ 2014 and continued until Septembel"2®14,
resulting in 123 captures representing 102 unigdeziduals (41 from exploited populations and
61 from unexploited populations). Angling resultedh rapid decline in daily aggregate catch
rates for individuals originating from both exphaitand unexploited populations (Figure 1.3).
The total catch closely mirrored the estimatedahé@bundance of fish in the pond (39%
exploited, 61% unexploited).

No significant differences in length (exploited ividuals mean = 176.5 + 33.3 mm,
unexploited individuals mean = 172.9 + 30.4 mm; ®59) or weight (exploited individuals
mean = 84.9 + 58.9 g, unexploited individuals meat®.8 + 48.4 g; P = 0.65) existed among
individuals originating from exploited or unexpked populations captured in this study. Mean
handling time for all individuals was 113 + 10 slahd not differ significantly between
individuals originating from exploited and unexpém populations (P = 0.93).

Water temperature was the only significant weatb&ted predictor (Table 1.2) of total

aggregate daily catch rate (adjustéct=F0.12, f.7= 4.67, P = 0.04). All three predictor
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variables associated with the passage of time sigraficant predictors of total aggregate daily
catch (angling day: adjusted R 0.48, i »7,= 26.9, P<0.0001; cumulative angler hours: adjusted
R? = 0.41, k7= 20.7, P<0.0001; cumulative catch events: adjufed 0.85, F »;= 159.8,
P<0.0001). Because cumulative catch events exgadime highest proportion of variance in
aggregate daily catch rate among covariates atedaiath the passage of time, this index was
used along with water temperature to calculatersépaegression models for the corrected daily
catch rates of individuals originating from expémitand unexploited populations. Models
including water temperature and cumulative cata@nmesexplained a significant proportion of
the variance in daily catch for individuals origiimg from both exploited (Catch = 17.1 —
0.29[WaterTemp] — 0.10[CumulativeCatch]; adjustéd=R.80, F 2= 55.5, P<0.0001) and
unexploited (Catch = 10.6 — 0.11[WaterTemp] — 0ifhulativeCatch]; adjusted?R 0.86,
F..26= 88.0, P<0.0001) populations. The slopes as®utiaith the cumulative catch predictor
were significantly different (t = -2.623, P adjuste 0.033) between individuals originating from
exploited and unexploited populations (Figure Iwd)ich represents the rate at which naivety
was lost, or the rate at which lure avoidance behmawere learned among fished and unfished
individuals. However, there was no significanfeliénce for the y-intercept, which represents
initial angling vulnerability (t = 2.09, P adjustedd.12) between individuals originating from
exploited and unexploited populations. These tesntlicate that, contrary to my hypothesis,
initial vulnerability to angling was not differeatmong totally naive individuals from exploited
and unexploited populations. However, congrueti wiy second hypothesis, individuals
originating from exploited populations tended teddheir vulnerability to angling faster than
individuals originating from unexploited populat®nWater temperature was a significant

predictor of daily catch for individuals originagjrirom exploited populations, but not significant
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for unexploited populations (P = 0.07). Howevhere was no significant difference in the
water temperature parameters estimated from thressign models fit for individuals
originating from exploited and unexploited popuwas (t = -1.64, P adjusted = 0.30). A visual
examination of the normal quantile plot of moddideials revealed no substantial departures
from normality indicating that model assumptiongevadequately met.

The final whole pond census revealed that 155 totiiduals remained at the
conclusion of standardized angling, of which 65imated from exploited populations and 90
were from unexploited populations. The final prdpors of individuals originating from
exploited and unexploited populations were notificantly different from the initial
proportions (Chi-square: 0.68, d.f.:1, P=0.41)jeatng that individuals originating from
exploited and unexploited populations did not eiqrere differential mortality rates over the
course of the standardized angling. Of the 15%/1ddals remaining at the end of study period,
69 were captured at least once by angling. Tweetgis individuals captured by angling
originated from exploited populations and 42 induals originated from unexploited
populations. The majority of individuals (56%) peat at the end of the standardized angling
were never captured by angling. Of the individual®aining that had never been captured by
angling, 38 originated from exploited populatiomsl @8 originated from unexploited
populations which was not significantly differenbrih expectations based on their initial
abundance (Chi-square: 0.19, d.f.:1, P =0.66).

Discussion

The potential for recreational angling to act agaolutionary force is well established in
theory ( Cooke and Cowx 2004; Philipp et al. 200i@s et al. 2012; Sutter et al. 2012; Alos et

al. 2014b), and this study represents a first &terds identifying outcomes of selection from
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angling in wild recreationally-targeted populatiarsng unexploited populations as references.
In my study mean field RMR of Largemouth Bass franexploited reservoirs was
approximately 6 % higher than that of fish fromdalopen to fishing. While individuals
originating from lakes open to fishing also learne@void lures faster than fish from lakes

closed to angling, there was no difference in naivgling vulnerability.

For black bassMicropterus spp.), selection due to angling is known to infice a range
of behaviors including foraging (Nannini et al. 20/and reproduction (Sutter et al. 2012).
Angling during the vulnerable nesting stage hasatieg effects on the fitness of individual nest-
guarding males by decreasing nest success evenretm&val is temporary (e.g., catch-and-
release) (Kieffer et al. 1995; Philipp et al. 198%in and Philipp 2014). Likewise, increased
mortality rates associated with angling (e.g., psgiul harvest or post-release hooking
mortality) may have selective effects on explopegulations (Allendorf et al. 2008).
Therefore, the mechanism for FIE exists given thateational angling preferentially targets
individuals with a collection of heritable pheno#g including boldness, foraging behavior, and
nest defense that collectively increase anglingenability (Sutter et al. 2012). Previous studies
suggest that Largemouth Bass populations may bgirgqor may have already evolved)
towards decreased vulnerability to angling (Philgb@l. 2009). My finding, that unexploited
populations contained more individuals with hightatelic rates than those from exploited
populations, was predicted by the results obtausedg Largemouth Bass bred for high and low
angling vulnerability (Redpath et al. 2010), andarts the hypothesis that angling may be
altering the distribution of metabolic rates in ptgsions. Yet the continued presence of high
metabolic rate phenotypes at low abundance in @éegipopulations suggests that if selective

effects of angling are occurring, mitigation maygduessible. Sutter et al. (2012) found that high
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metabolic rate individuals had higher reproducfitreess than those with low metabolic rates. If
one assumes that wild, high metabolic rate indigislalso have higher fitness relative to wild
low metabolic rate individuals in the absence dfleny, then restricting angling during the
nesting season may promote the fithess of highlmétarate phenotypes and increase their
abundance in the population. Exploring the mecimasighirough which high metabolic rate
phenotypes are retained in exploited populatiosschaservation importance, especially if
future studies confirm that FIE in recreationahéses is widespread. One explanation may be
that selection has not been sufficiently strongyaurred for a sufficient time period, to
eliminate these phenotypes. Alternatively, thed#s advantage for high metabolic rate
phenotypes (Sutter et al. 2012) when not captuyeghliglers may be sufficient to maintain these

phenotypes in the population.

The disruption of food web structures may limi tiecovery of exploited fish stocks
(Post 2012; Fraser 2013) and my results inferdidrent basal prey demand may exist
between unexploited and exploited populationserfggmed a simple exercise to evaluate how a
6 % difference in Largemouth Bass RMR and resultaoderation of top-down predation might
influence ecosystem-level trophic dynamics. Exfaton of field RMR to a population for an
entire year is difficult because of variations assted with water temperature, individual sizes,
etc.; however, | assumed that the 6 % differend@\MR was maintained between exploited and
unexploited individuals. This assumption requitgther testing, but | make it here because the
four populations | examined responded similarlyetmperature. Based solely on basal
metabolic demand 1,000 unexploited individuals waelquire 100,600,000 more calories
during a 200 day season than 1,000 exploited iddats. This caloric demand is equivalent to

the caloric content of 86.7 kg of Bluegill or 14%& of Fathead Minnow. The effects that such
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energetic differences among exploited and unegdandividuals have on a system'’s trophic
dynamics would of course be modulated by systerdumrivity and other factors. While this
exercise is too simplistic to be quantitativelygiotive, it nonetheless suggests that a 6%
difference in RMR could affect biomass at loweptiw levels, thus having substantial energetic

consequences at the ecosystem level.

An alternative explanation for the observed diffe®in RMR is that unmeasured
environmental variation among the four study laté@sld have driven the differences observed.
Subtle differences in climatic conditions influemgithe exploited and unexploited reservoirs
might explain the differences in metabolic ratest frobserved. All four systems are in
relatively close proximity to Long Island Sound waihihas strong effects on local climate
conditions, but the possibility of subtle differescwhich could impact the systems remains. |
statistically tested for differences in the foupptations studied here and found that population
of origin was not a significant predictor of fifRMR, once the effect of exploitation status had
been accounted for {f== 1.48, P = 0.23). This finding suggests if sommaasured
environmental variation were confounding my resutte/ould have been distributed among the
four populations in the same manner as exploitagtatus (i.e., similar in two lakes and the
same, but different in the other two). Not suripg$y, field RMR increased with temperature
(F1,444= 118.8, P < 0.001), however, the interaction betwsemperature and population of
origin was also not significant {g26= 0.77, P = 0.51). If climatic conditions, such as
temperature regime were driving differences in ielia rates among the study populations, |
hypothesized that a significant difference in tbeylation by temperature interaction would be
observed when fish were acclimated to a commorr@mwvient. The lack of a significant

population by temperature interaction is one intcathat all four populations responded
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similarly to the temperature range (15.0°-20.4%®&)erienced during data collection, but |
cannot equivocally rule out the possibility thameasured differences in climatic conditions

affected metabolic rates among the source popukatio

Hemlock and Easton Reservoirs had higher densifieargemouth Bass than another
exploited Connecticut population of Largemouth Bgésssenauer et al. 2014), but interestingly,
the condition (mass-at-length) of adult fish did differ among exploited and unexploited
populations in that study (Hessenauer et al. 20lt4)as been shown in mammals that net
primary productivity of different environments (i.elesert versus woodland) can lead to
differences in basal metabolic rates among relspedies (Mueller and Diamond 2001), in
which those with ample food tend to ‘idle fast’. Wiever, the differences in fish density among
the four source populations were most likely reldteexploitation status, given the
physiographic proximity and general similarity bétwaterbodies, and may present an alternate
mechanism of how fishing could alter metabolic saeagong exploited and unexploited
populations such that a reduction in density freshihg could ‘release’ primary production and
promote higher metabolic rates. However, in thesent study higher density unexploited
populations had higher metabolic rates than exgdgiopulations. Therefore, my findings are
more congruent with the mechanism of selection famgling on a suite of correlated behavioral
phenotypes and their underlying physiological psses (Biro and Post 2008; Uusi-Heikkila et

al. 2008; Alés et al. 2012).

Maternal effects are another possible explanatidheodifferences that | observed in
RMR. Research has indicated that female Threee8ticklebacksasterosteus aculeatus can
transfer environmental information via their eggsulting in higher metabolic rates in high

predation (stressful) environments (Giesing eR@lL1). In the current study, angling represents
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an additional predation stress which differed ampaugnts of my test subjects, and the finding
of higher metabolic rates in unexploited populationns contrary to those observed in
stickleback. Maternal effects, classically congd] require breeding in a common environment
and testing of F2 individuals. Such an experinveniild be needed to determine whether
maternal effects could explain some or all of thieecences in RMR observed. However, such
an experiment would be difficult to implement wiHharge sample of Largemouth Bass and
researchers would need to carefully monitor thrierfce of unwanted selection (e.g., adaptation
to captivity Christie et al. (2012)) given the saematurity and the reproductive biology of

Largemouth Bass.

The current study represents a snapshot of enedjferences among two unexploited
and two exploited populations of Largemouth Baskanges in angler behavior may alter the
strength and perhaps direction of selection orRiWR of Largemouth Bass populations.
Recently, many recreational fisheries in North Alceehave experienced a shift towards catch-
and-release practices rather than harvest, whege peortions of fish (approaching 100 % in
some cases) are released following capture (QuU86;1Cooke and Cowx 2004; Bartholomew
and Bohnsack 2005). If one assumes that harviestited recreational fisheries exert greater (or
different) selective forces than catch-and-releagging, then selection on traits that are
potentially affected by fishing may be changingr Example, catch-and-release practices may
have relaxed selection on boldness or foraging\etsaby reducing the probability of mortality
associated with angling. Even with reduced mdytaéites, catch-and-release angling has
potential to cause selective effects on individtiateugh the disruption of reproductive behavior
(Kieffer et al. 1995; Philipp et al. 1997; Steirda®hilipp 2014), or unintentional post-release

mortality, and may select for individuals that ¢earn lure avoidance (Askey et al. 2006;
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discussion below). Given that high metabolic g@tenotypes are known to be more vulnerable
to angling (Redpath et al. 2010), future studiesuthseek to quantify the metabolic rates of
individuals originating from an unexploited soupmpulation exposed to various angling
treatments (e.g., catch-and-release, various l@felanual harvest, no angling during spawn,
etc.) and intensities over multiple generationactsa study would inform scientists about the
relative strength of selection of different anddehaviors. Continued monitoring of these
populations after angling ceased could be usetalate recovery rates. Such an experiment
could reveal whether changes in management wouliéddg to elicit population-level

phenotype recovery.

