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ABSTRACT
Defining Essential Fish Habitat: The Influence.dé History,
Biotic, and Abiotic Factors
(January, 2010)
John T. Froeschke, B.S., Arizona State University

M.S. California State University, Northridge

Chair of Advisory Committee: Dr. G. Stunz

ABSTRACT

The world’s fisheries have been the subject of nmeckent concern due to
dramatic declines in their abundance, and haveraeed despite increased single-species
management of many harvested species. As a reslagement of marine ecosystems
is shifting toward an ecosystem-based approachreanthe importance of interactions
among physical, biological, and human componenteetystem is recognized.
However, ecosystem-based approaches rely on dity abiefficiently and effectively
assess critical habitat necessary for ecosystetaisasility; for fisheries, this is known
as Essential Fish Habitat (EFH). Currently, fewimasystems have adequate
information about EFH to implement ecosystem-baggmtoaches to resource
management, despite federal mandates to delinedteheracterize these areas. The
paucity of data is particularly absent beyond tgpl@bitat-density assessments.
Undoubtedly, what makes a habitat essential igiatyaof abiotic and biotic interactions,
but these types of information for even the mogtantant fisheries have seldom if ever

been evaluated. This dissertation research seal@nbine several aspects of Essential



Fish Habitat, specifically, the influences of alpbiotic, and life history on habitat use
of estuarine and coastal fishes. Research wagdaut using a multi-disciplinary
approach integrating biological and physical sogsnto improve our understanding of
habitat requirements for ecologically and econoftyigenportant species.

The primary goal of this dissertation was to assasgronmental and biological
factors that influence the quality of fish habit&towever, applying general habitat
requirements for marine fishes that exhibit widgilyerse and complex life history
strategies can be particularly problematic. Thegresentative species from highly
migratory species (sharks) and both estuarine direrand estuarine-resident teleosts
were assessed to make predictions concerning Efldsaa broad spectrum of life
history strategies.

Using a long-term fisheries independent datasaintducted the first
experimental test of the 'shark nursery area cdhaeg identified areas along Texas’
central coast as shark nursery habitat. This quneas further investigated by
developing spatially-explicit estuarine habitat osedels based on environmental
conditions for three coastal shark species: Iatdlr¢harhinus leucgs blacktip
(Carcharhinus limbatus and bonnethea&phyrna tiburpto delineate within-bay
patterns of habitat usage and to determine relstips between environmental predictors
and shark distribution. Status and trends of skpécies in the nearshore Gulf of
Mexico were also assessed using historical anécufishery-dependent data. From
1973 to 1986 and 2008 to 2009, | examined shartucayogs from recreational shark

anglers on the Texas coast to characterize cattdrps, species composition, and



temporal patterns of coastal shark abundance siréigion as no data currently exist and
the population status for sharks in this regiouarisertain.

Habitat selection and movement patterns were algestigated for representative
species exhibiting a more typical estuarine-depeniife cycle using experimental
mesocosms and otolith stable isotope analysesoddsm experiments examined the
relative influence of dissolved oxygen concentratiood abundance, habitat
complexity, and predator density on habitat sedectiatterns of juvenile pinfish
(Lagodon rhomboid@sand Atlantic croakem{icropogonias undulatys Results from
experimental mesocosoms indicate that for youngrtmall) fishes, the influence of
predator density may be the primary determinarisbfhabitat use. However other
factors including dissolved oxygen or habitat tgtso influence habitat selection, often
in complex or interactive patterns.

Connectivity among essential areas is also recedraz a critical factor
influencing population dynamics of aquatic orgarssrpotted seatrou€ynoscion
nebulosugis an economically and ecologically importantges in the Gulf of Mexico
and supports large recreational fisheries througitevange. However, regional declines
of spotted seatrout stocks on the south Texas beastprompted concerns about the
connectivity of fish among management regions is éinea and the effectiveness of
recently implemented regional management for ihécies, but essential habitat and
connectivity among populations hinders proper manant To examine connectivity of
trout populations over a large scale, stable ca(d&) and oxygend®0) isotopes in
otoliths were used to assess the degree of excldragkilt spotted seatrout from five

regions on the south Texas coast. Cross-validdssdification success to five regions of
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the coast was 64% and indicated that mixing wag tikedy between adjacent regions

although some long-term migrations likely occur.
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INTRODUCTION

The world’s fisheries have been the subject of nmeckent concern due to
dramatic declines in their abundance (Pauly €2@)2, Christensen et al. 2003, Myers &
Worm 2003; Baum & Myers 2004, Baum et al. 2005, Myt al. 2007). Overfishing
has clearly been a driving factor (Jackson et@012, but other human activities have
also been important in their decline (Hilborn et28l03, Heuter et al. 2005). This may
have cascading ecological impacts, as ecosystdynsrreritical trophic links for
stability, resilience, and persistence (Steele &uptacher 2000, Jackson et al. 2001,
Worm et al. 2002, Myers & Worm 2003). This tresdnost apparent when large
portions or entire trophic levels (i.e., large @eas) are removed from ecosystems
(Pauly et al. 2002, Myers et al. 2007) disruptingagety of complex ecological
relationships. Moreover, overfishing combined wabidly expanding coastal
degradation (e.g., hypoxia) may severely impatieiiges population dynamics and
habitat quality in coastal ecosystems (Diaz & Rbseg 1995).

To address these problems in a more holistic appraaanagement of marine
ecosystems is shifting towards an ecosystem-bggadach where the importance of
interactions among physical, biological, and huroamponents of the system are
recognized (Pikitch et al. 2004, Marasco et al.7Z20Management from an ecosystem
perspective is focused on sustaining critical l@biand maintaining critical trophic
linkages. This may mitigate anthropogenic influesiand promote sustainable use of
marine resources (Pikitch et al. 2004). Howeveosgstem-based management relies on
our ability to efficiently and effectively asses#ical habitat necessary for ecosystem

sustainability (Levin & Stunz 2005); for fisheriedso known as Essential Fish Habitat



(EFH). Essential fish habitat means those watedssabstrate necessary to fish for
spawning, breeding, feeding, or growth to matuit\agnuson-Stevens Act, 16 U.S.C.
1801 et seq). Implementation of this managemeategty has been problematic because
of significant knowledge gaps regarding criticabitat use, population dynamics, and
habitat degradation in marine habitats.

Traditionally, assessments of EFH have focusedemsity patterns within habitat
types (Gallaway & Cole 1999). This informatiorotsviously important, but EFH
extends well beyond simple habitat-density relaiops to include interactions among
the biotic and abiotic characteristics of the hetléind how migration can influence
defining these critical areas. This is especitullg for species that use habitat in non-
traditional ways (e.g., coastal migratory sharks) aven for estuarine resident species
such as spotted seatro@yfioscion nebulosyshat may have relatively large ranges
within the estuary and even in nearshore areass, these species make ideal models
for comparative purposes while taking the concéfifeH characterization to the next
level.

While one solution is to declare entire estuarieiegions as essential habitat , it
is also apparent that we do not have adequatensEsoto conserve, protect, or restore
these areas over such large spatial scales (Le8tu&z 2005). Thus, the fist logical
step is to prioritize critical areas for consergatand management which requires
identification of sensitive life stages (Levin &8tz 2005, Kinney & Simpfendorfer
2009), determination of what habitats (if any) anportant to these stages, and
identification of areas where high densities ofamigms in critical life stages occur

(Levin & Stunz 2005). For fish, survival ratesjo¥eniles often exert the greatest



influence on subsequent adult population size (Calel. 1996). Areas supporting high
densities of juveniles with characteristics ameaablgrowth and survivorship have been
deemed “nursery habitats” and constitute an impdtamponent of EFH (Beck et al.
2001, Heupel et al. 2007). The value of nurserythtbhas been described for estuarine
and coastal migratory fishes (Beck et al. 2001,gdéet al. 2007). However in practice,
the designation of nursery habitat has been slepg@ally for species that use habitats
in non-traditional ways (such as sharks), andhhsimpeded the management at the
marine ecosystem level.

The goal of this dissertation research was to coengad contrast EFH
parameters for marine fishes that exhibit estuadey@endent and migratory life history
strategies. Using sharks as model species, liftgihaind mapped nursery areas for three
coastal shark species while examining the relatiffeence of several environmental
factors on their distribution patterns to providean needed information for ecosystem
level management. My dissertation work also exachihabitat use and movement
patterns of estuarine fishes. | used manipuld#ilseratory mesocosm choice
experiments to examine hierarchical and interactationships influencing habitat
selection of juvenile estuarine fishes.

Increasingly, rates of connectivity among impottaabitats is recognized as an
important factor regulating population dynamics i&ét al. 2005, Gillanders 2005,
Rooker et alln presg and a greater understanding these patterns iratipe for
ecosystem level management. Habitat use affeqtslg@ibon level responses to
environmental change and fishing pressure (Keat.62007), and information on

movement and mixing patterns is essential for taeagement of estuarine-associated



fishes (Levin and Stunz 2005). To address thegamined connectivity patterns among
estuaries for spotted seatrout as there are signifgaps in our understanding of the
movement and migration patterns of this importpecges. Moreover, spotted seatrout
exhibits an estuarine life-cycle common to manyeo#tstuarine teleost species, therefore
providing insight into the movement and connedgipiatterns of similar estuarine
species.