Standardized angling of naive individuals origingtfrom exploited and unexploited
populations resulted in a rapid loss of naivetangling for individuals from both exploited and
unexploited population types. My analysis revedhad individuals originating from exploited
and unexploited populations were initially equallynerable to angling; however, individuals
originating from exploited populations lost the&ivety to angling at a faster rate than
individuals from unexploited populations. Researshand managers have long documented
rapid declines in catch rates when previously dgqsgpulations are opened to recreational
angling (e.g., Goedde & Coble 1981) and that cedtds are typically higher in unfished
populations (Philipp et al. 2015). The result$had study indicate that both of these phenomena
are likely predominately attributed to naivety odlividuals. However, because learning ability
is known to be a heritable trait in fishes (Hunforg & Wright 1992), that individuals
originating from fished populations lost their netiy to angling faster than individuals from
unfished populations fits well the hypothesis tle@reational angling can drive fisheries-induced

evolution (Philipp et al. 2009; Philipp et al. 201Specifically, | hypothesize that recreational
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fishing selects for individuals that can learn lax®idance behaviors quickly and elude to a

greater extent the potential mortality and fithesssequences of capture.

Learned lure avoidance behaviors have been litkkedasonal decreases in catch rates
for Rainbow TroutOncorhynchus mykiss, in an intensive catch-and-release scenario (Askey
al. 2006). Likewise, decreases in the future wabgity of individuals to angling after being
previously captured has been demonstrated for aefighes including Largemouth Bass
(Hackney & Linkous 1978) and Car@yprinus carpio, (Beukema 1970). Field studies suggest
that fish may modify their behavior in responségbing pressure, which is likely associated
with learned lure avoidance (Alés et al. 2014).adidition to learning through direct experience,
fishes are capable of social learning (Brown & bal2003). Brown & Laland (2003) defined
social learning as the ability of individuals taya@e new behavior or information about their
environment by observing or interacting with otheglividuals. In my study | emphasize
cumulative catch events, a metric which accountshf® possibility of social learning by
integrating the passage of time and the numbeppdunities individuals had to experience
angling either directly or indirectly (e.g., obseranother individual captured). Cumulative catch
events better explained catch rates than eithemuh#er of days since angling began or the
cumulative number of angler hours, which suggdstekistence of a social learning component
of learned lure avoidance behavior in LargemoutksBdndeed, that individuals originating
from both unexploited and exploited populationsided lures at such high rates (i.e., capture
rates near zero once initial naivety to angling leas$), despite less than half of the individuals
having been captured by the conclusion of angimdjcates a social learning component to the
rapid acquisition of lure avoidance behavior. Ryes studies on fishes have demonstrated rapid

rates of social learning in response to predaigln(Vilhunen et al. 2005; Manassa et al. 2013),
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and a study on Arctic ChaBalvelinus alpinus, found that a relatively small number of predator
experienced individuals can alter the behavior lafrge number of predator naive individuals
(Vilhunen et al. 2005). It is possible howevegtthome (or all) of the fish which remained
uncaptured were simply more predisposed as indagdio avoid angling, without need of social
learning, and further experimentation is neededktermine the role of social learning in learned

lure avoidance.

Recreational angling for Largemouth Bass, @sfigavith recent increases in catch-
and-release practices (e.g., Quinn 1996; Cooke ®X2004), represents a potentially novel
evolutionary scenario selecting for learned lureidance behavior. Kelley & Magurran (2003)
predicted differences in learning ability among plagions experiencing different predation
risks, such that high risk populations would badyeddapted for social learning than low risk
populations. In the present study, angling repressa predation-like risk and individuals
originating from fished populations learned lur@ig@ance behaviors more quickly than those
originating from unfished populations, consisterthvthe predictions of Kelley & Magurran
(2003). Catch-and-release events represent aimegimulus associated with negative
reproductive fithess (Philipp et al. 1997; Suskale003) and physiological effects (Cooke et al.
2002); however, mortality for many recreationaktaand-release fisheries can be quite low
(Cooke et al. 2002). Therefore, in contrast toiaarily harvest-based fishery where mistakes
(being captured) are often lethal leaving littlgpogunity for learning, catch-and-release events
provide the opportunity for individuals to learnchese catch-and-release is usually not lethal.
Individuals that learn quickly are better able void future negative effects of angling and may

therefore accrue fitness advantages.
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Largemouth Bass are generally not vulnerable t@#se used by anglers in the wild
until they reach 250 mm in total length (Dotsomle2013), and all individuals that were angled
during this study were collected at age-0 well belbis size (largest individual collected at 142
mm). Therefore, | assume that no individuals is study had any direct experience with
angling in the wild and the faster rate at whictividuals originating from exploited populations
lost their naivety to angling must be associatetth wiformation that they received prior to
translocation to the study pond. This informatoild include observations of angling events
on larger fish in their natal environments, gendifterences in learning ability, or maternal
effects. | collected large numbers of Largemoudis®3from locations distributed throughout
each source lake, using multiple gears. My anglilads occurred nearly two years after capture
from the wild, with no angling in the interim, wihiés longer than the memory of Largemouth
Bass trained in a shuttle box to avoid electricckn@oble et al. 1985). Maternal effects are
possible, but unlikely as discussed above. Thesefyenetic differences in the learning ability
of individuals originating from fished populatiomsthis study seem to be the most likely
explanation for their apparent enhanced abilitiegon to behaviorally avoid lures, but | cannot
fully rule out social learning in their natal erafiments or maternal effects. Further research is
needed to conclusively determine whether the diffees in learning ability for exploited and
unexploited populations observed in this studyhe@atable trait under selection from
recreational fishing, or rather embedded in phgpiotglasticity somehow activated in the natal

environment.

Another potential explanation is that my findinge axplained by differences in animal
personality. Wilson et al. (1993) demonstrated ¢hshy-bold continuum existed in

Pumpkinseed Sunfishgpomis gibbosus, such that some individuals were more likely tplexe
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a novel environment. Similarly, "bold” SmallmouBlass,M. dolomieu, are more likely to begin
foraging after a simulated predator attack thary*Smallmouth Bass (Smith et al. 2009).
Therefore, given that activity levels (Alés et 2012) and personality type (Biro and Post 2008;
Wilson et al. 2011; Sutter et al. 2012) are relatedngling vulnerability, it is possible that my
results represent different abundances of persmsaiimong fished and unfished populations.
However, if this explanation alone were true, | Vdoexpect that the intercept (initial inherent
angling vulnerability) of the equations for indivials originating from exploited and unexploited
populations would be significantly different. Iryratudy the intercepts were not significantly
different, rather the slopes were different sugggdhat individuals originating from exploited
populations lost naivety to angling more rapidlgithndividuals originating from unexploited

populations.

It is also possible that individual condition oreegetic status contributed to the
differences in learned lure avoidance observedimitiis study. | confirmed that individuals
originating from unfished populations had higher Rkhan individuals originating from fished
populations and therefore require more calorienget basal metabolic demand. In the current
study, the pond was regularly stocked with foragleds to create a libitum feeding
environment during standardized angling, and indeedifferences in length or weight were
observed among individuals originating from fisteedl unfished populations suggesting that
differences in catch rate were not driven by huradene. Finally, similar to previous studies
(e.g., Askey et al. 2006), my study likely exaggedahe rate of learning, because | used the
same three lures throughout the angling trialsnsuee standardization, and intensive angling
occurred in a small environment with high fish dgn&ensity at the conclusion of the angling

trial: 3875 individuals/ha).
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Comparisons to unexploited reference populatioositited a straightforward detection
of RMR differences and differences in learning igponsistent with the predictions of FIE in
wild exploited Largemouth Bass populations. Inleitpd populations, the ability of individuals
to learn lure avoidance behaviors both directly aaérectly, and reduced caloric demand
represent important feedback processes in the eddpiman and natural system represented by
recreational angling. This feedback process msatsf@ an ‘arms race’ between anglers and fish
populations, whereby anglers develop and deploginaves and techniques in an effort to
overcome reductions in angling vulnerability asateml with learned lure avoidance behaviors
and energetics associated with selection from agioreal angling. This arms race has the
potential to have far reaching consequences onfisiiland angler populations as well as the
ecosystem as a whole. It is unknown, but possib&t,behavioral modification to avoid lures
may come with a caloric opportunity cost associatel less effective foraging. Also,
avoidance behaviors and decreased caloric demapndasat in decreased catch rates for
anglers, and therefore decreases in angler saisfaand perhaps shifts in angler effort towards
other species or populations easier to catch (Askeay. 2006), creating challenges for
environmental managers tasked with setting reguliati Differences in learning ability (e.g.,
Coble et al. 1985) and memory (e.g., Beukema 1@d0je et al. 1985; Kuparinen et al. 2010)
are known to exist among fish taxa. Future retesneeded to understand the extent to which
learned lure avoidance behaviors are retained sionogtiple fishing seasons, the relative
contribution of direct and indirect experiencedaarned lure avoidance behavior, and how these
factors vary among different fish taxa. Periodasares of fisheries have been shown to
decrease fish wariness and therefore increase teh (Januchowski-Hartley et al. 2014),

which may have the additional benefit relaxing sita for reduced RMR.

28



Future study should involve the controlled breedhmdividuals from unexploited
reference populations, and could conclusively deitee that the patterns that | observed in RMR
and lure avoidance behavior resulted from selediipangling alone. If FIE is occurring, it is
likely that similar differences could be found thghout the range of Largemouth Bass, and
similar outcomes may be expected in other marigkiland recreational fisheries, especially if
individuals exhibit variation in behavior that mak&me more vulnerable to angling relative to
others. Eikeset et al. (2013) presented a modaldped for Atlantic Codadus morhua that
predicted evolutionary change, even with low fighmortality, and concluded that management
to avoid FIE was unfeasible. Establishing the eixte which FIE has occurred or is occurring in
populations subject to recreational fishing, arelghtterns of change in population-level
distributions of phenotypes associated with FIErsethe next step. Learning whether or not
these changes are altering trophic dynamics oesepit a problem for fisheries sustainability
and quality is critical for the future managemehitazreational fisheries and the aquatic

ecosystems within which they reside.
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Table 1.1.Table of main effects for the analysis of covacm(ANCOVA), quantifying the
effects of temperature, exploitation status anduain on the resting metabolic rate of 4
populations of Largemouth Bass. Table includes matoedegrees of freedom (DF),
denominator degrees of freedom (DFden), f-stat{§ficand p-value (P). Population was nested

within exploitation status to account for the fwt there were two populations each from the

exploited and unexploited treatments.

Source DF DFden F P
Temperature 1 444 119 <0.001
Exploitation Status 1 73 8.34 0.005
Population (Exp Stat) 2 75 1.48 0.235
Pop*Temp 3 326 0.77 0.510
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Table 1.2.Predictor variables, their associated F statisfieglues and the amount of variation
in total aggregate catch per unit effort of indivads originating from exploited and unexploited
populations explained. Variables include watergerature, air pressure, cloud cover, percent

humidity, angling day, cumulative effort in houasid cumulative catch events.

Variable Fstatt P R
Weather Water Temp 4.67 0.04 0.12
Air Pressure 14 0.27 0.03
Cloud Cover 1.8 0.19 0.05
Humidity 0.47 0.5 0.01
Time Exp. Day 26.9 <0.0001 0.48
C. Effort 20.7 <0.0001 0.41
C. Catch 159.8 <0.0001 0.85
T all F statistics are associated with 1 and 27akesgof freedom.
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Figure 1.1. Histogram of field resting metabolic rates of xjleited populations (black bars)
and exploited populations (red bars) of Largemdshs raised in a common environment. X-
axis values represent the starting value of each Yertical reference line represents the median

of each population.
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unfished (red line) populations at the average txatpre (20.7 degrees Celsius) of angling trials

as a function of cumulative catch events.
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CHAPTER 2

Can Largemouth Bass Transplanted from an Unexploité Population Genetically
Contribute to an Active Fishery? A Test Case for Geetic Management of Exploited Fish
Populations

Abstract

Recreational fishing is one of the most populadoat activities in the world, resulting
in substantial effects on recreational fish stodRecent studies have found that recreational
angling can drive fisheries induced evolution, l&sg in changes in the size, behavior and
physiology of exploited recreational stocks. Ttaial management of recreational fisheries
may be unable to mitigate these changes, espeuidhythe rise of catch-and-release practices
for many fisheries. This study explores the po&nd genetically manage exploited fisheries by
introducing individuals from unexploited populatfoas a means to mitigate selection from
recreational angling. | stocked 77 individualsiiran unexploited population and 79 individuals
from an exploited population into an active fishand evaluated the extent to which the
unexploited individuals contributed to fall ageezruits relative to the stocked exploited
individuals. A genetic sample was taken from tdtked individuals and used to conduct a
parentage analysis of subsequent age-0 recruity-féur percent of age-0 bass sampled with
reliable parentage were determined to be hybriddanked and resident parents. Individuals
from exploited and unexploited populations contidalito my age-0 sample in proportion to
their initial abundance. No sex-biased contributias detected between the exploited and
unexploited individuals stocked into the pond alifjo the largest females contributed the most
to my age-0 sample. No difference in the condibbage-0 recruits was detected between

individuals from stocked parents vs. resident parehconclude that individuals from
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unexploited populations can successfully reproda@a exploited system and genetic
management may be a feasible management optioitigata the effects of recreational

fisheries induced evolution.

Introduction

Recreational fishing is among the most popular ootéctivities worldwide,
contributing substantially to the exploitation ddlgal fish stocks (Cooke and Cowx 2004; Lewin
et al. 2006). Concerns about the evolutionarycedfef recreational angling and the
management implications of those effects have as@d. Recent studies attributed differences
in size, behavior and physiology of fish speciesuolutionary impacts of recreational angling
(Uusi-Heikkila et al. 2008; Matsumura et al. 20A13s et al. 2014a, 2014b; Chapter 1). For
example, a modelling study found that recreatidishing may deplete high-activity phenotypes
because highly active fish are more likely to emteuand be captured by recreational anglers

(Alos et al. 2012).

Largemouth Basblicropterus salmoides are a popular North American sportfish
(USFWS 2011), and have become established as d spmtges for the study of recreational
fisheries induced evolution (e.g., Philipp et &109; Redpath et al. 2010; Sutter et al. 2012
Nannini et al. 2011; Chapter 1). This is partlgdnese male bass are vulnerable to angling while
guarding their nest (Kieffer et al. 1995; Philigpaé 1997; Suski and Philipp 2004). Even
temporarily removing a male bass from the nestrigfiag has been associated with negative
reproductive fitness (Kieffer et al. 1995; Philippal. 1997; Suski and Philipp 2004; Stein and
Philipp 2015), providing a clear mechanism for éshs induced evolution. Philipp et al. (2009)
demonstrated that vulnerability to recreationalliwggs a heritable trait by conducting multi-

generation artificial selection on Largemouth Blagsed on the number of times individuals
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were captured by experimental angling. Furthedisgion the lines developed by Philipp et al.
(2009) revealed that selection from recreationgliag acts on a suite of behavioral (Cooke et
al. 2007; Sutter et al. 2012; Nannini et al. 20physiological (Cooke et al. 2007; Redpath et al.
2010), and reproductive traits (Cooke et al. 2@tfer et al. 2012) of Largemouth Bass.
Individuals bred for high angling vulnerability haggher metabolic rates (Redpath et al. 2010),
and higher reproductive success (Sutter et al. 2013tudied wild populations and confirmed
that exploited populations of Largemouth Bass daethsignificantly more individuals with
lower metabolic rates than unexploited populati&isapter 1), consistent with the findings of
Redpath et al. (2010) and the predictions of Phiépal. (2009). Therefore, it is reasonable to
predict that one outcome of fisheries induced eiahuon exploited recreational populations is a

decrease in population-wide vulnerability to anglin

Decreases in population vulnerability to anglingresent a challenge faced by managers
of recreational fisheries who seek to maintain gst@sn function, high angler catch rates, and
attendant angler satisfaction. Because seleatidnces angling vulnerability and not necessarily
fish density, declines in traditional indices sashangling catch per unit effort may not reliably
predict changes in population abundance (Askel, @086; Klefoth et al. 2013). Selection from
angling is also correlated with fish energeticsdpah et al. 2010; Chapter 1); therefore,
selection for reduced vulnerability may have ectyslevel consequences. Largemouth Bass
are considered ecologically important because #ineyhe primary piscivorus predator in many
water bodies and therefore have a propensity tbaldsiomass at lower trophic levels (e.qg.,
Carpenter et al. 1987; Mittelbach et al. 1995). S ldecreased angling vulnerability and
correlated phenotypes such as metabolic rates efay control of lower trophic levels, which

could potentially contribute to the stunting of pspecies.
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Traditional management options may not be effecivestoring catch rates, if angler
catch or satisfaction has declined in a fisherytdugecrease vulnerability to angling through its
inherent selection. Management tools typicallyude reductions in allowable harvest, or
efforts to direct harvest at particular portionghaf population e.g., length limits (Radomski et
al. 2001; Lewin et al. 2006; Gwinn et al. 2015he$e actions may not mitigate the evolutionary
effects of recreational angling for several reasdRsecent trends towards increased catch-and-
release angling (Quinn 1996; Cooke and Cowx 20@4tHBlomew and Bohnsack 2005) may
reduce the ability of harvest-oriented regulatiros affecting selection on exploited
populations. Nonetheless, evolutionary conseqigeace possible from catch-and-release
angling. Catch-and-release angling increases ptipalmortality rate through accidental
discard mortality, can select for decreased agaatiration (Allendorf et al. 2008), and may
interrupt Largemouth Bass life-history events (Keefet al. 1995; Philipp et al. 1997; Suski and
Philipp 2004; Stein and Philipp 2015). Additioyakhigh vulnerability phenotypes may have
been substantially reduced or eliminated from theutation due to selection by recreational
angling (Philipp et al. 2009), causing populatienavery once selection has relaxed to be slow
or improbable. Under this scenario, novel appreaghay be needed to effectively manage

recreational fisheries.

The concept of ‘genetic rescue’ (Tallmon et al. £08edrick et al. 2011), where a small
number of migrants are introgressed into a poputat improve population fitness (Mills and
Allendorf 1996; Tallmon et al. 2004), has shownmise for the management of imperiled
populations (Whiteley et al. 2015). For exampiepiovements in genetic diversity and
demographic rebound were observed for the Floraddh@r Puma concolor coryi) after the

introduction of a small number of panthers from Tlexas subspecieB.(c. stanleyana; Johnson
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et al. 2010). A similar technique, whereby induads from an unfished population are
introduced into a population deemed in need of mament, might have the potential to

mitigate the effects of fisheries induced evolutidrhis ‘genetic management’ could potentially
increase the presence of high vulnerability phemesy those most desired by anglers, as well as
ecologically important behavioral and physiologiphenotypes that are associated with high
angling vulnerability. Importantly, successful geaenanagement could also reintroduce the
underlying genetic basis of angling vulnerabilibyat population where genetic diversity has been
reduced by selection from angling, similar to demap@ic and fithess improvements associated

with ‘genetic rescue’.

Genetic management has already occurred at lasgalsgcales in several southern states
where Largemouth Bass and Florida Bislksdloridanus have been widely introgressed (Philipp
et al. 1983) in an effort to increase the size gmavth of bass for anglers (e.g., Forshage and
Fries 1995; Williams et al. 1998). Some studiegeh@ported success in producing large fish
desired by anglers (e.g., Myers and Allen 2005zt@arrillo et al. 2006), but others have found
no relationship between fish condition and phenetifdlen et al. 2009). These actions have
provided a large-scale experiment demonstratinggdaetic introgression is feasible. However,
the purposeful hybridization of different speciestrains has in some cases been associated
with negative fitness consequences (e.g. Philigd. &002), resulting in heavy criticism of the
purposeful mixing of stocks (Philipp 1991; Cookeakt2001; Philipp et al. 2002; Cooke and
Philipp 2006) . Likewise, the hybridization of thacally adapted Largemouth Bass populations
has been shown to result in negative physiologiffacts (Cooke et al. 2001; Cooke and Philipp
2006) including higher susceptibility to diseas®lberg et al. 2005), which could translate to

lower overall fitness. Therefore, the ideal soysopulation for genetic management would be
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adapted to a similar environment as the populdtaoyeted for management, to reduce the

possibility of negative fithess consequences.

For genetic management to be a viable strategypdated individuals from the
unexploited population must be able to reproduceessfully in an exploited environment, i.e.
not be harvested by anglers at a high rate orcserfily stressed by translocation into a novel
environment or by catch-and-release angling they tto not breed. Reproductive success of
stocked individuals is potentially problematic besa not only are unexploited individuals
expected to be genetically more vulnerable to agglPhilipp et al. 2009), but unexploited fish
are also naive to angling. Recent research sugtiegtnaivety may account for the majority of
the differences in catch rates among exploiteduarekploited populations (Chapter 1).
Additionally, if unexploited individuals succeedspawning, resultant hybrid offspring must not
have a fitness disadvantage, when compared to ylondhoffspring, or any utility of the

management action will be short-lived in the popata

| conducted a case study as a first step to evathatpotential of genetic management
using translocated naive to angling individualsiok if successful has promise to improve
population characteristics in heavily fished watetlies. Individuals from an unexploited
population and exploited population (to serve assis for comparison) were captured and
translocated to an active fishery. Tissue sanmipies age-0 bass were collected after the spawn
to assess rates of hybridization. The conditiohytfrid age-0 offspring was estimated and
compared to the condition of resident age-0 offgptd assess potential differences in fitness.
This case study had three primary objectives. Tisewas to assess the relative genetic
contribution of translocated naive individuals framd unexploited populations to the genetic

contribution of translocated angling-exposed indlirls from an exploited population when both
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are supplementally stocked prior to the spawn amactive fishery. | hypothesized that sex-
biased contribution would occur from the unexpldip@pulation because nest-guarding males
are more likely to be exposed to angling and apeeted to be more vulnerable to angling than
females (Cooke et al. 2007; Philipp et al. 2009te3wet al. 2012). Conversely, | hypothesized
that there would be a relatively equal contributb@tween male and female individuals
translocated from the exploited population, becanes#-guarding males likely had previous
experience with angling and were also expectecttiess vulnerable to angling as a result of
selection (Cooke et al. 2007; Philipp et al. 20B@tter et al. 2012). My second objective was to
evaluate whether physical characteristics of stogarents, e.g. size, sex, etc. were predictive of
reproductive contribution to the age-0 populatiomgrder to provide managers with information
about what sex and size of fish would be best dddegenetic management of Largemouth
Bass. | hypothesized that the largest male analfemdividuals would have the greatest
contribution to age-0 individuals, because largéestend to receive more eggs in their nest and
are therefore thought to contribute more to rearaiit (Philipp et al. 1997; Parkos et al. 2011).
Finally, | evaluated whether age-0 individuals gbhd origin (i.e., offspring derived from
crosses between the stocked and resident pareatsidnificantly different condition when
compared to resident age-0 individuals. | hypattessthat there would be no difference in
condition among hybrid and resident individualséhese lakes of origin of the translocated
individuals are geographically close to the sysienvhich they were stocked and experience

similar climate.

Methods

Sudy sites
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This study was conducted in the State of Connegcti¢gBA (Figure 2.1). Largemouth
Bass were introduced to Connecticut in the mid4ei@eth century as part of Federal stocking
programs from a single upstate New York source [adjan (Whitworth 1996). Adult fish were
collected from unexploited Hemlock Reservoir, hieraHemlock, and exploited Mansfield
Hollow Reservoir, hereafter Mansfield. Hessenated. (2014a) describes the population
characteristics of these systems. Briefly, Hemlgck 176.8 ha drinking water reservoir built in
1914 that has been closed to fishing since itstoactson, is patrolled by water company law
enforcement personnel, and has no public acceseftine | deemed it unexploited. Mansfield
is a 186.2 ha flood control reservoir with a lapgiblic boat launch and a popular black bass
tournament fishery (Edwards et al. 2004a, 2004 mlock and Mansfield individuals were
stocked into Bigelow Pond (hereafter Bigelow), &8a popular fishing pond with boat ramp,
located within the Bigelow Hollow State Park. Dhgi2013, an estimated 5,500 anglers-hours
were directed at Bigelow Pond during the open wsg@sson, representing 560 angler-hours per

ha (Davis and Leonard 2014).

Population Survey and Collection of Socked Individuals

| estimated the population size of adult Largemagdbks in Bigelow Pond using a multi-
lap, mark-recapture boat electrofishing surveyih2012. Individuals were marked using fin
clips and given a colored visual-implant elastotagrwith a unique color for each day of
sampling. The visual implant elastomer tags weegliie ensure that recaptures represented fish
previously captured on different sampling dayspuation size was estimated using the

Schnabel method.

In spring 2013, adult individuals (over 200 mm tdéagth) were collected from

Hemlock and Mansfield. Individuals were measurethe nearest mm total length and weighed
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to the nearest g. Sex of individuals was estimatele field using the methods of Benz and
Jacobs (1986). Individuals were given populatipaesfic fin clips, which were preserved in
100% ethanol for genetic analysis. Individuals wesasported from their population of origin

in aerated stocking tanks and released througlt¢hiato Bigelow.