Collectively, it is my goal that this body of wowkll contribute to better
management of sustainable fisheries in marine atesys and refinement of EFH
characterization. This study identified nurserpitet for coastal and estuarine fishes in
the Gulf of Mexico and evaluate the effects of ratgm patterns, and the interactive
effect of abiotic habitat degradation (e.g., hypdxin these critical habitat functions.
This project will aid in the prioritization of haht for management and improve our
understanding of the species-habitat requireméatsd essential for effective

management of marine resources.



CHAPTER 1

TESTING THE SHARK NURSERY AREA CONCEPT IN TEXAS BAYUSING A
LONG-TERM FISHERIES-INDEPENDENT DATASET

ABSTRACT

Using a long-term fisheries independent dataket,shark nursery area concept”
recently proposed by Heupel et al. (2007) was tiesseng the working assumptions that
juvenile shark nursery habitat would: 1) have amnalance of juveniles greater than the
mean abundance across all habitats where they;dcuse same areas repeatedly
through time (years); and 3) remain within the batifior extended periods of time. |
tested this concept using young-of-the-year (Agar@) juvenile (Age 1+) bull sharks
(Carcharhinus leucgsrom gill-net surveys conducted in Texas estisafiem 1976-
2006 to determine the nursery function of nine tadastuaries. Of the nine bay systems
considered for primary bull shark nursery habaly Matagorda Bay satisfied all three
criteria for both cohorts. Both San Antonio andtdprda Bays satisfied the criteria as
nursery habitat for juveniles. Through these asesyl identified the utility of this
approaching for characterizing nursery areas, &wreote some practical considerations,
such as of the influence temporal or spatial saafiélse study when applying the nursery

role concept to shark populations.

INTRODUCTION
The shark nursery concept has existed for neargnéury but has rarely been
empirically tested (Heupel et al. 2007). Howeyeecipitous declines in global shark

populations have prompted concerns among fishsdestists about the long-term



sustainability of sharks (Stevens et al. 2000), lzelprompted increased focus on
delineating important areas for their persistencavoid potential ecosystem level
responses associated with declines of apex prexd@ieithaus et al. 2008). Management
and conservation of sharks now incorporates Esddrith Habitat (EFH) into Fishery
Management Plans (NOAA 1996) which recognizesdhattages in a life cycle are
important; including juvenile habitat. For manynma species there is a strong link
between adult population size and juvenile recreithpatterns (Smith et al. 1998, Beck
et al. 2001, Levin and Stunz 2005, Kraus and S2@05, Fodrie and Levin 2008); thus,
delineating important juvenile habitats (nurserg&s)uld improve shark conservation and
management (NMFS 2006). However until recentlgrkmursery areas were
inconsistently defined and their migratory natur@kes empirical demonstration of
nursery habitats difficult or in some cases impassjHeupel et al. 2007).

Meek (1916) first described shallow coastal assasursery habitat for
Galeorhinus spandMustelus spas general shark nursery habitat. Springer (1967
described typical shark nursery habitat use whevmg are born in spring or summer in
shallow waters and remain there for feeding anavtironoting, however, that sharks
may move from the area if forced by seasonal optature changes. Bass (1978)
described both primary nursery areas (where fengakesbirth or lay eggs) and
secondary nurseries where older juveniles (Agerémpin for several years growing to
maturity. Based on these observations, a numbsiudfes have attempted to improve
the nursery concept either by identifying and magghark nurseries (Grubbs and
Musick 2007, Neer et al. 2007) or with ecologicalastigation of habitats where sharks

occur (Simfendorfer et al. 2005, Hight and Lowe 208eithaus et al. 2009,



Papastamatiou et al. 2009, Ubeda et al. 2009)h Bate improved our understanding of
shark nursery use. However, Beck et al. (2001yssigthat other important parameters
such as growth rate, survivorship, and connectiaitgdult habitats be considered.
However, determining these metrics is particularigblematic for highly mobile species
such as sharks.

Unfortunately, the use of the term "shark nurséabitat has varied widely in the
literature, with some putative nurseries havingbidentified based only on the presence
of a few juvenile sharks (Heupel et al. 2007). githe general occurrence approach
potentially identifies all coastal habitats as esisg restricting our ability to prioritize
areas for conservation and management (Levin amtz&005). Because not all habitats
occupied by juveniles should be considered nursabytat (Driggers Il et al. 2008),
more information is needed to assess nursery fumetnd prioritize habitat for
management (Beck et al. 2001, Heupel et al. 200@)address this problem, Heupel et
al. (2007) outlined a more tractable concept ferittentification of shark nursery habitat
by obtaining information on abundance, residenng, temporal patterns of sharks within
potential nursery habitats. To identify shark euyshabitat several criteria must be met:
1) the abundance of juvenile sharks in a specdlutht is greater than the mean
abundance in all habitats where juveniles occupu®nile sharks must use the habitats
repeatedly through time (years); and 3) juvenilrk$ must remain within the habitat for
extended periods of time.

Coastal estuaries have been recognized as imporesery habitats for many
aquatic species, including sharks. The shallovergatf the Gulf of Mexico support a

diverse and abundant shark assemblage, includen@¢kas Coast (Hueter and Tyminski



2007, McCandless et al. 2007, Froeschke Chaptefi23.north-central Gulf of Mexico
provides nursery habitat for several shark spen@ading bull shark (Parsons and
Hoffmayer 2007, Neer et al. 2007, Heuter and Tykiid807). Bull shark
(Carcharhinus leucgdgs the most abundant coastal shark in Texas mssughapter 2),
and this species is known to use nurseries (Sindpfder et al. 2005, Neer et al. 2007,
Heupel and Simpfendorfer 2008, Ortega et al. 2000)Connell et al. (2007) reported
long-term declines of bull sharks in the Northemulf@f Mexico, which is especially
problematic because nursery habitats and long-peqalation trends for this species
have not been investigated in Texas waters. HaeteTyminski (2007) examined
temporal and distributional patterns of juvenilas off Florida and Texas. In this
study, juveniles from at least 12 shark speciegwdantified in Texas, and results
suggested that several species use coastal hatitiaits the Gulf of Mexico as primary
and/or secondary nurseries. Currently, the egsiatong the entire Texas coast are
considered nursery habitat for bull sharks baséylamthe presence of juveniles within
these (or similar) areas (McCandless et al. 20@@&tét and Tyminski 2007, McCandless
et al. 2007). However, Froeschke Chapter 2) dpesl@ long-term fisheries
independent shark catch data set to examine cadsted habitat value in Texas estuaries
based on environmental conditions for b@k¢charhinus leucgs blacktip
(Carcharhinus limbatus and bonnethea&phyrna tiburp sharks. In this study they
found that habitat value varies greatly among e&san this region and that shark
distribution patterns were closely linked to salintemperature, and proximity to inlets

to the Gulf of Mexico. Bull shark was the most atant shark species and most



individuals captured were juveniles (based on lengtiggesting that portions, but
unlikely all of the Texas coast represents nurbatyitat for this species.

In this study | evaluated bull shark temporal apdtial distribution patterns
within nine major estuaries along the entire Teca@ast from 1976 to 2006 to test the
shark nursery hypothesis concept outlined by Heepal. 2007. | describe nursery
habitat for an important apex predator and dissosse practical limitations of
empirically applying the nursery hypothesis condegtelp improve management and

delineation of Essential Fish Habitat (EFH) for rikisa

MATERIALS AND METHODS
Study Area

This study was conducted in nine major bay syst@osg the Texas coast in
northwestern Gulf of Mexico from 1975 to 2006 (Higd.1). Barrier islands separate
estuaries from the Gulf of Mexico along the majodf the coast and saltwater exchange
occurs via six major tidal inlets. Texas bayssdrallow subtropical estuaries that are
physically dynamic and most are proximally locabedr several large human population
centers. This region supports a variety of halbyjas and provides nursery habitat for

many teleost and invertebrate species (Reese 22G#8).
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Figure 1.1. Coastal shark gill-net survey locagigm = 19709) from 1976-2006 along
Texas, USA in the northwestern Gulf of Mexico. Bahaded areas indicate where a gill

net was set during the study period.
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Field Collections

Bull shark catch data were obtained from Texas$arkl Wildlife Department
coast wide fisheries gill-net monitoring programttivas established in nine Texas bay
systems in 1975 and continued through 2006. Clogistaeries resource monitoring data
were collected as a stratified cluster samplinggte®ach bay system serves as non-
overlapping strata with a fixed number of samptes @5/bay/season). Gill-nets were
deployed each spring (April, May, June) and fa#g®@mber, October, November;
Martinez-Andrade et al. 2009). Sample locationsavegawn independently and without
replacement for each season (Martinez-Andrade 208B). Bull sharks were sampled
using standardized 183-m gill-nets perpendiculahtore. Nets were constructed of four
panels with mesh size of 76 mm, 102 mm, 127 mm,J&2dmm, respectively. Gill nets
were deployed one hour before sunset, fished aylet;rand retrieved within four hours
of sunrise the following day, and a total set tiwees calculated for each sample. Each
captured shark was identified to species, measaratleleased. Abundance data were
converted to catch-per-unit-effort (CPUE) by divigi“soak-time” of each net by the
number of bull sharks captured in the sample.

This study focused on identification of both paiy (i.e., young-of-the-year) and
secondary (i.e., juveniles) nursery habitat. Algs<of sharks was estimated from total
length using published length-at-age estimatesn®edter and Stiles, 1987, Neer et al.
2005). Bull sharks have wide ranges in size dhl{Meer et al. 2005), between 633-839
mm TL (Clark and von Schmidt 1965), and growthsai150-200 mm yt(Branstetter
and Stiles 1987). For this study, bull sharks @ 80n TL were considered young-of-

the-year (YOY) and used to identify primary nurskapitat. Sharks between 900 and
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1600 mm TL were considered immature juveniles (laar referred to as “juvenile(s)”)
and used to identify secondary nursery habitat.

Delineation of nursery areas was based on therieriof Heupel et al. (2007) and
was tested using weighted least squares regretssgimultaneously determine spatial
and temporal patterns of shark abundance withih bag system. Prior to analyses,
shark CPUE data from the 45 np&s season per bay were aggregated into a singla me
value per season per bay. Seasonal data weregsigngly aggregated into an annual
mean value per bay system to stabilize varianceé@neimove excess zeros from the
matrix (Pondella et al. 2008). Upper Laguna Maslas excluded from the analysis as no
bull sharks were captured in this estuary durireg38-y study. Young-of-the-year and
juvenile bull shark catch data were analyzed séplgrto assess ontogenetic shifts in
nursery use patterns. Preliminary analyses ofdinadlk CPUE indicated that despite
improvement from transformation, model residualsen®t normally distributed,

variance differed among estuaries, and residuails teenporally auto-correlated.

Weighted least squares with restricted maximunlihked estimation (REML) was used

with the following model:
Yij =&+ b+ ab; + ¢
where
* yij is loglOCPUE for bayin yearj
* g is the effectof bay,i=1,...8
* by is the effect of yeqj, j = 1976 . . . 2006

* aly; is the interaction effect of bay with year
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« ¢ is the residual for baiyin yearj

In addition, because of autocorrelation effectsnfrgear to year, the residuals were given

a first-order autoregressive (AR1) structure; that
&j (1+1) = pej + 7
2
nij ~N(0,0%)

That is, the time series for each bay has the sanweorrelatiorp, and the residuals

from the AR1 process are normal with mean O arfergift variances permitted for each
bayi. | used Akaike's information criterion (AIC) alag-likelihood ratio test to
determine whether the more complex variance aratfor structures were warranted.
Non-parametric bootstrapping with replacement 080) was used to estimate
confidence intervals of model parameters withoukingaassumptions about the
population distribution (Efron and Tibshirani 1993)considered all analyses significant
ato = 0.05. Analyses were carried out in R 2.71 (Rdd@ment Core Team 2008) with
functions from the "mgcv" (Wood 2008), "nime" (P&ito et al. 2008), and “sm”

packages (Bowman and Azzalini 1997).

A central assumption of shark nurseries is thatkshare significantly more
abundant in nurseries than other areas. On thasleoast, the nine major bay systems
(Figure 1.1) are considered the primary units r@he¥or management and encompass
potential shark nursery habitat. | tested theemyrarea concept criterion that juvenile
bull shark abundance is significantly higher ingaires than surrounding areas by
extending the weighted least squares model withpasametric bootstrapping. The

aggregated data were resampled using bootstrapgihgeplacement (n = 1000). For
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each bootstrap iteration, annual mean bull shatdEE®as determined for each bay and
areas with CPUE above the population mean for miiecestudy period (i.e., satisfying
criterion 1) were coded as “1”, otherwise it wadeo as “0.” Using this approach, | was
able to test criterion 1 using the probability thegan CPUE of an individual bay is not
significantly different from the population mearhi$ analysis was completed separately

for both young-of-the-year and juvenile bull sharks

A second requirement of shark nurseries is thahgalnarks must use the
estuaries repeatedly through time (i.e., tempdaddikty). This criterion was also tested
using the generalized least squares model testaighe overall slope (temporal effect)
was not significantly less than zero (i.e.,i10GPUE was stable or increasing throughout
study period). Temporal stability was examinechifot the entire study population (all
bays) and individually for bays satisfying critefia Catch-per-unit-effort slopes and
95% confidence intervals were estimated using Ihi@gping. Slope estimates for
individual bays that were positive or containedithim their confidence intervals were
considered to have satisfied criterion 2. The fasdumption of shark nursery habitat is
that juvenile sharks must remain within the halditatextended periods of time. | could
not examine movement patterns of individual witktiady sites, but it was possible to
infer residency patterns of YOY bull shark "cohdrt&or example, bull sharks are
typically born in spring or early summer at ~ 65ML (Neer et al. 2005) and grow
100-200 mm yF. For primary nursery areas, examination of siequiency distributions
of YOY sharks in putative nursery areas betweemgmnd fall sampling should reflect
a positive shift in mean size due to growth of¢bborts if individual are remaining

within the study area between spring and falleveloped length frequency histograms
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by season for the entire population (all bays pdplend for bays that satisfied criteria 1
and 2 to test the hypothesis that total lengtmdividuals is significantly longer in fall as
compared to spring sampling with non-parametrict§toap test for equality (n = 1000,

Bowman and Azzalini 1997).

For juveniles (i.e. > 900 mm TL) | assessed resigigratterns by examining
length-frequency distributions and autocorrelatbcatch patterns between consecutive
years. The juvenile age class was comprised loésisrom age 1 to at least 10 based on
length at age estimates; therefore, it was notiples® discern individual cohorts. As a
result, | expected similar size distribution patgebetween seasons as well as repeated
use of years. | tested the hypothesis that tetgjth is not significantly different between
seasons with non-parametric bootstrapping (as ibestcabove). | evaluated repeated
use through time by determining autocorrelatiooaith-per-unit-effort patterns between
years and testing the significance of includingftrst-order autoregressive function in

the error term of the weighted least squares masiab the log-likelihood test.
RESULTS

Bull sharks were sampled in nine estuaries albagentire Texas coast from 1976
to 2006, and 5666 juveniles were captured. Metat kength of captured individuals
was 1024 mm TL and ranged from 324 to 2071 mm THiceting that the shark
assemblage was dominated by juveniles (Figure JABundance of bull sharks varied
widely among the nine estuaries. CPUE for both Y&nd OJ bull sharks were highest

along
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Figure 1.2. Histogram of bull shark lengths attaegduring 1976-2006 along the
northwestern Gulf of Mexico. Solid line indicatgge at maturity and dashed line
indicates estimated upper size limit of age O (gpafithe-year) sharks based on

previous length at age studies (n = 5639).
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the central Texas coast (i.e., Matagorda and SaordmBays), were moderate in

northern bays, and low in southern lagoon systéiggi(e 1.3 A-B).
Young- of-the-Year Spatial Patterns

A central assumption of shark nursery habitalhdd the abundance of juvenile
bull sharks in a specific bay is greater than teamabundance in all Texas estuaries
where juveniles occur. Spatial patterns were eracthusing weighted least squares
regression where each bay was included as a cta/arithe model (Table 1.1A). For all
eight bays where sharks were captured, the meangimm CPUE was 0.102 (Figure
1.4). Only Matagorda and San Antonio Bays had n@&RRJE above the population
mean for the entire study period (Figure 1.4). deer, only Matagorda Bay CPUE was

significantly above the population mean (P < 0.0ldble 1.2A).
Young-of-the-Year (YOY) Temporal Patterns

The criterion that juvenile sharks use Texas estsi@aepeatedly through time
(temporal stability) was also tested. For theremibpulation, mean CPUE increased
slightly throughout the study period although angiigant trend was not detected (P =
0.12; Table 1.1A) indicating stability of the poatibn (Figure 1.5). Temporal patterns
were also investigated individually for MatagordayBas this bay met criterion 1 and was
considered a potential nursery area. Rate of temhpbange was determined by
estimating the slope of CPUE trends over time cedipdith bootstrapping to obtain
confidence intervals for the slope. For Matagdsds slope ranged between -0.00859
and 0.00545 (95% confidence intervals), and inchgaemporal population stability

within Matagorda Bay (Table 1.3A).
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Table 1.1A) Parameter estimates from weighted least squaceke! for young-of-the-
year (A) and juvenile bull sharks (B). Young-oktiiear (YOY; n = 1053) and juvenile

(n = 4586) bull sharks were sampled in nine estgaalong the entire Texas coast from

1976 to 2006.