Collection of age-0 individuals

Beginning in late June 2013, | targeted age-0 Lameh Bass in Bigelow using a
combination of sampling gears. Dumont and Lutzr@@ar(2011) confirmed that age-0 cohorts
are suitable for estimating rates of genetic imesgion for Largemouth Bass. In June, July and
August, age-0 individuals were sampled by beaahirsgi To ensure that seine hauls were
spread throughout the pond, the pond’s shoreliredixaded into 10 zones of roughly equal
length. For each sampling period, the first zoas vandomly chosen and sampled in the first
suitable location. Sampling then proceeded witgrgwther zone in a randomly chosen
direction (clockwise or counter clockwise), resudtiin five total zones sampled each day.
Largemouth Bass are known to disperse widely andamly from their nest of origin
(Hessenauer et al. 2012); therefore, my samplisggdeshould have ensured a representative
sample of age-0 individuals. During August, Sepienand October | also targeted age-0
Largemouth Bass by conducting complete laps optral’s shoreline using boat electrofishing.
All age-0 individuals were measured to the nearesttotal length and the nearest g for weight.
A small five-by-five mm fin clip was collected froall age-0 fish captured by both gears and
preserved in 100% ethanol. If the age of a samipl@igidual was in question, i.e. for
particularly large individuals, I also collectedales to confirm age-0 status. Scales were
cleaned, pressed between two glass slides, andgraphed using an Olympus QColor 3 digital

camera mounted on an Olympus SZ61 dissecting sd@petographs were independently
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examined by two experienced scale readers, andiaosepancies were examined jointly after
comparison of ages. | sampled a total of 330 ameh®iduals from Bigelow during the summer
of 2013. A total sample size of 226 confirmed &gadividuals were genotyped for genetic

analysis.

Genetic Analysis

DNA was extracted from tissue samples of stockedt &temlock (N= 77), Mansfield
(N=79), and age-0 (N= 226) Largemouth Bass usiegdlagen DNeasy (Qiagen) extraction kit
following the manufacturer’s specifications. Exted DNA was quantified using a NanoDrop
Lite (Thermo Scientific) and diluted to a standaohcentration of 25 ng/pl. Polymerase chain
reactions were conducted for ten microsatellité (dable 2.1) in 10 pl reaction volumes using
50 ng of template DNA, 1X GoTaq Flexi buffer (Prayag 1-2 mM MgCi (Table 2.1), 0.2 mM
dNTPS (Promega), 0.2 mM fluorescently labeled fadyaimer, 0.2 mM unlabeled reverse
primer, and 0.25 U of Taqg polymerase (Promegamges were visualized on a Beckman
Coulter GeXP Genetic Analysis System. Ten peroesamples were amplified and visualized
again as an error check. Only one error was detethierefore error rates for all loci were

conservatively set to 1% for subsequent analysis.

Multi-locus genotype data of all individuals weraéyzed using program MICRO-
CHECKER (van Oosterhaut et al. 2004) to check fat eorrect data entry and scoring errors. |
checked for the presence of null alleles and sgainors associated with stuttering on a subset
of the data (stocked adults only) using the progkéi@RO-CHECKER to avoid over-estimation

of errors associated with anticipated family stuoet
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Parentage analysis was conducted using the progt&@h©NY (Wang 2004) and
PARENTE (Cercueil et al. 2002). Both programs deekssign offspring to male and female
parents based on the compatibility of their mudtitls genotypes while permitting some level of
genotyping error. COLONY settings were based enatithor's recommendations and
Largemouth Bass life history. | assumed that matekfemales were polygamous, and that
mating was random. Error rates for all loci weseat 1%, and | assumed that at least one true
parent was included among the candidates for matemnd paternity. Four independent runs of
COLONY, and an independent run of PARENTE was cotetl Maternity and paternity
assignments of age-0 individuals were consideréd wden concordance occurred over
multiple runs of COLONY, and PARENTE identified te@me individual as the most probable
parent. Conversely an individual was assumed ve haesident Bigelow maternity or paternity
with high confidence if they were not assignednyg eun of COLONY or PARENTE. In order
to evaluate hybridization as conservatively as ipbssindividuals were only considered hybrids
(or not hybrids) if assigned with high confidenogwo parents. However, a valid assignment to
a stocked parent (regardless of whether assigntoensecond parent was valid) was used to
compare contributions of Hemlock and Mansfield ptsend the characteristics of successful

parents as described below.

Data analysis

Length and weight data were used to calculateivelateight (Wr; Wege and Anderson
1978) of all stocked parents. Fish size is knosvaftect the reproductive success of male
Largemouth Bass (Philipp et al. 1997; Parkos €2@l1) and female size can affect egg quantity
and quality (reviewed in Hixon et al. 2014). Itexbfor normality and then differences in the

length and weight of Hemlock and Mansfield pareaséng two sample t tests. Relative weight
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is not normally distributed and was therefore assgsising a Mann-Whitney U test. | tested
whether the sex ratio of stocked parents from Heknémd Mansfield differed from 1:1 as well

as from each other using Chi-square tests.

| conducted a series of Chi-square tests to deterthie proportional contribution of
stocked Hemlock and Mansfield individuals to the-figpopulation. The first Chi-square test
evaluated whether the number of age-0 individusésgaed to stocked parents conformed with
the expected frequencies based on the total nuafliedividuals from each population that were
stocked into the pond. Next | conducted two sepathi-square tests (one for Hemlock and
Mansfield) to evaluate whether sex biased contidlouio age-0 populations had occurred. Sex
biased contribution was evaluated by testing whetieenumber of age-0 individuals assigned to
stocked mothers and fathers occurred at the exppéeguencies given the initial stocking

number and sex ratios for each population.

A generalized linear modeling approach was usevatuate the contribution of
individual stocked parents to my age-0 sample. fiumaber of age-0 recruits was the response
variable, whereas parental characteristics inclydax, population of origin, parental weight-
class, and interactions were entered as prediettaiMes. Non-significant terms were then
dropped from the final model. Weight-class wasrasf by dividing individuals into four
groups based on the quartiles of the weight digtioin of all stocked parents. 1 fit two models to
the data in R using thigtm function. The first model assumed a Poisson eliiribution and
used a log-link function. | also modeled the dateng a negative binomial distribution and a
log-link function to evaluate if over-dispersiontbe data significantly violated the assumptions

of the Poisson model.
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The condition of individual age-0 fish assignedhaiigh confidence to two parents was
assessed as the residual value of that individaal & regression line (Jakob et al. 1996) fit
using the log transformed length as a predictoiatée and log transformed weight as a response
variable pooled for all sampled age-0 individualsoas the sampling period. Age-0 condition
was then assessed using a mixed-model analysie-:0Agndition was the response variable;
hybrid status, sample date, and the interactiowdx hybrid status and sample date were
entered as fixed effects. Hybrid status is a aategl variable which recorded whether the age-0
individual was the result of a Hemlock X Bigelovwoss, a Mansfield X Bigelow cross, or a
Hemlock X Mansfield cross. Hybrid status doesspiit offspring into different classes
depending on the sex of the stocked parent, ge-Osoffspring with a Hemlock mother and
Bigelow father, and an age-0 offspring with a Bayelmother and Hemlock father are both
treated as Hemlock X Bigelow crosses. A prelimiramglysis of the data that distinguished
among populations and sexes was not significaniasdtherefore collapsed into the more
general hybrid classification described above. [@ardate was a categorical variable used to
account for any variation associated with offspogdition related to the date of collection.

The interaction of hybrid status and sample date wszd to evaluate whether the condition of

hybrid classes responded differently over the sarggleriod.

For individuals assigned with high confidence to parents | assessed whether or not
random intermixing occurred among the three popariat(resident and stocked Hemlock and
Mansfield) present in Bigelow Pond. Radom matirag\assessed by determining whether the
number of offspring assigned to a hybrid classl@&sed above) was congruent with the
expected number of offspring in each class basd@tl@nomposition of the adult population

using a chi-square test. The probability of edtspoing class was calculated by multiplying the
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proportion of the total population represented aghestocked population (e.g., resident
individuals = 0.62 of total population; probability Bigelow X Bigelow cross: 0.62 * 0.62 =
0.38). Probabilities of each cross were standaddizy summing the probability of all crosses
and then dividing the individual probability of dacross by the summed probability. The
expected number of offspring for each cross type egculated by multiplying the total number
of offspring assigned with high confidence to twargnts and the standardized probability of

each cross type.

Results

The population size of Bigelow Pond was an esticthdt (95% CI: 190-385)
individuals over 200 mm in total length. | stockEsb individuals into Bigelow pond, resulting
in a final population that contained approxima#d@o stocked individuals. In total | stocked
77 individuals from Hemlock (34 males, 43 femal@syl 79 individuals from Mansfield (58
males, 21 females). Stocked Hemlock individuadbruit statistically differ from a 1:1 expected
sex ratio (Table 2.2, Chi-square = 1.05, df = £ ®31), but Mansfield individuals did
statistically differ from a 1:1 sex ratio (TableGhi-square = 17.3, df =1, P < 0.001). Females
from both populations were larger than their malernterparts for both length and weight (Table
2.2; Hemlock, length: t = 3.75, df = 75, p<0.00Ekight: t= 4.1, df = 70, P <0.001; Mansfield,
length: t = 3.74, df = 77, P <0.001, weight: t #A4.df = 77, P <0.001). However, relative
weight did not differ significantly among males dedales for either Hemlock or Mansfield
(Table 2.2; Hemlock: W = 685, P = 0.79; Mansfiald:= 705, P = 0.23). The sex ratio of
stocked Hemlock and Mansfield individuals diffesagnificantly from each other (Chi-square =
9.73,df = 1, P = 0.002). Hemlock females wereificantly longer (Table 2.2; t=2.26, df = 53,

P =0.03), but not heavier (Table 2.2; t = 0.96: &2, P = 0.34) than Mansfield females.
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Hemlock females had significantly lower relativeigid than Mansfield females (Table 2.2; W =
221, P = 0.03). Hemlock males were significanthyder (Table 2.2; t = 4.3, df = 99, P<0.001)
and heavier (Table 2.2; t = 4.04, df = 95, P<0.G6&h Mansfield males, but there was no

significant difference in relative weight (Tabl€2W = 221, P = 0.06).

A total of 94 unique age-0 individuals were deterea to have a stocked Mansfield or
Hemlock parent (Table 2.2; representing 99 totadpi@ge assignments, five fish were assigned
to two stocked parents). These 94 individuals weesl to assess whether sex biased
contribution existed among stocked Hemlock and Malakfish, and whether characteristics of
stocked parents were predictive of contributioth®age-0 sample. Of the 99 parentage
assignments, 56 assignments were made to stockatbeleindividuals and 43 assignments
were made to stocked Mansfield individuals, whighmbt differ from their expected
contribution based on their stocking ratio (Chi-awgu= 2.59, df =1, P = 0.11). Similarly, there
was no difference in the sex-specific contributiates of stocked Mansfield and Hemlock
individuals relative to their expected contributimased on stocking proportions (Table 2.2;

males: Chi-square = 0.08, df =1, P = 0.77, fem&és-square = 2.15, df =1, P = 0.14).

General linear modeling revealed that my data wees dispersed; therefore the
negative binomial distribution model was used taleate the characteristics of successful
stocked individuals. | found a significant effe€tsex on the number of recruits, with males
contributing fewer recruits (P = 0.001), but popiola of origin (P = 0.10) and weight class (P =
0.19) were not significant predictors of the numbieaige-0 recruits of an individual. There was
a significant interaction between sex and weigas€l(P = 0.03) such that the heaviest female
weight class contributed the most age-0 recruiteysample (Figure 2.2). The contribution of

individual stocked parents from Mansfield and Heckloanged between one and nine age-0
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recruits (mean = 1.3 age-0) for males and one aid age-0 recruits (mean = 1.9 age-0) for

females.

A significant relationship was detected for logastormed length and weight data of
age-0 individuals (F114= 941.1, P <0.001, R2 = 0.89). Individuals sampledng the first
summer sampling period (N=50, Jund"Z®13) were excluded from this length-weight
regression because most individuals approacheldwes tolerance of the scale used in the field,
and therefore accurate weights could not be deteuni In order to calculate hybridization as
conservatively as possible, an additional 68 irtiligis were not assigned a hybrid status because
there was low confidence in at least one of thareptage assignments resulting in a final
sample size of 108 hybrid classifications (Tab®).2 Among these 108 individuals,
hybridization of stocked Hemlock and Mansfield nduals into the Bigelow population was
estimated at 54% (58 out of 108 offspring). Asa&yof variance analysis revealed that hybrid
status significantly predicted age-0 conditiopdf=3.4, P = 0.02). Sampling period was a
significant predictor (Fgo= 5.9, P < 0.001), but there was no significargra¢tion among
hybrid classification and sampling perioddb= 1.2, P = 0.31) suggesting that there was no

differences among hybrid classifications acrosspdiag periods.

Among the 108 age-0 individuals assigned with laghfidence to two parents there was
evidence of non-random mating among the stockedithals (Chi-square = 31.7,df =5, P <
0.001). Hemlock X Hemlock, and Mansfield X Mankfierosses occurred less frequently than
expected based on the adult population compogliahle 2.4). Hemlock X Bigelow crosses

occurred more frequently than expected based ot pajoulation composition (Table 2.4).
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Discussion

The stocking of exploited and unexploited, naivegeanouth Bass into an active fishery
resulted in substantial hybridization with the desit Largemouth Bass population. Of offspring
assigned with high confidence to two parents (ND8; Trable 2.3), 54% were the result of
hybridization between a stocked and resident parglsiting among resident and stocked fish
was apparently non-random, as fewer Hemlock X Heknémd Mansfield X Mansfield
individuals were observed than expected, and meralbck X Bigelow hybrids were observed
than expected. | detected no difference in hybaition rate among stocked naive and
presumably angling-experienced individuals. Stddieenales contributed more recruits than
stocked males for both populations, but contrampyofirst hypothesis - that the contribution
from Hemlock parents would be sex biased - | dettob sex biased contribution for either
population. Therefore this result suggests thateagional angling occurring prior to and during
the nesting period did not disproportionately dftbe ability of naive males from an
unexploited population to contribute to age-0 sampthen compared to males originating from
an active fishery. Replication of this study wattiditional unexploited and exploited populations
is needed in order to confirm that unexploited aaitve individuals can genetically contribute to

an active fishery.

Parent sex and an interaction between parent separent weight-class were predictive
of parental contribution to the age-0 sample; Smedly the heaviest class of females had the
greatest contribution to my age-0 sample (Figugg. 2T his finding partly conforms to my
hypothesis that the largest females would havéitieest contribution, but I did not find
evidence that male size was associated with recemt. Parent population and parent weight

alone were not predictive of contribution to thedgsample. My finding that male size was not

58



a significant predictor of contribution to the agsample for stocked populations is surprising
because larger individuals typically receive maggsein their nest from female bass (Philipp et
al. 1997) and are therefore thought to contribubeento age-0 population recruitment (Parkos et
al. 2011). For male Largemouth Bass bred for bffiéal angling vulnerability, the largest high-
vulnerability males had the greatest contributmage-0 populations (Sutter et al. 2012).
Previous studies on the contribution of male blaags to age-0 populations have documented
that a small number of males contribute dispropastely to age-0 samples. Gross and
Kapuscinski (1997) reported that 20% of successfle Smallmouth Bas$/A; dolomieu)
contributed 54% of fall age-0 samples. Similafgrkos et al. (2011) found that the majority of
fall age-0 Largemouth Bass in small lllinois poneksre contributed by just one or two broods
from each pond. In the present study, contribugismong stocked males from Hemlock and
Mansfield to my age-0 sample was relatively unif@nad not related to male size. Only three
individuals contributed more than a single agedividual, representing 30% of the age-0
sample (2, 9 and 4 age-O0 recruits contributed) patternal assignments. Hessenauer et al.
(2014b) also found relatively uniform contributiohmale Largemouth Bass to age-0 samples
(their range: 1-4 age-0/per nest), perhaps indigahat disproportionate contribution by some
males in previous studies represents variationcassal with study systems and species studied.
Further investigation of factors associated with ¢bntribution of individual male bass is
warranted. This study is novel in that | was abte to assess the contribution of individual
female bass. Six females (23% of contributing fiesjacontributed 60% of the total maternal
assignments. In contrast to males, the contribudfidemales was significantly related to size.

However, only the heaviest 25% of females contatgignificantly more than other weight
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classes. These findings suggest that managerggighimplement genetic management may

be best served by stocking large females if passibl

| found a significant difference in condition ang hybrid and pure resident age-0
individuals, such that Hemlock X Bigelow hybridsdhagher condition than other hybrid classes
(Table 2.3). Similar or better condition is anigadion of similar fithess among hybrid
individuals when compared to pure Bigelow indivituaPrevious studies have noted that
introgression among locally adapted Largemouth Basgns can result in poorer physiological
performance when introgressed F1 offspring are @vetpto pure strain offspring (Cooke et al.
2001; Cooke and Philipp 2006). These data sugasgenetic management could be a feasible
management strategy if source populations arewgrehatched to populations in need of

management, because hybrid individuals had sirodadition to pure resident age-0 individuals.

This case study provides a strong starting poingémetic management of heavily fished
sportfish populations in freshwater lakes, but addal research is needed to evaluate the
success and potential population level consequaesfcasech management actions. | demonstrate
that individuals naive to angling from an unexmdipopulation are able to successfully and
significantly contribute to age-0 populations ahdrefore contribute genetically to an active
fishery. These individuals therefore have the piidéto contribute phenotypes including high
angling vulnerability and high metabolic rates thrty have been lost due to selection from
recreational angling. These phenotypes have ttenpal to increase angler satisfaction and
restore the ability of sportfish species such agémouth Bass to exert top-down control on
forage fish species (e.g. Mittelbach et al. 1995)ditional research determining whether
offspring descended from unexploited individualmdestrate phenotypes associated with high

angling vulnerability e.g., high metabolic ratee@Rath et al. 2010; Chapter 1) is critically
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important. Evaluating the timescales over whichajie management actions remain effective
and monitoring for unforeseen consequences isi@gortant. Recreational angling is expected
to continue to select against the phenotypes asgocwith high angling vulnerability (Philipp et
al. 2009), potentially decreasing the effectiversdss single genetic management action over
time. Likewise, outbreeding depression may ocalefined as the disruption of locally adapted
alleles or gene complexes (Templeton 1996; Frankt@®8) that can reduce fitness of
individuals if the original populations were logaldapted. Outbreeding depression may be
likely if the stocked individuals were moved fronsystem with vastly different environmental
conditions (Philipp et al. 2002). Therefore, aggerm study that monitored the presence of
introgressed individuals over multiple generatiomaild be informative, especially because
outbreeding depression may become more pronoundée IF2 generation. For example,
Goldberg et al. (2005) found that F2 hybrids of ¥dissin and lllinois Largemouth Bass
populations were more susceptible to Largemoutls Basis. Additionally, evaluating the
stocking rates at which genetic management coukffeetive is important. In the current study,
54% of genotyped age-0 individuals were hybridshwtocked individuals representing 40% of
the total population. Such a large-scale stockatg would likely not be feasible for a larger
system and could potentially have deleterious &fen the source population (see discussion
below). | chose to utilize a relatively high stouk rate in this case study because | was unsure if
naive to angling individuals from an unexploitegplation could persist and reproduce in a
waterbody fished prior to and during the spawn.weleer, given the apparent non-random
mating occurring among stocked and resident indadslit is possible that a reduced stocking

rate could still produce measureable hybridizatages. Future studies should evaluate the costs
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and benefits of various stocking rates for achigwvimanagement objectives, while documenting

potential negative population level effects.

| also encourage consideration and dialog abougtiies associated with genetic
management strategies. The movement of individuafs one population to another is not
something that should be done without considerwigmtial effects to both populations. The
present study occurred outside of the native rafig@argemouth Bass where the source
population is an unexploited drinking water res@rebaracterized by high density of large
individuals relative to other Connecticut populasqHessenauer et al. 2014a). Relatively few
unexploited Largemouth Bass populations remair) vtver still described in the literature
(e.g., Mueller et al. 2005; Hessenauer et al. 2D1€are must be taken to avoid negative effects
on these rare yet important populations, i.e. rangpgo many individuals to be stocked
elsewhere that the term “unexploited” no longerligspto the population. However, the
potential for unexploited populations to serve a®Hd stock for new hatchery program targeting
genetic management of exploited populations pravidereased incentive for managers to
identify, describe and protect these populatiddsnilar to traditional supplemental stocking of
populations, genetic management has the poteat@rimanently alter both the donor and
source population which may positively or negatnedifect one or both populations. Therefore,

care must be taken when selecting candidate arrdespopulations.

In conclusion, the present case study suggestshthatocking of unexploited individuals
into an exploited system results in genetic hykeaton, allowing for the infusion of genetic
material that may have been lost over time in raspdo recreational fisheries induced
evolution. Reintroducing genetic diversity asstadawvith high-vulnerability phenotypes could

be used as a strategy to mitigate the effectsapéational fisheries induced evolution, especially
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if traditional harvest based management is unlikelsucceed in the face of high catch-and-

release rates and subsequent low levels of harvest.
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Table 2.1.Microsatellite loci used for parentage analysdduding number of alleles,
heterozygosity observed, heterozygosity expectedtérked parents. PCR conditions including

annealing temperaturéQ), MgCh concentrations and original reference.

Locus Alleles Ho He Annealing T MgCI2 Reference
MiSaTPWO011 12 0.82 0.842 60 15 Lutz-Carrillo et al. (2008)
MiSaTPW012 12 0.81 0.871 60 15 Lutz-Carrillo et al. (2008)
MiSaTPW020 4 0.266 0.264 55 15 Lutz-Carrillo et al. (2008)
MiSaTPW038 16 0.793 0.833 60 15 Lutz-Carrillo et al. (2008)
MiSaTPWO047 10 0.801 0.819 60 15 Lutz-Carrillo et al. (2008)
MiSaTPWO055 8 0.659 0.679 50 15 Lutz-Carrillo et al. (2008)
MiSaTPW068 12 0.699 0.742 55 15 Lutz-Carrillo et al. (2008)
MiSaTPW107 53 0.888 0.945 60 15 Lutz-Carrillo et al. (2008)
MiSaTPW173 24 0.678 0.794 60 2 Lutz-Carrillo et al. (2008)

Lma2l 12 0.827 0.856 50 1 Colbourne et al. (1996)
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Table 2.2.Characteristics of stocked Hemlock (unexploitett) Mansfield (exploited)
individuals into Bigelow including number of inddaals stocked (N), number of offspring
assigned (Noff), average length in mm, average hitergg and average relative weight (Wr).

Values reported as mean (SE) where appropriate.

Hemlock Mansfield
Males Females Males Females
N 34 43 58 21
Noff 22 34 28 15

Length 402 (6.99) 442 (8.90) 362 (6.02) 409 (11.3)
Weight 921 (44.1) 1273 (85.7) 688 (37.0) 1140 (107)
Wr 99.1(0.18) 98.8(0.37) 99.5(0.22) 100.1 (0.19)
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Table 2.3. The number of offspring (N) assigned to three hi/blasses as well as the number
of offspring assigned to pure Bigelow parentagethednean (SE) condition (Cond) of those

classes. Letters denote statistical significarased on the honest significant difference test.

Hybrid Classification

Hemlock X Bigelow Mansfield X Bigleow Hemlock X Mafield Bigelow X Bigelow
N 34 24 5 45
Cond 0.066 (0.046) 0.033 (0.056)" -0.16 (0.15)° -0.054 (0.024)
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Table 2.4.Chis square analysis of observed (Obs. Offspang)) expected (Exp. Offspring) of
each cross type based on the proportion of parpatahts in the adult population. Probability

of cross (Prob. Of Cross) and standardized proibabii cross (Stnd. Prob. of Cross) are given

along with Chi-square value (Chi-sq).

Prob. of Stnd. Prob.  Exp. Obs.

Cross Cross of Cross Offspring Offspring Chi-sq
Bigelow X Bigelow 0.38 0.53 57 45 2.5
Hemlock X Bigelow 0.12 0.16 17 34 16.2
Mansfield X Bigelow 0.12 0.16 18 24 2.2

Hemlock X Mansfiled 0.04 0.05 5 5 0.0
Hemlock X Hemlock 0.04 0.05 5 0 5.2
Mansfield X Mansfield 0.04 0.05 6 0 5.5
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Figure 2.1. Study sites including unexploited Hemlock Reseneaxploited Mansfield Hollow

Reservoir, and exploited Bigelow Pond located witthie state of Connecticut, USA.
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CHAPTER 3

The Catch-and-Release Era: Population Effects of lrggth Regulations and Catch-and-

Release Mortality in High Use Fisheries

Abstract

Catch-and-release (CR) is not a new concept imreational fisheries. However, recently
CR trends have increased and spread globally. $ishexies have entered a new era of
fisheries management: the catch-and-release drageddy fisheries in which unintentional
mortality associated with CR represents the largestponent of total fishing mortality. |
sought to evaluate the utility of length limits ahe effects of CR mortality on population age
and size structure of two high-use Connecticutdiss by characterizing the total number of
Largemouth BasMicropterus salmoides catch events in two lakes over two years. Cavemts
were estimated by monitoring Largemouth Bass tauerds and from creel surveys conducted
by Connecticut Department of Energy and Environ@eRtotection Inland Fisheries Division.
In both lakes across both years, catch events dgdeestimated population size by a factor of
two to three. The percentage of capture eventdtiesg in harvest was low across lakes and
years ranging from 0-1.8%. A vyield per recruit rabdas utilized to evaluate the harvest
probability at which 346 and 406 mm length limitslonger alter population age and size
structure, across a range of catch to populatmmrsitios. The same model was used to evaluate
the CR mortality rate at changes in populationaug size structure occurs due to CR mortality.
At observed catch event to population size ratobth lakes over both years, model results
indicate that current harvest rates were lesstfi@harvest rates needed to significantly affect
age and size structure. Using CR mortality ragtisnated from tournament monitoring, both

lakes approached or exceeded the CR mortalityatatdich significant effects on age and size
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structure are expected. Even low rates of CR tikyrtzan alter population size structure in
high-use fisheries by compounding over multiplebavents over multiple seasons, reducing
the probability that individuals survive to old agand hence large sizes. Traditional
management tools such as length limits may noffeetee in the catch-and-release era.
Creative new management solutions will be neededaage fisheries in the catch-and-release

era.