A
Coefficients Young-of-the-year Bull Shark
Std.

Value Error t P
Year 0.006445 0.004165 1.547496 0.1232
Sabine -12.80028.312455 -1.53989 0.125
Galveston -13.23264.694028 -2.81902 0.0053
East Matagorda 0.160324.694028 0.034154 0.9728
Matagorda 3.4409674.694028 0.733052 0.4643
San Antonio -5.974364.694028 -1.27276 0.2044
Aransas -2.942314.694028 -0.62682 0.5314
Corpus Christi -1.364814.694028 -0.29075 0.7715
Lower Laguna Madre 1.129332.694028 0.240589 0.8101
Year x Galveston 0.000240.004786 0.050135 0.9601
Year x East Matagorda -0.0065P.004786 -1.36302 0.1743
Year x Matagorda -0.0080.004786 -1.67237 0.0959
Year x San Antonio -0.003360.004786 -0.70273 0.483
Year x Aransas -0.004910.004786 -1.02669 0.3057
Year x Corpus Christi -0.005740.004786 -1.1996 0.2316
Year x Lower Laguna
Madre -0.007 0.004786 -1.46291 0.1449




B
Coefficients Juvenile Bull Shark
Std.

Value Error t P
Year 0.02583 0.007769 3.32426 0.001
Sabine -51.308615.50692 -3.30876 0.0011
Galveston -41.22029.040312 -4.5596 <0.001
East Matagorda -0.976919.040312 -0.10806 0.914
Matagorda -19.40159.040312 -2.14611 0.0328
San Antonio -22.1989.040312 -2.45545 0.0147
Aransas -14.15059.040312 -1.56527 0.1188
Corpus Christi -13.67659.040312 -1.51283 0.1316
Lower Laguna Madre -0.53759.040312 -0.05946 0.9526
Year x Galveston -0.004940.008999 -0.54949 0.5832
Year x East Matagorda -0.02538.008999 -2.81498 0.0053
Year x Matagorda -0.01570.008999 -1.74475 0.0823
Year x San Antonio -0.014350.008999 -1.59472 0.112
Year X Aransas -0.018520.008999 -2.05845 0.0406
Year x Corpus Christi -0.01888).008999 -2.09761 0.0369
Year x Lower Laguna
Madre -0.02556 0.008999 -2.83993 0.0049

19
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Table 1.2. Results from non-parametric bootstrap vasampling to test the hypothesis
that CPUE is not significantly greater than theydapon mean for young-of-the-year (A)
and juvenile bull sharks (B). For each bootsttamtion annual mean bull shark CPUE
was determined for each bay, and bays with CPUEetle population mean for the
entire study period (i.e., satisfying criteria 1&én& coded as “1”, otherwise it was coded
as “0.” For YOY bull sharks, only Matagorda hadameCPUE significantly above the
population mean for the entire study period. eepiles, San Antonio and Matagorda

Bays were CPUE significantly above the populaticamfor the entire study period.

A

Bay P
Sabine 1.00
Galveston 1.00
East Matagorda 1.00
Matagorda 0.00
San Antonio 0.34
Aransas 0.86
Corpus Christi 1.00
Lower Laguna

Madre 1.00
B

Bay P
Sabine 1.00
Galveston 1.00
East Matagorda 1.00
Matagorda 0.00
San Antonio 0.02
Aransas 0.80
Corpus Christi 1.00

Lower Laguna
Madre 1.00
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Table 1.3. Estimates of CPUE slope over time fehdzay system. Results from non-
parametric bootstrap with resampling to test theatiyesis that CPUE is not significantly
less than zero. Bays systems with confidencevalgicontaining or above 0 indicate
temporal stability or population increases durimg $tudy period (1976-2006) for young-

of-the-year (A) and juvenile bull sharks (B).

A

Bay 25% ClI  97.5% CI
Sabine 0.0023 0.0115
Galveston 0.0044  0.0090
East Matagorda -0.0008 0.0006
Matagorda -0.0086  0.0055
San Antonio -0.0004 0.0068
Aransas -0.0021 0.0048
Corpus Christi -0.0015  0.0030
Lower Laguna

Madre -0.0028 0.0016
B

Bay 25% ClI  97.5% CI
Sabine 0.0156 0.0357
Galveston 0.0173 0.0248
East Matagorda -0.0003 0.0012
Matagorda 0.0016  0.0018
San Antonio 0.0052 0.0178
Aransas 0.0005 0.0138
Corpus Christi 0.0035 0.0105

Lower Laguna
Madre -0.0044 0.0027
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Filled circles identify outlying points. The hooiztal dashed line indicates the mean

population CPUE over the entire study period.
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To assess residency patterns of cohorts of YOYdalrks | compared size-
frequency distributions between spring and fall giesito test the hypothesis that total
lengths of individuals were significantly longerfail as compared to spring. Mean
length of individuals captured in spring (n = 55@nples was 791+ 67 mm TL (mean *
standard deviation). Mean length of fall samptes 603) was 844 + 59. In Matagorda
Bay, mean length in spring samples (n = 233) wds#86 mm TL. Mean length of fall
samples (n = 304) was 844 £ 59 mm TL. Size frequelistributions were similar
between sampling periods, although significanttgéa in fall samples. This pattern was
observed for the entire sample population (all h@ayaled, bootstrap test of equality, P <
0.001) and for Matagorda Bay individually (P < p@igure 1.6). Moreover, the
presence of autocorrelation between sampling yaaosindicates repeated usage of a
nursery habitat. Incorporation of autocorrelatiothe error structure significantly

improved model performance (log likelihood test B.01).
Older Juvenile Spatial Patterns

Abundance patterns of older juvenile sharks >@00 TL were also examined to
test the hypothesis that abundance of juveniledhadrks in a specific estuary is greater
than the mean abundance in all Texas estuariesvilnezniles occur. Similar to age 0
sharks, age 1+ bull sharks were captured in albnizgys except Upper Laguna Madre
(Figure 1.3 B). Spatial patterns were tested ukgagt squares regression for all 8 bays
where sharks were captured (Table 1.1). ForalspbCPUE was 0.328 (Figure 1.7).
Only Matagorda and San Antonio Bays had mean CRgitfisantly above the
population mean for the entire study period (baagstesults, P < 0.001, Table 1.2B,

Figure 1.7) satisfying criteria 1.
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Older Juvenile Temporal Patterns

The criterion that juvenile sharks use Texas estsi@aepeatedly through time
(temporal stability) was also tested for age 1+ Sldirks. For the entire population,
mean CPUE increased significantly throughout thdysperiod (P < 0.01; Figure 1.8).

Temporal patterns were also investigated indiviguar Matagorda and San Antonio
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Bays that met criteria 1. Rate of temporal chamge determined by estimating the slope
of CPUE trends over time coupled with bootstrapgngbtain confidence intervals for
the parameter. For Matagorda and San Antonio B2§JE increased significantly over

time (Matagorda 0.0016 - 0.0018; San Antonio 0.0082178) (Table 1.3A).
Older Juvenile Residency (Criteria 3)

As our size range of older juveniles included ipldtage classes (Age 1 — 10+) it
was not possible to detect individual cohorts belyage 0. To assess residency patterns
of cohorts of older juvenile bull sharks we compbsee-frequency distributions
between spring and fall samples as well as auteledion of CPUE patterns among years
to examine residency patterns of juvenile bull kbar expected to find similar size
patterns between season and similar catch rategeéetadjacent years (significant
autocorrelation). Mean length of individuals captiibetween seasons were similar
between seasons both overall, and within MatagandbSan Antonio Bays individually
(Figure 1.9). Overall, mean length of individuals captured inisgisampling was 1075
+ 137 mm TL (n = 2637). Mean length of fall sangpbeas 1058 + 140 mm TL (n =
1949). In Matagorda Bay, mean length in spring@amwas 1048 + 137 mm TL (n
=970). Mean length of fall samples (n = 697) wa§3.+ 137 mm TL. In San Antonio
Bay, mean length in spring samples was 1089 + 1461 (n =724). Mean length of
fall samples (n = 681) was 1072 + 149 mm TL. Sieguency distributions were similar
between sampling periods, but significantly langespring samples. This pattern was
observed for the entire sample population (all hay@ed, bootstrap test of equality, P <
0.001) and Matagorda and San Antonio Bays (P <10.B@ure 1.6). Significant

autocorrelation was also detected in CPUE patteethseen adjacent years, as
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incorporation of autocorrelation (AR-1) in the ersbructure significantly improved

model performance (log likelihood test, P < 0.01).
DISCUSSION

Identification of nursery habitat remains a vitamponent of marine fisheries
management (Bonfil 1997, Beck et al. 2001, Dahlgteal. 2006, Heupel et al. 2007,
McCandless et al. 2007). This study used critemgposed by Heupel et al. (2007)
including information on abundance, temporal stgbiand residency patterns of sharks
to identify nursery habitat for bull shark in Tekesastal estuaries. This study provides
the first empirical evidence of bull shark estuamursery use on the Texas coast,
discusses ontogenetic shifts in habitat use pattamd highlights some limitations in the

implementation of nursery habitat delineation uglmgnursery area concept.

Of the nine bay systems considered for young-efythar nursery habitat, only
Matagorda Bay satisfied all three criteria. Bllhsk abundance in all other bays systems
considered was not significantly greater than tleampopulation abundance (criterion
1). Abundance in San Antonio and Aransas Bays wiendar to the long-term
population mean while abundance in all other bags typically low. Significant
temporal trends were not detected for age 0 ballkshat the population level (all bays
considered) or within Matagorda Bay (only bay tbs$g criterion 1). Abundance levels
in most bays increased during the study period,(&glveston Bay and Sabine Lake).
While these bays may not have traditionally sem®dursery habitat, these data suggest

that they may currently provide nursery functions.

| also tested the nursery hypothesis on oldemjieédull sharks to identify

potential secondary nursery habitats as a rece@wesuggests that larger/older
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juveniles may be most important in sustaining adloéirk populations (Kinney &
Simpfendorfer 2009). For older juveniles, Matagoathd San Antonio Bays met all
three nursery habitat criteria. Bull shark aburo#ain the other bays considered was not
significantly greater than mean abundance of alsbdowever, temporal patterns were
stable or increasing in all bays, and size at captastimates were similar between
sampling seasons suggesting that individual comoatg stay within the bays for

extended periods.

Despite considerable interest in sustaining shagulations, the availability of
sampling data with adequate temporal and spatiedrege necessary to characterize
nursery habitat using these criteria are rare.riShgpically occur in low densities and
with high temporal and spatial variability in cate@tords, making quantitative
comparisons difficult for short periods or smalésal scales (Froeschke Chapter 2).
Few studies simultaneously compare nine systems3fvg, and this study provides a
unique perspective on shark nursery use. Currehityestuarine waters along the entire
coast are considered bull shark nursery area imgudpper Laguna Madre (McCandless
et al. 2002, Hueter and Tyminski 2007, McCandle¢sd.€007), although no sharks were
caught in this lagoon. Few sharks were caughbiwdr Laguna Madre and East
Matagorda Bay that are also considered nurserydtaliVly results refine the nursery
habitat concept along the Texas coast and sudgdsbrly San Antonio and Matagorda

bays may be providing nursery function for juverskarks.

Few studies are able to consider all potentiasenyr habitats in a species’ range
in a single study, ours is no exception (BarryleR@08, DeAngelis et al. 2008). Using

this criteria proposed by Heupel et al. (2007),rtheber of sites (or habitats) considered
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and the temporal extent of the study affects nyrdesignation because it may influence
the population mean and potentially nursery designa For example, consideration of
additional study areas with low bull shark abundawould have depressed the
population mean potentially leading to nursery taldesignation for Aransas Bay.
Juvenile bull sharks also occur on the open coasekas' waters and this may also
constitute nursery habitat (Heuter and TyminskiZ20QJnfortunately, data necessary to
test this hypothesis are currently lacking and dance estimates between open coast
and bay systems are difficult as few gear typeequally effective in both

environments.

This study presents the first quantitative desicnipof shark nursery habitat in
Texas' waters and one the first tests of the sargery area concept in the Gulf of
Mexico. |identified nursery habitat for both yauiof-the-year and older juvenile bull
sharks that may be most important in sustainindt athark populations (Kinney &
Simpfendorfer 2009). Moreover, CPUE increasediagmtly for older juveniles during
the study period. Galveston Bay and Sabine Lakemoayprovide nursery function as
abundance has been above the population meareftagh10-15 y in each bay system.
These findings suggest that nursery use may ntarbporally stable and that changes in
habitat (Froeschke Chapter 2) or adult stocks miiyance nursery use patterns.
Continued long-term monitoring may be necessadetect these changes and evaluate

changes in management practices.

Development or maintenance of sustainable shgvklptbons has proven a
difficult task despite considerable interest fraghéries scientists. Life history traits

including slow growth, large size, late maturitgddow fecundity leave them susceptible
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to overfishing and/or habitat loss (Musick et &0Q) and dramatic declines have been
reported worldwide (Worm et al. 2002, Baum et 804, Heithaus et al. 2008).
Additionally, apex predators such as bull sharks/jgle important ecological roles
influencing community structure in systems theyaipit (Heithaus et al. 2008, 2009).
Development of testable hypotheses leading to mifeetive ways of prioritizing areas
for conservation and management improves our ahdiprotect critical habitats, but
requires detailed information on habitat usagegpastand requirements (Levin and
Stunz 2005). Until recently, shark nurseries wermarily defined based on presence of
juveniles and led to the inclusion of most coaatahs as nursery habitats which
precluded efficient management of the most impaohabitats (Heupel et al 2007,
Kinney & Simpfendorfer 2009). All nine bays coresied in the current study were
previously considered bull shark nurseries basegresence information (McCandless et
al. 2002, Heuter and Tyminski 2007) which doeglitb prioritize areas for conservation
or management. Our study considers only one db#lys as a primary nursery and two
bays as secondary providing increased focus focaiion of conservation or

management priorities.

While a greater understanding of nursery halbstanperative, management
strategies must include protection of all importage classes and the relative
contribution of juveniles from particular nursertesadult populations should be
considered (Beck et al. 2001, Kraus and Secor 20R&)tection of young-of-the-year
sharks is primarily based on teleost fisheries mamaent practice although that may not
be the most effective way to manage sharks dueeio uinique life history traits. Bull

sharks mature late (15 y) and may use the samenyuageas repeatedly over years
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(Hueter et al. 2005). My results support thisgratbbased on spatial and temporal catch
patterns coupled with strong temporal autocorretatif catch rates between sampling
years. However, tracking of individuals is hecegs$a demonstrate residence or
philopatry (Heupel and Simpfendorfer. 2008, Ortegal. 2009) and would provide
additional insight into movement patterns and tehise patterns between oceanic and
estuarine systems. Long-term tagging programgsicaisb provide greater insight into
the productivity rates of nursery areas and couatidgins of juveniles to adults stock

necessary to sustain populations (Beck et al. 2001)

Bull shark distribution patterns are strongly afésl by environmental conditions
in their nursery habitat (Heupel and Simpfendo2@®8, Ortega et al. 2009, Froeschke
Chapter 2). In Texas estuaries, distribution pastef bull sharks are influenced
primarily by salinity, temperature, and proximitytidal inlets (Froeschke Chapter 2).
Highest catch rates were predicted in areas claraetl by warm temperatures and
moderate salinities (10-20), and proximate to tidedts. On the Texas coast, oceanic
salinities are buffered with freshwater runoff fromajor tributaries. Sabine Lake and
Galveston Bay typically receive the largest volumemflow and consequently have
lower salinities (< 10 psu) than the southerly Belzays. However, increased urban
demands for freshwater may be altering salinitymeg in the northern bay systems
resulting in higher salinities within the bays grdviding more desirable habitat for age
0 bull sharks. Heupel and Simpfendorfer (2008)gests that salinity preferences of
juvenile bull sharks limit distribution patternsrpaps as a method to reduce energetic
costs of osmoregulation (Marais 1978); permittingrenenergy for growth. Texas bays

are proximally located to several large urban asnt®&anagement practices affecting
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environmental conditions including salinity regintgsaccess to the Gulf of Mexico
through tidal inlets may have dramatic impacts ol $hark populations in the Gulf of

Mexico.