Introduction

The concept of catch-and-release (CR) is not newhe 1930’s Lee Wulff suggested in
his Handbook of Freshwater Fishing that “game fish are too valuable to be capturdyg once”,
and the first scientific study of CR mortality cdunbed that hooking mortality of immature trout
was low (Westerman 1932). Quinn (1989) reportedl @R could “recycle” fish and improve
fishing quality in some situations. Since thatdjrirends in voluntary CR angling have
increased and spread globally (e.g., BartholomeadvBohnsack 2005; Arlinghaus et al. 2007,
Thomé-Souza et al. 2014; Gupta et al. 2015; Lerm@t. 2015; Taylor et al. 2015). For some
fisheries, CR rates approach 100% (Quinn 1996; €aokl Cowx 2004; Bartholomew and
Bohnsack 2005), such that many recreational fisseare now dominated by CR practices. The
popularity of CR in these fisheries is usheringinew era in recreational fisheries: the catch-
and-release era. The catch-and-release era isotbazed by fisheries in which unintentional
mortality associated with the hooking and handbhfjsh that are released represents the
majority of population-wide fishing mortality. Gdi-and-release may be implemented
voluntarily as a conservation practice by angleekig to reduce their impact on fish
populations; releasing an individual alive allowoisurvive, continue to grow and perhaps be

captured again in the future (Quinn 1996; Cooke @mski 2005; Arlinghaus et al. 2007). In
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some fisheries, CR may be mandated by regulat@osmf 1996; Arlinghaus et al. 2007). The
catch-and-release era represents a significantedga for the management of recreational
fisheries because most commonly implemented managfeiools were designed to reduce or
redirect harvest, e.g. length and slot limits (Rasdki et al. 2001; Wilde et al. 2003; Lewin et al.
2006). Such tools may be increasingly, if notadiye obsolete for fisheries where most fishing
mortality occurs unintentionally (e.g., Pollock amhe 2007), reducing the number of tools

managers have to respond to ecological or socalertyes associated with recreational fishing.

Catch-and-release mortality varies substanteaiiyng species and is related to a wide
range of factors including angler gear, fishingtlepvater temperature, fish condition, and
reproductive status as well as complex interactameng these factors (Muoneke and Childress
1994; Bartholomew and Bohnsack 2005; Cooke andiQ0€}6; Gingerich et al. 2007; Huhn
and Arlinghaus 2011). For the purposes of this tdrapdefine CR mortality as unintentional
mortality in angled fishes intended to be reledsgethe angler either voluntarily or in
accordance with regulations. These mortalitiesagssciated with hooking and handling injuries
as well as mortality resulting from physiologictdesses incurred during a catch event. A
fundamental challenge for fisheries managers is thidike harvest mortality which can be
directly observed (e.g., from creel surveys) ancbimmonly estimated using tagging studies and
other well established quantitative methods (Ketral. 20212), CR mortality goes largely
unobserved. However, an increasing body of liteeaprovides recommendations for the study
and quantification of CR mortality (Cooke and Schina 2007; Pollock and Pine 2007).

Delayed mortality can occur as a result of a CRheleurs or days after the actual catch event,
compounding the challenge of estimating CR moytaéites (Muoneke and Childress 1994;

Pollock and Pine 2007).

76



Recognition of the potential population and manag@nmportance of CR mortality is
increasing (e.g., Coggins et al. 2007; Pollock Bme 2007; Kerns et al. 2012). Many studies
provide valuable estimates of the CR mortality Htésh species over a variety of conditions
(e.g., Muoneke and Childress 1994; BartholomewBwithsack 2005; Hihn and Arlinghaus
2011). Attention has also been given to best megtmethods, and gear to reduce CR mortality
rates (e.g., Cooke and Suski 2005; BartholomewBatthsack 2005; Hihn and Arlinghaus
2011; Bergmann et al. 2014; Lennox et al. 2015)éweer, a holistic understanding of the effects
of CR mortality and its potential population leedlects is generally lacking. Kerns et al. (2012)
reported that in their experience many fisheriedgasionals consider high CR mortality as bad,
and low CR mortality as not of management concé&@w studies have attempted to estimate
the population level effects of CR mortality (Pawed Pollock 2007; Kerns et al. 2012).
However, among studies that quantitatively assegspdlation-level effects of CR mortality,
even low rates of CR mortality may provide subs#mbntribution to overall fishing related
mortality under the right circumstances (Bartholenmad Bohnsack 2005; Mueller and Taylor
2006; Coggins et al. 2007; Huhn and Arlinghaus 201¥ater temperature is consistently
identified as an important factor in determining @Rrtality rates, with warmer water associated
with higher CR mortality (Muoneke and Childress 49Bdwards et al. 2004a; Gingerich et al.
2007; Huhn and Arlinghaus 2011; Danylchuck et @lL4). The relationship between water
temperature and CR mortality across taxa is a cartmecause global climate change is expected
to increase water temperatures (e.g., Ficke @08l7; Trumpickas et al. 2009) potentially
leading to higher rates of CR mortality, and thgreglzreasing the potential for CR mortality to
affect populations. Increases in CR mortality esociated with climate change and continuing

trends in angler behavior for some fisheries tow&& practices represent an urgent need to
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evaluate whether or not harvest based regulatiocis &s length limits are still relevant, and

under what conditions CR mortality can influencereational fish stocks.

| sought to generate a complete-as-possible remiasgm of the Largemouth Bass
Micropterus salmoides recreational fisheries in two lakes over two opeter fishing seasons
addressing three primary objectives. My first chjee was to estimate the total number of catch
events that occurred in each lake each seasorh daia are rarely available, but important to
understand the potential magnitude of CR mortally second objective used this data in a
yield per recruit modelling approach to estimatettlarvest rate at which length limit regulations
no longer significantly affected population sizelage structure under a variety of scenarios.
Finally, | estimated the CR mortality rate at whiCR mortality alone was expected to
significantly alter population size and age struettompared to an unexploited fishery under a

variety of model scenarios.
Methods

In order to understand the potential for harvegtil@ions and CR mortality to affect
population size and age structure, a detailed estiof the total number of catch events was
needed. | attempted to estimate the total numbeatoh events for two Connecticut Lakes,
Mansfield Hollow Reservoir (hereafter Mansfield 61i&a; N 4246°6.53”, W 7210'31.73") and
Gardner Lake (hereafter Gardner, 214 ha; RB@B9.66”, W 7313'38.77") for two open water
fishing seasons each. Both lakes are mesotropgbieras and popular Largemouth Bass
fisheries (Edwards et al. 2004a, 2004b); havingayed over 30 small club tournaments per
year since 2000 (CTDEEP unpublished data). Padpulatize was estimated for both lakes
during the first year of monitoring using a mulipl mark-recapture electrofishing survey. | used

a two staged approach to estimate the total nuofifesh captured by anglers in both lakes for
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two-open water fishing seasons each. Capture vesre estimated by monitoring Largemouth
Bass tournaments and creel surveys.

The monitoring of Largemouth Bass tournaments pi@dia direct observation of catch
events occurring in each lake. The State of Cammeaequires that organized fishing
tournaments obtain free permits, and publicallylishles tournament schedules online, which
facilitated my efforts to monitor each tournameAt.each tournament, | made contact with the
tournament director and asked him or her to allemtonexamine each fish after normal weigh-in
and tournament activities had been completed. r aftglers had completed their weigh-in
procedure, fish were brought in bags typically eomhg lake water and were placed in covered
plastic laundry baskets immersed in the lake totgwacessing. For processing, the entire
laundry basket containing fish was moved to a laxder full of lake water. All fish were
measured to the nearest mm total length, examuoredips from previous tournaments (see
below), examined for status (alive or dead) andriag associated with angling such as hook
wounds, bleeding, lesions, bruising, etc., andmgiue clips that designated the fish as a
tournament captured individual. Fish that had n&een previously captured by tournament
anglers received both a right ventral or pectdipl(depending on which fishing season) and a
dorsal spine clip. Half spine clips starting a t#interior end and proceeding in the posterior
direction (one clip at each tournament) were usgthd the first season of monitoring at each
lake, and full spine clips, leaving a small nulspine remaining, starting at the posterior and
proceeding in the anterior direction were usedrdutine second season of monitoring. Fish
were then released back into the lake. Each amgleralso asked how many tournament legal

fish (>305 mm) had been captured but culled owrpa the weigh in. Anglers often reported
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culling out a range of fish (e.g. 10-12 fish cu)leth ensure that total catch estimates were as
conservative as possible, | always used the lowoétice range for catch estimates.

Initial CR mortality for tournament captured fislasvestimated as the proportion of fish
that were dead when | examined them compared ttotAenumber of fish captured. | estimated
the effect of factors hypothesizagbriori to be associated with initial mortality using gikiic
regression framework. The status of individuah ¢ each tournament was coded as O for fish
that were alive and 1 for mortalities and entergd the model as the response variable. Fish
length, number of previous tournament capturesematnperature, water surface conditions
(i.e., level of wave action), weather conditions.(iclear, overcast, etc.), wind conditions,
tournament regulations (number of fish permittedcfpture), lake and year were entered as
predictor variables. Non-significant parametersengropped from the final model. While this
study did not directly estimate delayed mortalitysed a logistic regression framework to
evaluate factors associated with the probabilitgrofndividual being injured during a
tournament capture event under the assumptionntti@idual injury was related to delayed
mortality. Injury was a binary response varialiyel@d as O for uninjured and 1 when an injury
was present for each individual. The same predi@aables for mortality were used, and non-
significant variables were dropped from the model.

The Connecticut Department of Energy and Envirortaid?rotection (CTDEEP)
conducted standardized random roving creel suraeigansfield and Gardner for both years in
which | monitored tournaments. Surveys are steatiby weekdays and weekend/holidays, and
also by season (Spring®®aturday in April- June 15 Summer: June 16- September 1%

Fall: September 16— October 3%). Sampling effort was divided in order to samgdeh

weekend day and two weekdays during each weekve$ustart times were randomly chosen.
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Creel agents conduct instantaneous counts of angl@stimate angler effort and incomplete
trip angler interviews are conducted to determielt rates. Creel data were expanded to
estimate angler effort using the equation:

E;= F;x Ay
whereE, is the effort on day, F; is the number of fishable hours on dhyndA, is the
number of anglers counted on dhfl ockwood et al. 1999). These estimates of effate

expanded to their strata using the equation:

whereE)is the effort for strat@, D, is the number of days in strgggandm,, is the number of
days sampled in strapa(Lockwood et al. 1999). Variance for each stratataining more than

one sample day was calculated using the equatiock{izood et al. 1999):

m 2
smo gz (ZaiEa) |

Var(Es) = (Z_Dzl m, (my, — 1) J

Catch (and harvest) rates were calculated fromnipdete-trip interviews using the equations:

i=1R,,;
PT Tk

ka Cpi

=
|

p

whereﬁp is the catch (or harvest) rate for strata,,; is the catch (or harvest) of target species
by anglern during strata, h,; is the hours fished by angleduring periodp, andk,, is the total
number of anglers interviewed during period p (Leokd et al. 1999). The variance in catch

(or harvest) rate for strata with more than onearwere calculated using the equation

(Lockwood et al. 1999):

81



AN 2
ey - o))
b kp(kp - 1)

Total catch was estimated by multiplying effortdatch rate for each strata and then summing

across all strata. Similarly, total harvest waswdated for each strata and summed across all
strata to estimate total harvest.

Catch events from tournaments including the nunobésh weighed in and the total
number of fish reported culled were subtracted fthenestimated number of fish captured from
creel expansion to generate a complete estimateafumber of catch events occurring within a
given fishing season for each lake. The totallcatas compared with the total population size
to estimate the fraction of the total stock caplue the average number of times that catchable
sized fish were actually captured within a giveshiing season.

Total catch events and total harvest were usedtimate the effects of length limits and
CR mortality on population age and size structwiegithe yield per recruit model developed by
Allen et al. (2009) and modified for Largemouth Béy Dotson et al. (2013):

lfa = lfa—lsa(l —UVa)(A = (UgVy—q — UV,_1)D)
wherelg, represents the probability of a recruit surviviogagea, S, is the natural survival rate
corrected for lengthl/ is the fraction of the stock harvest annudlly,is the ratio of catch events
to population sizéy, is the vulnerability schedule for harvelgf,is the vulnerability schedule for
capture, and is the catch-and-release mortality rate. Formfdaealculation of5,, V, andV,’
are described in Dotson et al. (2013). This mbdehdks mortality probability into three discrete

components: natural mortality,_;S,, mortality due to harvegtt — UV,_,), and mortality due

to CR(1 — (UyV,_, — UV,_1)D) (Allen et al. 2009; Dotson et al. 2013). | paréeneed the
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model (Table 3.1) to a “typical” Connecticut Largaumh Bass population, represented by
Mansfield. Population characteristics for Mansfielere described in Hessenauer et al. (2014).
Recruitment was modeled using a Beverton and Hatksecruit curve with a Goodyear (1980)
compensation ratio of 15 (as per Dotson et al. 20&3owth was modeled using a von
Bertalanffy growth model, with growth parameters.(ik, L., t,) estimated by Hessenauer et al.
(2014) for Mansfield. Natural survival rate wasirated as 1 - natural mortality; natural
mortality was estimated by averaging the mortabtys of Largemouth Bass from two
unexploited Connecticut populations (Hessenaual. @014) that | assumed represented the
natural mortality rates of Connecticut populatioddl modeled individuals were female, and the
number of individuals at a given age was determimenhultiplying the number (1000) of age-1
recruits by the survivorship probability£). An age-length key developed by Hessenauer et al.
(2014) for Mansfield was applied to convert agadtire into size structure. While this model is
fundamentally deterministic, | incorporated natwgtaichasticity and uncertainty in the model
parameter estimates by running the model 10,008stimach time randomly selecting the
starting parameters from a normal distribution Wit mean and variance of each parameter
estimated from field data.