This test of nursery value among putative bulrklmurseries demonstrates both
the utility and some potential shortcomings ofshark nursery concept. This method
provides a mechanism to compare nursery valuetetdify the most valuable habitats
but may be influenced by different spatial and terapscales examined. Careful
interpretation must be given to ensure that impomaeas that do not qualify as nurseries
yet still provide important juvenile habitat areanporated into the management process.
For example, Aransas, Galveston, and Sabine Lgksosua large number of sharks and
significant increases in bull shark CPUE were detét both Galveston Bay and Sabine
Lake implying that their importance as nursery kathihay be increasing. Unfortunately,
using the current criteria, there is no framewankihcorporating this into nursery habitat
designation suggesting that other/additional nyrdefineation procedures should be
considered. Recent studies on teleosts have esgubtal stability of high density
regions to classify nurseries (Fodrie and Levin&0QCollaca et al. (2009) identified
European hakeMerluccius merlucciususing spatio-temporal persistence of abundance
data over a nine-year time period. This study tbtimat areas of high density exhibited
temporal stability and the most persistent nurseeas (5% of total area) included 39%
of total recruitment in the study area. This apgtocould be extended to other species
(Early et al. 2008, Collaca et al. 2009) and mawpmefficient method of characterizing
shark nurseries where adequate data are availbtdesover, this approach would

provide a mechanism for inclusion of areas suppgmersistent populations such as
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Aransas and Galveston Bays in the current studyalllf, this approach incorporates
habitat components and could provide insights matimral or anthropogenic induced
changes to shark habitats (Early et al. 2008) antdde extended in systems such as
Texas estuaries where environmental influencesabitdt distribution are known
(Froeschke Chapter 2). Despite these limitatitmes shark nursery area concept provides

a much needed refinement necessary to promotargfgtashark management.
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CHAPTER 2

ENVIRONMENTAL INFLUENCES ON THE OCCURRENCE OF COASL
SHARKS IN ESTUARINE WATERS

ABSTRACT

Long-term fisheries independent gill net surveysdiwted in Texas estuaries
from 1975-2006 were used to develop spatially expdistuarine habitat use models for
three coastal shark species: b@afcharhinus leucgs blacktip Carcharhinus
limbatug, and bonnethea®phyrna tiburd. Relationships between environmental
predictors and shark distribution were investigatsithg boosted regression trees (BRT).
Bull shark was the most abundant species (n = 58)wed by blacktip (n = 2094)
and bonnethead sharks (n = 1793). Environmentadiions influenced distribution
patterns of all species and relationships wereineat, multivariate, and interactive.
Results showed very good model performance andested shark distribution is most
closely linked to salinity, temperature, and proixynto tidal inlets. By interpolating
BRT, maps of the probability of capture were pragtlasing ordinary kriging and
showed that the central region along the Texast @oaains the most important
estuarine shark habitat. This area was charaetebiy warm temperatures, moderate
salinities, and abundant inlets. Bull sharks alsi@nded into low salinity estuaries,
while blacktip and bonnethead sharks were resttitieareas near tidal passes with
moderate salinities. Juvenile sharks were fredqueaptured, suggesting the Texas coast
may constitute important nursery areas for allérspecies. The development of these

spatially explicit models allows for prioritizatiaand conservation of areas in a region
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that has great potential for human disturbancecinthte change impacts. These results
provide new insight into the habitat requiremeritsaastal sharks in the northwestern

Gulf of Mexico and practical information for managithis resource.

INTRODUCTION

Sharks are common inhabitants of coastal seamagdexert strong influences on
the structure and function of ecosystems they ititf#orm et al. 2005, Carlisle & Starr
2009, Papastamatiou et al. 2009). Critical coastatk habitat including many potential
nursery habitats have been degraded by humantgcivil disturbances such as climate
change may further impair shark habitat necessasystain populations (Lotze et al.
2006). Alteration of habitats is of particular cem for elasmobranchs (Carlisle & Starr
2009), because Essential Fish Habitat (EFH) habewn identified for many species
and environmental conditions that influence hals&éction patterns are not well
understood (Parsons & Hoffmayer 2005), particuléstyyoung sharks. Many shark
species are slow growing and long-lived (Musickle2000), use a variety of habitats
over broad spatial scales, and often occur in lemsdies throughout their range. These
life history characteristics typically leave theoinerable to exploitation and make
identification of important habitat problematic.

Identification of critical habitat is a well-recoged and essential component of
sustainable resource management (Stoner et al, 3d@ier 2003). Marine species are
often associated with specific physical or biol@gjicabitats. There is growing interest in
developing spatially explicit habitat maps for mg@aent purposes as animal abundance

or productivity is directly linked to the amountiitable habitat available (Stoner 2003,
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Valavanis et al. 2008). Despite this recognitidentification of EFH has been slow for
many species in part because necessary data ereunfavailable or analytical
technigues have been unable to reliably identifycat habitat from available data.
Moreover, predicting distributions of large, rareraals based on habitat characteristics
can be difficult (Rooper & Martin 2009). Samplireuires adequate spatial and
temporal coverage and must account for a large ruwid'zero observations" in the
assessment of species such as sharks.

A suite of environmental variables have been hygsitted to influence
elasmobranch distributions including temperatureriigsey & Gruber 1993, Matern et
al. 2000, Ortega et al. 2009), oxygen concentrgfRamsons & Carlson 1998, Heithaus et
al. 2009), salinity (Heupel & Simpfendorfer 200&dda et al. 2009), and proximity to
inlets in estuaries (Grubbs & Musick 2007). Sherth movement and distribution
patterns has been investigated for many sharkepesing acoustic telemetry or tagging
methods and linking distributions to physical aslbgical patterns at the study sites
(Hight & Lowe 2007, Heupel & Simpfendorfer 2008 t€ya et al. 2009, Papstamatiou et
al. 2009). However, it is difficult to definitivelink variations in habitat quality to
habitat selection patterns over short time sc&@ete@a et al. 2009). For example,
temperature and salinity influence distributiontpats of euryhaline bull sharks that may
not be evident in short term studies that do noberpass the full range of environmental
variation experienced by animals that influencegdascale habitat selection patterns
(Heupel & Simpfendorfer 2008). Moreover, incregsiates of disturbance in aquatic
habitats (Lotze et al. 2006) require improved &baito predict changes in habitat quality

for sensitive species priori in order to mitigate habitat loss or populatioclaees. To
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this end, fish-habitat relationships on larger sgare often investigated by associating
environmental conditions with catch records usingtivariate statistical techniques
(Leathwick et al. 2006, Grubbs & Musick 2007, Valais et. al. 2008).

Coastal habitats in the Gulf of Mexico supporivetse and abundant shark
assemblage (Parsons & Hoffmayer 2005). At leasipbgies of coastal sharks use Gulf
of Mexico waters off Florida and Texas as juvehibitat (Hueter & Tyminski 2007,
McCandless et al. 2007). However, coastal shatkildution patterns in the
northwestern Gulf of Mexico including the entirexés coast are not well understood,
and there is currently no appropriate baseline witich to measure future management
actions or predict the impact of natural or antligemic disturbances.

The goal of this study was to develop speciesidigion models for three coastal
shark species in northwestern Gulf of Mexico tonpote sustainable management of
these important predators. | developed a long-fesineries independent data set to link
shark distribution and environmental conditions dadelop species specific distribution
models. Specifically, the goal of this study wasaracterize environmental influences

on shark distributions patterns of northern GulMsxico.

MATERIALS AND METHODS
Study area
This study was conducted in nine major bay systaorsg the Texas coast in
northwestern Gulf of Mexico from 1975-2006 (Figar&). Barrier islands separate
coastal estuaries from the Gulf of Mexico alongrtegority of the coast and saltwater
exchange occurs via six major tidal inlets. Texags are shallow, subtropical estuaries

that are physically dynamic, support a variety albitat types, and provides nursery
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habitat for many nektonic species of recreatioc@amercial, or ecological importance
(Reese et al. 2008).
Field Collections

Shark catch data were obtained from the Texas Raudk&Vildlife Department
coast wide fisheries gill-net monitoring programttivas established in all Texas bay
systems in 1975 and continued through 2006. Clogistaeries resource monitoring data
were collected as a stratified cluster samplinggte®ach bay system serves as non-
overlapping strata with a fixed number of samplesgeason (n = 45/bay/season). Gill-
nets were deployed each spring (April - June) afid$eptember - November; Martinez-
Andrade et al. 2009). Sample locations were draaapendently and without
replacement for each season (Martinez-Andrade 208D). For this study, gill-net
collection data from 9 bay systems (1975-2006,19%57; Table 2.1) were used to
identify shark-habitat relationships and develoarkhlistribution within Texas' major
bay systems. Sharks were sampled using standdrgiizeets (183 m) set perpendicular
to shore. Nets were constructed of four panels miesh size of 76 mm, 102 mm, 127
mm, and 152 mm, respectively. Gill nets were dggdioone hour before sunset, fished
overnight, and retrieved within four hours of sgerthe following day (set time was
noted for each sample). Captured sharks wereifgehto species, measured, and
released. Gill nets employed in this study wesedficient at capturing sharks > 2 m, thus
large sharks were rare in this study although #Hreypresent in the bay at times (Fisher,
M. personal communication).

Patterns of 11 variables relevant to sharks weaenéed coast-wide to

investigate relationships between environmentatitmms and shark distributions (Table
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2.1). Data including salinity, temperature, turtyidand dissolved oxygen (DO) were
collected in the surface waters (0-15 cm) at tlighofre end of the gill-net during net
retrieval (Martinez-Andrade et al. 2009). Turbydieadings were processed in the
laboratory within 24 h using a calibrated turbidiere Depth at the offshore end of each
gill-net set was also noted. All variables wereasged during each sampling (i.e., all
years and bays) although a few observations (< 4&mnhissing values for a single
variable). Observations missing only a singleafale were retained for the analysis as
the modeling techniques employed accommodate ngissilues through the use of
surrogates (Elith et al. 2008).

Freshwater inflow into the major estuarine systaras determined from USGS
(1976-2006; no missing years) stream gauges
(http://midgewater.twdb.state.tx.us/bays_estudn@sblogypage.html) to estimate the
relative importance of freshwater inflow on shadbitat quality. Mean monthly surface
inflow and freshwater balance were determined émhebay system (except East
Matagorda Bay, data unavailable) during the stgigguthe following equations from
http://midgewater.twdb.state.tx.us/bays_estuanestiogypage.html:

(1) Surface Inflow = Gauged Flow + Modeled Flowiv&ted Flow + Returned Flow
(2) Freshwater Balance = Surface Inflow - Evaporafrom estuary surface +
Precipitation on estuary surface.

Texas Bays are separated from the Gulf of Mexiadarrier islands that extend
the entire length of the Texas coast. Saltwatehanxge between bays and the Gulf of
Mexico occurs via six tidal inlets (Figure 2.1)o &amine potential relationships

between estuarine shark distribution and the cdioreto the Gulf of Mexico, |
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calculated the distance from each sampling locdtidhe nearest tidal connection to the
Gulf of Mexico using the cost-distance functiortlie ArcGIS software package with the
spatial analyst extension (ESRI), using the shoeedis a barrier (Whaley et al. 2007).
Cost-distance functions calculate the shortesadcs between two points but was
constrained within geographic boundaries (e.g.ewWyab provide more accurate relative
distance estimates than euclidian (straight-linehhiques.
Modeling approach

Boosted regression trees (BRTs) were used to exareiationships between
shark distribution and environmental variables engredict probability of capture at
sites withheld from the model building for bullabktip, and bonnethead sharks. Prior to
model fitting the entire data set was randomlyiparted into training and testing data
sets (n = 9879 training; n = 9878 testing). Aftexdel fitting, probability of capture was
predicted for 9878 testing samples covering theeenbast. Coast wide species
distribution models were then developed by intexpog catch probabilities from the
9878 independent testing samples using ordinagyrigj a flexible spatial interpolation
algorithm. In addition, suites of environmentahddions were determined for "spring"
and "fall" conditions based on environmental par@nmsemeasured at each sampling
location during each season. The BRT model outfastthen used to predict probability
of capture coastwide during specific seasonal ¢mm$i. The general approach is
outlined in a flowchart (Figure 2.2).
Boosted regression Trees

Boosted regression trees use a model-averagisgrfgie) method that allows

for both explanation and prediction (Elith et @08). Despite this utility BRTs have
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only recently been applied to ecological questigiiiedman 2001, Leathwick et al.
2006, Elith et al. 2008). This technique is agalgs to an additive regression model that
fits a large number of simple models whose preaigiare then combined to give more
robust estimates of the response. Each indivichealel consists of a simple regression
tree based on a series of binary splits construoted the predictor variables (Hastie et
al. 2001). This method also incorporates a bogstlgorithm that uses an iterative
method to fit a forward stage-wise model that pesgively adds trees while re-weighting
these data to emphasize observations poorly mobgledevious trees. This technique
accommodates continuous or categorical predichissing values, and is not affected
by transformation or outliers. This technique aso fit complex non-linear
relationships and often has superior predictivégperance to other techniques such as
generalized linear and additive models that arenafised to model species-habitat
relationships (Elith 2006, Leathwick et al. 2006tHeet al. 2008, Leathwick et al. 2008,
Parisen & Moritz 2009). Another strength of theshinique is the ability to estimate the
contribution of predictor variables to the responagable and the ability to model
complex interactions. The relative importance afatales can be determined by
averaging the number of times a variable is sefefesplitting and the squared
improvement resulting from these splits (Friedm@a2 Friedman & Meulman 2003).
Values are scaled to 100 and higher numbers irelecatronger influence on the
response variable. The ability to model interawtics controlled by a tree complexity
(tc) parameter where the value specifies the numbeodés on each tree and

subsequently the ability to model interactions (beack et al. 2006).
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Analyses were carried out in R (version 2.7.1,&v&opment Core Team, 2004)
using the "gbm" library supplemented with functidrsn Sing et al. (2005) and Elith et
al. (2008). All models were fit to allow interamtis using a tree complexity of 5 with a
learning rate 0.01 or 0.005 to minimize predictia¥iance and maximize predictive
performance. During preliminary analyses, a ravfgeee complexitiest¢) and learning
rates were examined. Complex trees (ices5) improved predictive performance and
learning ratesli) > 0.05 overfit training data, while rates slowiean 0.005 did not
improve model performance. Ten-fold cross valmlatf training data was used to
determine the optimal number of trees for each m@@e, number of trees giving best
predictive performance) and ranged between 240@B@54 trees.

Despite careful model fitting, BRT models typigadiver-fit training data sets
(Elith et al. 2008, Leathwick et al. 2008); therefomodel performance was assessed on
predictions to the testing set that were with-tdeldng cross validation. For each model,
two performance metrics were determined: 1) preadicdeviance and 2) the area under
the receiver operator characteristic curve (RORedictive deviance provides an
estimate of the fit between predicted and raw \aluken predicting to independent data
and was reported as a percentage of the totalmsviar each model. Values for ROC
estimate the degree to which fitted values diseratg between observed presences and
absences and can be interpreted as the probdhdity presence for a species drawn at
random will have a higher fitted probability tham @sence drawn at random (Parisen &
Moritz 2009). Values of ROC range from 0.5 to lendha 1 indicates perfect
discrimination of probabilities between presence absence samples and a value of 0.5

indicates that model performance is no better taadom. While models with ROC
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values > 0.6 are considered useful (Parisien & M&009), values > 0.8 are considered
very good, and above > 0.9 excellent (Lane etG092

In addition to identifying important environmentadriants contributing to shark
distribution patterns, | also wanted to generatgialty explicit predictions of catch
probability at locations withheld during model treig. | predicted the probability of
capture at each site in the testing data set @56)9using a form of logistic regression
(Elith et al. 2008) where the probability that @sies occursy(=1), at a location with
covariatesX, P(y = 1)X) using the logit: logitP(y = 1 |X) =f(X).
Habitat Suitability Models

Kriging is a spatial interpolation algorithm thaasvused to predict values at
unsampled sites in the study area (Saveliev 08i7). This method uses the variogram
to express the spatial variation, and it minimitteserror of predicted values which are
estimated by spatial distribution of the predictatlies. | used ordinary kriging with a
spherical semiovariogram with the predicted prolitggs of capture at each location
(from the BRT model) as input into the kriging mbdAs this technique assumes
normality, values were transformed prior to anaysing the natural logarithm (In) and
met this assumption. To evaluate seasonal difteem distribution patterns,
environmental conditions during each season wenma&®d coast wide from the

sampling data using kriging. Therefore, environtakoonditions for "spring” and "fall



5

30°N- -
29°N+ -
,/,}"' Matagorda Bay
T, Q/ :
g San Antonio Bay
28°N- ) f L

CurpusChristiBay Gu’f Of MeXiCO

© Tidal inlets
26°N-

0 15 30 60 90 120
- — e Kilometers

1
97°W 96°W 95°W 94°W

Figure 2.1. Coastal shark gill-net survey locai¢ém= 19757) from 1975-2006 in Texas,

USA.



Table 2.1 Predictors used in the analyses.

Variable

Salinity (psu)

TemperatureC

Depth (m)

Distance (cost-distance units)
Turbidity (NTU)

DO (mg O,-1™)

Surface Inflow (acre-feet)
Freshwater Balance (acre-feet)
Time (h)

Month

Year

Description
Surface salinity at offshore end of the gill net

Surface temperature at offshore end o f gill net
Depth at the offshore end of gill net set

Distance to nearest tidal inlet

Turbidity of surface water at offshore end of gill net

Surface dissolved oxygen concentration at offshore end of gill net
Mean monthly surface inflow per bay system

Surface Inflow - evaporation from estuary surface

Number of hours gill-net was deployed

Month sample occurred

Year sample occurred

Mean (range)
22.8 (0-69)
26.2 (4.8-38.0)
1.1 (0.1-8.5)
12.6 (1-32)
28.2 (0-999)

7.9 (0.6-28.5)
398594 (24-4355617)
369569 (-269000-4370924)
13.7 (9.4-21.1)
NA
NA

51



52

Statistical M odel
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Figure 2.2.Modeling and spatial distribution of bull, blacktignd bonnethead sharks on
the Texas coast. Rectangles indicate a procesganatielograms indicate a data input or

output. BRT = Boosted regression tree, GIS = @gagc information system.
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were determined for the entire study area and dlosted regression tree model was used
to predict probability of capture during spring datl conditions. Predictive

performance of spatial models were validated usings-validation.