In order to evaluate the ability of length liméigulations to alter population age and size
structure at various rates of harvest and for waricatch to population size ratig$,), | altered
the vulnerability schedule for harves} ) to represent a 356 mm (14 inch) and a 406 mm (16
inch) minimum length, while CR mortality rate wasefd at 5%. To maintain comparability
across model runs, harvest rates were standarttizegresent the probability of harvest of a
single catch event. At a given catch event to faipn size ratio, harvest probability was

increased until the distribution of age and lerajthained under the regulation scenario were
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significantly different (P < 0.05) than the distrtlon of age and length obtained from a scenario
with no minimum lengthl;, = V,”), as assessed using a Kolmogorov-Smirnov (KS) #est.
significant KS test indicated that the age and sirgcture obtained using the modeled length
limit was significantly different from the age asize structure obtained under the no minimum
length scenario, and hence that the regulatiorehagffect on size and age structure. To
characterize model uncertainty, | also estimatechtirvest probability at which the regulations
significantly affected size and age structure Wito and 99% probability (P < 0.1 and P < 0.01,
respectively).

| also used the model to evaluate the CR mortedity ) at which significant
reductions in population age and size structureldvbea expected for a given catch to population
size ratio {,), in the absence of harvest. Similar to my eusbneof regulations, | assessed the
effect of CR mortality in two ways: first, by compag the distribution of ages and lengths at a
fixed catch to population size ratio but varying @rtality rate. Within each run the
distribution of ages and lengths under a given GRality rate were compared with the
distribution of ages and lengths under a very 10W0@1) CR mortality rate using a KS test. A
significant KS test (P < 0.05) indicated that CRrtality would be expected to cause significant
decreases in population age and length struciuaso evaluated the effect of CR mortality by
calculating proportional size distributions (PSDyyGet al. 2007), proportional size distribution
of preferred (PSD-P), and the proportional sizérithistion of memorable (PSD-M) sized fish
using 20 cm as stock sized, 30 cm as quality si@@dm as preferred sized, and 51 cm as
memorable sized (Anderson 1980). PSD values wargared among model scenarios to
evaluate changes associated with CR mortalitychiavacterize model uncertainty, | also

estimated the CR mortality rate at which significaefiects on size and age structure were
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expected with 90% and 99% probability (P < 0.1 Brw0.01, respectively). Model sensitivity
to input parameters was assessed by evaluatingiebam population size structure based on the
extreme high and low ranges of input variables.
Results

In close collaboration with CTDEEP, | monitoretbtal of 106 Largemouth Bass
tournaments at Mansfield (2012 & 2013) and Gard2et3 & 2014). | directly observed 4,617
capture events at both lakes (Table 3.2; Mansfietdyear total: 1,852, Gardner two year total:
2,765). The population size of Largemouth Bass 880 mm was 3,100 for Mansfield and
2,800 for Gardner (Table 3.2). Within a singlenjeetween 20% and 50% of all individuals
over 250 mm were weighed-in at tournaments in bakbs, and many individuals were captured
multiple times (Figure 3.2). Tournament anglepgoréed capturing, but culling out an additional
3,312 individuals (Table 3.2; Mansfield two yeatalo1,377, Gardner two year total: 1,935),
indicating that the total proportion of individuaaptured by tournament anglers (number of fish
weighed-in and culled out) across lakes and yeargad from 51 to 87%. Overall, initial weigh-
in mortality rates were very low (Table 3.2) rargginom 1% in Gardner 2014, to 3% in
Mansfield 2013. Fishing-related injury rates wslightly higher than mortality rates (Table 3.2)
ranging from 2% in Gardner 2013, to 5% in Mansf20d2 and Gardner 2014. Three
significant predictor variables were associatedhwournament mortality probability. Fish size
was significantly related to tournament mortalgych that larger fish were less likely to be
mortalities than smaller fish (Wald Chi-square 5,df = 1, P = 0.006). Water temperature was
also significantly related to tournament mortafaye, with higher water temperatures being
associated with higher mortality rates (Wald Chiag = 19.8, df =1, P <0.0001). Finally,

tournament regulations were related with signiftaaortality rates (Wald Chi-square = 19.4, df
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=4, P =0.0006). Five variables were associat#itlincreased tournament injury probability. 1
found a significant difference among lakes (Wald-&juare = 4.05, df = 1, P = 0.04), such that
Mansfield had higher injury rates. There was alsignificant difference among years (Wald
Chi-square = 11.5, df = 2, P = 0.003). High winaditions were positively associated with
injury rates (Wald Chi-square = 9.4, df = 3, P 84). Likewise larger fish were more likely to
be injured than smaller fish (Wald Chi-square 5 @f6= 1, P = 0.01). Water temperature was
also significantly related with injury rates subtlat higher water temperature increased injury
rates (Wald Chi-square = 9.7, df = 1, P = 0.002).

Creel surveys conducted by CTDEEP revealed lowdsarates in both lakes across both
years. The estimated number of harvested fishechirpm 0-99, with creel agents observing
only nine total harvested Largemouth Bass (Tal#¢ &ross lakes and years. The probability
that a single non-tournament capture event wowddlréen harvest ranged from O to 1.8% across
lakes and years. Substantial numbers of CR evestes reported to creel agents (Table 3.2)
ranging from a low of 4,400 in Mansfield 2013 ankligh of 5,500 in Gardner 2013. In both
lakes across both years, the number of fish caghoyenon-tournament anglers exceeded the
total estimated population size by a factor of(Ménsfield 2013) to 2.0 (Gardner 2013). When
tournament and non-tournament captures were cohbiine total number of catch events
exceeded the population size of each lake acrass Y a factor of 2.0 to 3.0. This suggests
that every catchable fish in these two populatiwas captured between 2 and 3 times each. If
one conservatively assumes that catch and releadality rates were 2% (my average initial
tournament mortality rate was 2%, not accountingdfscard mortality), then the number of fish
that died as a result of CR was higher than thebmuraof fish purposefully harvested in all lakes

across all years of study.
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I modeled the harvest probability of an individaapture event at which a 356 mm and
406 mm minimum length significantly affected popida size and age structure for a typical
Connecticut Largemouth Bass population. As thie @tcatch events to population size
increased, the harvest probability needed for ar8band 406 mm length limit to significantly
alter age and size structure declined (Figure 3Ztch-and-release mortality has the potential
to significantly affect age and size structure afdemouth Bass populations. When the number
of catch events equaled or exceeded the populsizen CR mortality rates of over 10% were
predicted to significantly affect population agelaize structure (Figure 3.3). At the catch
events to population size ratios | observed in Gardmax 3.0) and Mansfield (max 2.0), the
model predicted that CR mortality rates would digantly affect size and age structure at
relatively low rates (5% and 3%, respectively). aAdiven catch event to population size ratio,
increasing CR mortality resulted in declines ofgamdividuals by decreasing the probability
that fish survive to old ages and hence large gzigsire 3.4). As a result of the loss of old,
large individuals, proportional size distributiaeclined across all model scenarios (Table 3.3).
Declines in proportional size distributions werpessally stark for preferred (5-70% decline
across model scenarios) and memorable sized (11e@8%he across model scenarios) fish.
Model sensitivity analysis revealed that paramedssociated with natural mortality had the
largest effect on model outcomes. These paramiaidtgied the natural mortality rate, but also
von Bertalanffy growth parametettsandk. This is because the model assumes higher rates o
natural mortality for small fish (Allen et al. 200Botson et al. 2013), so faster growth reduced

exposure to high natural mortality rates associat¢idl small sizes.
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Discussion

My effort to characterize the total number of ba¢wents that occurred in two lakes over
two consecutive fishing seasons revealed a sungrisimber of catch events in both populations
over both years. The number of catch events excktie estimated population size by a factor
of two to three for both lakes studied (Table 3s2iggesting that each catchable size individual
was captured an average of two or three times nvdtsingle open water fishing season
depending on the lake and year. Recreationalfisdesg has been described as “commodity
intensive serious leisure”, whereby many angleveshheavily in equipment, technology and
information to improve catch rates (Yoder 1997) #re ability of anglers to catch a
surprisingly large proportion of catchable indivadisispeaks to the seriousness, specialization,
and sophistication of bass anglers. While botthe$e lakes are indeed popular tournament
lakes (Edwards et al. 2004a, 2004b), they are xaze@ional compared to other Connecticut
lakes in terms of number of tournaments or fisteffgrt (CTDEEP unpublished data).
Therefore it seems likely that the catch eventapypation size ratios that | observed are
possible, if not common, in other northern North &ran Largemouth Bass populations.

| evaluated factors associated with weigh-in niitytaf Largemouth Bass at
tournaments to gain insight into factors associatgld CR mortality in general. Overall initial
tournament mortality was low, ranging from 1% ahfiweighed-in for Gardner in 2014 to 3% of
fish weighed-in for Mansfield in 2013. Water temgtare was positively associated with the
mortality of Largemouth Bass captured in tournamesiich that increased water temperature
increased the probability of mortality. Conversdish size was negatively associated with
weigh-in mortality, such that small individuals hedreater probability of mortality than large

individuals. Injury rates were positively assoethtvith water temperature, fish size, and wind
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speed, suggesting that these factors may incrbasesk of delayed mortality. Increased water
temperature is known to increase mortality proligtéssociated with CR across a variety of
fish taxa (Muoneke and Childress 1994; Bartholorae@ Bohnsack 2005; Edwards et al.
20044a; Cooke and Suski 2005; Gingerich et al. 26filyn and Arlinghaus 2011; Danylchuck et
al. 2014). In contrast to previous studies conellicin Largemouth Bass (Edwards et al. 2004a)
and reviews conducted across fish taxa (BartholoareivBohnsack 2005; Hihn and Arlinghaus
2011), | found that length was significantly rethte mortality and injury probability. Edwards
et al. (2004b) concluded that the impacts of tonmerts were low on Gardner and Mansfield
primarily because initial and delayed mortalityesatvere low for black bass species. Studies
since Edwards et al. (2004b) have determined tdvatdR mortality can be influential under the
right circumstances (Bartholomew and Bohnsack 200tller and Taylor 2006; Coggins et al.
2007; Huhn and Arlinghaus 2011) and | found that ©R mortality rates can have important
population consequences if individuals are repd&agosed to CR events. Allen et al. (2004)
suggested that tournaments have the potentiafltirce population size structure and
abundance when the number of fish captured in touemts exceeded the number of fish
harvested by a factor of three, providing a usefetric for managers to evaluate the potential
for tournaments to influence population age and staucture. Estimating the total catch event
to population size ratio gives managers a comgletse of the potential for CR mortality to
influence population age and size structure.

Many individuals were captured in multiple tourremts over the two year monitoring
period in each lake (Figure 3.1). However, | did detect a significant relationship between the
number of times an individual fish had been captureer the two year monitoring period and

the probability of mortality or injury. One explaion is that the probability of mortality
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associated with a given capture event is indepdrafgrevious capture events. Independent
probability of mortality among capture events gngicant because most models that include a
CR mortality parameter, including the one thatddjsassume that mortality probability is equal
for all capture events. Such models would substéntinderestimate CR mortality if the
probability of mortality for a given capture evemere increased by previous capture events.
Tournament fishing and CR fishing in general ioagged with numerous sub-lethal
physiological stressors (Plumb et al. 1998; Codka.€2002; Suski et al. 2003; Suski et al. 2004;
Suski et al. 2006), such that the effect of repkatgptures is likely highly dependent on the time
between captures, which may vary substantially.(€line et al. 2012). The current study did
not mark fish as individuals and therefore timeadion between capture events could not be
assessed. Additional research determining théae&hip between CR mortality and number of
capture events would be particularly relevant fer mmanagement of high-use fisheries with high
CR rates.

The modeling exercise that | conducted predidteti &s the catch event to population
size ratio increased from 0.25 to 4.0, the prolggitof an individual capture event resulting in
harvest at which a 356 mm length limit significgrdltered age and size structure decreased
from 0.64 to 0.07. For a 406 mm length limits ign#icantly affect age and size structure over
the same range of catch event to population steesrahe harvest probability of an individual
capture event at which significant changes in agksize structure were expected declined from
0.44 to 0.05. The observed harvest probabilitgroindividual non-tournament capture was
estimated from the creel data to range from O (@ar@014) to 1.8% (Gardner 2013),
substantially lower than the rates at which lergtits were predicted to affect size and age

structure for all catch to population size ratidherefore, | conclude that length limits are
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unlikely to affect population size and age struetur Mansfield and Gardner, given the low rates
of harvest observed.

Based on the simulated model scenarios, | pretlitiat significant effects on population
size and age structure would occur as a resulRofOrtality. As the ratio of catch events to
population size increased from 0.25 to 4.0, thettahd release mortality rate at which
significant changes were expected decreased frd3mt0.0.03. Based on the observed catch rate
to population size ratios for Gardner and Mansfigdid model predicted that a catch-and-release
mortality rate ranging from 3-5% would likely alteopulation size and age structure in each
lake. Initial mortality rates for fish capturedtwurnaments ranged from 1-3% across lakes and
years. This study did not quantify delayed mayatates directly, but Edwards et al. (2004a)
found delayed mortality rates averaging 1% for hassnaments on the same populations.
Therefore, if the estimated 2-4% total CR mortaléte from tournaments are applied to all catch
events for each population, the total CR mortahigy be at or approaching the range at which
population effects on age and size structure wbaldxpected. Cooke et al. (2002; their table 2)
reviewed hooking mortality rates for Largemouth &agporting a broad range of mortality rates
(0-76.9%) across a variety of habitat types andltmms. | expect the effects of CR mortality
will vary substantially across systems, regions avet time.

Catch-and-release mortality influences a poputédisize and age structure by reducing
the probability that recruits will survive to oldes and hence large sizes (Figure 3.4).
Therefore, the changes in size structure obsergeuden model runs with low CR mortality and
model runs with high CR mortality are driven by liees in the oldest, largest fish. This effect
is clearly observed across all model scenarioseasing CR mortality resulted in reduced

proportional size distributions (Table 3.3), espbygifor preferred and memorable sized fish.
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This model result is important because large imtdigls are typically the most sought after by
anglers (Dotson et al. 2013), and are desired agers because of their ecological
significance to the population, e.g., high fecupdiigh offspring quality (e.g., Hixon et al.
2014). For managers interested in establishingaintaining trophy fisheries, substantial
effects of CR mortality can occur at lower ratemtimeeded to alter the population size and age
structure as a whole. For example, when the datplopulation size ratio is 1.0, an increase in
CR mortality from less than 1% to 2% is not preelicto affect overall population size structure,
(Figure 3.3) but is predicted to reduce the yidldhemorable sized and larger individuals from
28 to 21 per 1000 recruits, a reduction of 25%eré&fore assuming that the opportunity for an
angler to capture a memorable sized fish is releteohgler effort and fish abundance alone, CR
mortality reduces the abundance of memorable simbdiduals by 25%, requiring an increase
in effort by anglers to maintain similar numbersyegmorable sized fish captured.

Over the two years that | closely monitored two@ecticut Largemouth Bass
populations, the catch events of individual fiskkeeeded the population size by two times or
more, and few of those catch events resulted iptinposeful harvest of Largemouth Bass. This
result has several important management implicatidfirst, harvest rates in these systems are
low enough that length limits are not expectedftech population size and age structure. While
| did not model more complicated regulation scessd.g., protected slots, etc., it seems
unlikely that any regulation seeking to direct educe harvest effort at particular portions of the
population could be successful when so few fishhargested. If one conservatively assumes
that CR mortality was 2% for all lakes and yeagd trstudied, CR mortality would exceed
harvest mortality for each lake and year, indigatimat these systems truly have entered the

“catch-and-release era”. In practice this meaasdlhmanager of one of these systems has lost
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the ability to use harvest-based regulations sadkragth limits, the most commonly
implemented tool in the fisheries management toglbmexert change on these populations. |
do not advocate for the abolition of regulationskseg to direct or reduce harvest in the catch-
and-release era, as such regulations provide ablalsafeguard against changes in angler
behavior (i.e., back towards harvest-based prajtieed may have an important social basis;
however, harvest-based regulations are unlikeprémote the achievement of management
goals for some fisheries.

Management to reduce CR mortality rates is a wagthal. Some studies have found that
the use of lures reduces hooking mortality ratesgtive to the use of live bait across fish taxa
(Bartholomew and Bohnsack 2005; Hihn and ArlingHusl), and therefore, some
jurisdictions ban the use of live bait to reduceataldy rates (Wilde et al. 2003). Research has
attempted to establish “best practices” for thedhiag of many species in order to reduce
mortality rates associated with angling (e.g., Goakd Suski 2005). Many North American
fisheries agencies provide recommendations to egdgarding CR practices, though
substantially different and occasionally contragligtrecommendations were often given
(Pelletier et al. 2007). | strongly advocate twaglers follow best practice guidelines in an effor
to reduce mortality and improve the welfare of wndiials captured by anglers. However, the
ability of best practices or regulations to sigrafitly improve population characteristics will
depend on the life history of the species (Coolde&chramm 2007) and likely the catch to
population size ratio of the fishery of intere§iven the low rates of mortality that | observed at
Largemouth Bass tournaments it seems that for spmees, like Largemouth Bass there is little
room for additional improvement. Therefore, fom&species and systems where the catch

event to population size ratio is high and CR niytaates are already low, management
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seeking to reduce CR mortality further, using ragahs such as gear restrictions, may not be
effective in preventing effects of CR mortality age and size structure. Creative management
techniques capable of managing either the sucdéesgyters, the amount of angler effort, or the
target population size are needed.

Gear regulations could be enacted in an effomfloence the vulnerability of fish to
angling. Many recreationally valuable fish speaee piscivorous, and therefore a direct
relationship exists between their gape size andittesof prey that can be captured and
consumed (Werner 1974). Capitalizing on this retethip, Wilde et al. (2003) demonstrated
that large lures capture large fish relative tolstaees, and suggested that restrictions on lure
length could be utilized to reinforce minimum lemgjmits. Cerda et al. (2010) reported that
increasing hook size decreased catch rates ovweratiot the total weight of fish captured for
marine recreational fisheries. Importantly, Cegtlal. (2010) reported that sport fish angler
associations favored restricting allowable hooksizecause it promoted catch of larger and
more valued species. In the catch-and-releas@eaa restrictions could be enforced to reduce
the captures of small fish, thereby reducing ttielcavent to population size ratio of a fishery,
as well as the number of life time CR events indlnals are exposed to. Such a regulation could
reduce the opportunity for CR mortality to negatyvaffect population age and size structure.

The management of fishing effort could also beaatizgeously used to reduce the effects
of CR mortality on fish populations. The managetrdriishing effort is a daunting task that
will require creative solutions in an era where agars are seeking to retain and recruit anglers.
This study and others have found that CR mortaditgs are related to water temperature
(Muoneke and Childress 1994; Bartholomew and Batkn2805; Edwards et al. 2004a; Cooke

and Suski 2005; Gingerich et al. 2007; Hihn anangHaus 2011; Danylchuck et al. 2014),
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indicating that reducing effort during the warmesinths of the year may have utility for
reducing CR mortality (Edwards et al. 2004b, Badheew and Bohnsack 2005; Huhn and
Arlinghaus 2011). Alternatively, seasonal closwamsed at reducing effort could be lined up to
co-occur during periods of high vulnerability oghiimportance to the population under
management, e.g., during the spawning season (lewakienry 1995; Cooke and Suski 2005).
Finally, managers could strive to direct anglepgft particular populations within a region, in
an effort to reduce effort at other populations iregion (Martin and Pope 2011). Populations
targeted for increased effort could be chosen basdteir characteristics, e.g., high
productivity, large population size, the reputatadrihe fishery, or other management efforts
such as stocking.

Improving the precision and accuracy of commonljected fishery statistics should
always be a goal of researchers and managersrease understanding of the effects of
recreational fishing on fish populations. In tlagoh-and-release era, improving precision of
fishery parameters is especially important; in gtigly the catch event to population size ratio is
a metric critical for estimating the effect of bdtarvest regulations and CR mortality on
population size and age structure. This apprdadtrates the opportunity for even low rates of
CR mortality to compound across multiple capturenés over multiple seasons to reduce the
probability that an individual survives to an olgeaand large size, and has utility across a wide
variety of recreationally targeted taxa. The leaeent to population size ratio is a metric based
on two notoriously imprecise fishery parametere:iamber of catch events and the population
size. In the current study, considerable variaiotine possible true catch event to population
size ratio existed across lakes and years (TaB)er@sulting from considerable uncertainty

associated with the population size and the tatailver of catch events. Therefore, management
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in the catch-and-release era will need to be irstngéy data-intensive in order to reduce

uncertainty of critical parameters such as the remabcatch events and population size.

In summary, the management of recreational fishen¢he catch-and-release era will
require an increased understanding of the rat@atith events to population size for a system,
rates of CR mortality, and factors associated @Withmortality. Research and action to address
these issues is needed, as CR mortality ratesxpeeted to rise in response to climate change.
Thirty-five years ago, slot limits and size struetuatios like PSD rose quickly to meet the
challenges of recreational fisheries managemeatay, the ubiquity of catch-and-release
practices for some fisheries poses a challendeetonianagement of those recreational fisheries.
A similar period of creativity, experimentation,cacollaboration among researchers and
managers is once again required to respond tagéef highly efficient, species-specific fishing
tactics and catch-and-release practices agairestikadlop of a rapidly changing aquatic
environment.
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Table 3.1. Population parameters to evaluate the effectenfest regulations and CR mortality

rates.
Parameter Value Definition Reference
Linf 415 Asymptotic length Hessenauer et al. (2014)
K 0.42 Growth coefficient Hessenauer et al. (2014)
to -0.61 Age at size-0 Hessenauer et al. (2014)
7 0.37 Instantaneous mortality rate  Hessenauer et al4)201
) 0 o
50% V. Catch 250 ?;ghat 50% vulnerability to Dotson et al. (2013)
Size at 50% vulnerability
50% V. Harv 356, 406 to harvest
RO 1000 Number of age-0 recruits Dotson et al. (2013)
CR 15 Compensation ratio Dotson et al. (2013)
Wmat 0.86 Weight at maturity Dotson et al. (2013)
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Table. 3.2.Summary statistics for two years of intensive nanmg at Gardner and Mansfield
Lakes including a population estimate with 95% ateriice interval (Pop Est), the number of
tournaments monitored (N Tourn), the number of figghed in in tournaments (T Weigh-in),
the number of fish reported culled by tournamemgfens (T culled), the percentage of initial
tournament mortalities (T mort), the percentag®afnament fish observed to be injured (T
Injury), estimated number of fish captured andasésl with 95% confidence interval from creel
surveys (Creel CR), estimated number of fish haedewith 95% confidence interval from creel
surveys (Creel Harv), estimated total catch of earguth Bass (Est Tot Catch), and the catch to
population size ratio with possible range basesglarration associated with the population and

catch estimates (Catch to Pop).

Mansfield Gardner

2012 2013 2013 2014
Pop Est 3100 (2100-4100) 2800 (1800-3800)
N Tourn 24 21 31 30
T Weigh-in 958 894 1368 1397
T culled 634 743 1069 866
T Mort 2% 3% 2% 1%
T Injury 5% 4% 2% 5%
Creel CR 4600 (3400 - 5800) 4400 (3200 -5600) HB8000-7100) 4600 (3200-6000)
Creel Harvt 76 (5 - 150) 68 (1 - 200) 99 (3-260) 0
Est Tot Catch 6268 6105 8036 6863
Catch to Pop 2[1.2 - 3.6] 2[1.2 - 3.5] 2.9[154] 2.5[1.4 - 4.6]

1t95% confidence intervals for harvest overlapped & all years. Therefore, the lower bound

was set as the number of harvest events observertblagents.
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Table 3.3.Predicted proportional size distribution undeethcatch event to population size
rations (W), for four different catch-and-release mortalayes (D). Percent decline from the

lowest catch-and-release mortality rate given ireptheses for each catch event to population

size ratio.

Uo D PSD PSD-P PSD-M
0.001 375 13.4 1.9

10 0.020 36.5 (3%) 12.7 (5%) 1.7 (11%)
0.050 34.8 (7%) 11.3 (16%) 1.4 (26%)
0.100 32.2 (14%) 9 (33%) 0.8 (58%)
0.001 37.5 13.4 1.9

20 0.020 35.3 (6%) 11.7 (13%) 1.5 (21%)
0.050 32.2 (14%) 9 (33%) 0.8 (58%)
0.100 27.6 (26%) 5.9 (56%) 0.4 (79%)
0.001 37.1 13.2 1.9

30 0.020 34.1 (8%) 10.6 (20%) 1.2 (37%)
0.050 29.7 (20%) 7.1 (46%) 0.6 (68%)
0.100 23.9 (36%) 3.9 (70%) 0.1 (95%)
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356 mm Minimum
406 mm Minimum

Harvest Probability
/ =

Catch event to population size ratio

Figure 3.2.The harvest probability at which 356 mm and 406 mmimum lengths are
expected to affect population size and age straatuth 95% probability (solid lines) given a
catch to population size ratio. Shaded regionsesgmt the harvest probability at which
regulations will affect size and age structure viigtween 90 and 99% probability. Area below
each curve represent harvest probabilities at wiaghlations are not expected to significantly

affect size and age structure.
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Catch-and-release mortality rate

Catch event to population size ratio

Figure 3.3. Catch-and-release mortality rate expected tafsigntly alter population age and
size structure with 95% probability (solid liney fa given catch event to population size
structure ratio. Shaded region represents thér-catd-release mortality rate expected to affect
size and age structure with 90-99% probability.aAabove the curve represents catch-and-

release mortality rates that are expected to sagmfly affect age and size structure.
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Figure 3.4.Changes in population size structure resultingnffour different levels of catch-
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