RESULTS
Physicochemical

Patterns of 11 predictor variables were examinadvtestigate relationships
between environmental conditions and shark disiiobs (Table 2.1). On the Texas
coast, physical conditions vary widely among bastams. Salinity increases with
decreasing latitude from hyposaline positive (Satiake and Galveston Bay) to
moderate (15-35 psu) along the central coast apdrBgline negative estuaries (> 35
psu) in the southernmost Upper and Lower Lagunar®éeigure 2.3A). Mean sea
surface temperature also increases slightly frorthrto south along the coast (Figure
2.3B). Dissolved oxygen concentration, turbidéagd sampling depths were similar
among bay systems and a complete description adriieonmental variables and ranges
are described in Table 2.2. Freshwater inflow la@dnce, which affect salinity, varied
dramatically along the coast with highest inflowesain the northern bays (Sabine Lake
and Galveston Bay), intermediate along the centrast and, low in the Laguna Madre
(Table 2.2).

Shark Distribution and Habitat Modeling

The shark assemblage in this study was numeridaltyinated by three species,
bull shark, blacktip, and bonnethead sharks; d ¢6t3,687 sharks was included in the
study. Length-frequency histograms were develdpedach species and suggest that
the blacktip and bull shark catch was dominateguisgniles while bonnethead were

collected throughout their ontogeny (Figure 2Wjith the exception of bull sharks,
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length distributions were bimodal, suggesting thattiple age classes may be using
coastal bays.
Bull shark

Bull shark was the most abundant species samfylgliency of occurrence =
12.0 %), and model evaluation suggested very goedigiive performance to
independent data (ROC = 0.84; Table 2.3). Bultlskdstributions were most strongly
influenced by salinity and temperature (Figure 2 Bifted functions from the BRT
model indicate that bull sharks occur in salinifiesn 0-40 psu but were most common
in moderate salinities (15-30 psu) and rarely omzim areas above 35 psu (Figure 2.6).
With respect to temperature, bull sharks were iraveaters below 20°C, while
probability of capture increases rapidly up to 3a1@ then declines precipitously.
However, other variables including freshwater infldurbidity, and proximity to tidal
inlets also influenced distribution patterns (Fig@r5).

Spatially explicit model predictions for springJlf and mean overall conditions
revealed that the highest probability of captutd) sharks occurred along the central
coast in Matagorda and San Antonio bays (Figure 2Mlbderate catch rates are
predicted along most of the coast including thedsg@line Galveston Bay and Sabine
Lake. Low probabilities of capture were predicite@East Matagorda and Upper and
Lower Laguna Madre due to combination of shallowersand high salinities (Upper
and Lower Laguna Madre). Few seasonal differemeze noted between spring and fall
probability of capture estimates and was suppditette relatively low importance of
month in the boosted regression tree model (Figuse

Blacktip shark
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Blacktip sharks were the second most abundantesgpsampled (frequency of
occurrence = 3.4%), and model evaluation suggegied predictive performance to
independent data (ROC = 0.86; Table 2.3). Simddoull shark, fitted functions of the
most influential predictors were non-linear and ptex (Figure 2.6B). Fitted functions
were most strongly influenced by salinity, temperat depth, and distance to inlets
suggesting a preference for warm waters nearititizts of moderate salinities that are
proximate to deeper waters.

Spatial predictions for blacktip sharks suggeghbst probability of capture along
the central coast in Matagorda and San Antonio figsire 2.8) and predicted
distribution patterns were very similar betweerssea. High probability areas were
restricted near tidal inlets along the coast. Bipdliy of capture was very low in all
areas of the Sabine Lake (hyposaline) and the Upgpguna Madre (hypersaline).
Bonnethead shark

Bonnethead sharks were captured in 3.1% of alpzsn Model evaluation for
this species also suggested good predictive pediocsnof the BRT to independent data
(ROC = 0.86; Table 2.3). Similar to blacktip stsrktted functions for bonnethead were
highest at sites > 1 m depth and proximal to tidlats. Salinity also influenced
distribution patterns, as bonnethead demonstratistiact preference for salinities
between 20-40 psu.

Probability of capture of bonnethead were sintitablacktip sharks in that areas
near tidal inlets with access to deeper waters wergt important. Highest probabilities
of capture were predicted near the inlets on tikrakcoast and this was consistent

between seasons, and for overall estimates (F&J@)e Probability of capture was low



56

in both northern bay systems (Galveston Bay anih8dlake), however was higher in

Lower Laguna Madre than for either bull or blaclghmarks.
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Figure 2.3. (A) Mean salinity (O - 44 psu), (Bjneerature (21 - 29 °C), (C) and distance to inletst-distance units) of sample
locations in Texas Bays from 1975-2006. Distamcedal inlet was estimated using the cost-distdnoetion in ArcGIS. Maps of

mean salinity and temperature were created byrigigieasured values (n = 17757) during gill-net sergprom 1976 to 2006.
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Table 2.2Summary of physicochemical predictors used in tiedyasis.

East San Upper Lower
Galveston Matagorda Matagorda Antonio Aransas Corpus Laguna Laguna
Sabine Lake Bay Bay Bay Bay Bay Christi Bay Madre Madre

79+6.1 169+85 208+83 193+9.0 18.7*+108 183+94 290+74 375%+101 322+7.3

Salinity (psu)
258+39 261+37 262+37 262+37 268+37 271+35

Temperature ( °C) 256 +41 255+39 26.2x42
Depth (m) 1.1+£05 1.2 +£0.5 0.9 +£0.3 1.1+04 1.1+04 1.1+£04 1.3+£0.6 1.1+£04 1.0 £ 0.5
33.4+£399 369+47.7 254 +33.2 27.1+33.6 24.1+33.4 276 +44.7 33.4 +56.9

Turbidity 19.6 £28.5 27.5+31.0

DO (mg 0,1™) 7.7+16 79 +20 7.8 +1.9 7.7 1.7 8.1+20 84 +21 7.7 +1.8 7.5+1.9 79+21
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Table 2.3.Predictive performance of BRT models evaluatedhoed data sets, training (n = 9879), cross-vatidgn = 9879),
independent (n = 9878) for 5 coastal shark species= learning rate, rit = number of trees fitted.

Area under the receiver operating

Percentage Deviance Explained characteristic curve (ROC)
Frequency
Cross- Total Cross- of
Species Ir* nt* Independent validation Training deviance Independent validation (SE) Train occurrence
Bull shark 0.01 3500 24.3% 20.3% 40.0% 0.752 0.84 0.823 (0.005) 0.928 12%
Blacktip shark 0.005 3750 18.6% 18.3% 45.7% 0.308 0.87 0.848 (0.006) 0.962 3%

Bonnethead
shark 0.005 2400 18.6% 18.3% 45.7% 0.277 0.86 0.881 (0.009) 0.963 3%
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Figure 2.4 Size frequency and probability density histogranffbull shark
(Carcharhinus leucgs (B) blacktip shark@archarhinus limbatus and (C) bonnethead

shark Sphyrna tiburd.
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Bull Shark
Mean <0.01
Root-Mean-Square 0.12
Average Standard Error 0.40
Mean Standardized -0.01
Root-Mean-Square Standardized 0.37
n 7856

Blacktip Shark
<0.01

0.05
0.06
0.00
0.83
7856

0.01
0.05
0.11
0.12
0.53
7856

Bonnethead Shark
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Figure 2.7. Probability of capture maps of bubugh(Carcharhinus leucgsalong the Texas coast as predicted by a boosted
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shoreline.
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DISCUSSION

Distribution patterns of sharks were influencedsbyeral environmental variables.
Overall, both general and species specific pattemre observed. All three species
displayed distinct salinity preferences and thisalde was the most important factor in
the BRT model for blacktip and bull sharks, andtthied most influential variable for
bonnethead. These species were most common inratedalinities (bull shark 10-30
psu; blacktip 20-35 psu; bonnethead 20-40 psu)andied hypersaline waters. Capture
rates of blacktip and bonnethead were low in lolingg waters (i.e., < 10 psu) while
bull sharks were common in these areas. Bull shairk unique in their ability to
osmoregulate long-term in low salinity waters. M&um et al. (1973) hypothesized that
salinity would not influence coastal bull sharktdisution patterns. However our data, as
well as other recent studies (Simpfendorfer e2@05, Heupel and Simpfendorfer 2008),
indicate that bull shark captures occurred withdisdinct range of moderate salinities.
However, blacktip sharks were uncommon in low stidis and were largely restricted to
areas between 20-35 psu. This salinity preferensenilar to results from Florida, USA
estuaries were blacktips were found between 20s86 lmwever, juveniles were
restricted to a much narrower range (31-36 psuhézeet al. 2006). Movement of
bonnethead in a Florida, USA estuary was alsoenited by salinity and were found
between 11 and 36 psu over a two year period (Ubedha 2009), similar to the results
of this long-term study.

Distribution patterns of sharks in relation toirsi#&y may be a mechanism to
reduce the energetic costs associated with osmlateyupermitting increased growth

rates and reducing times in size classes whereafitpnates are highest. Avoidance of
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hypersaline areas such as Upper Laguna Madre rfiagtréheir inability or
physiological costs of osmoregulation in hypersationditions. Based on length-at-age
estimations, the majority of sharks captured is #tudy were juveniles (except
bonnethead) and evidence suggests that energsteafmsmoregulation are highest for
young sharks when surface to volume ratio is loldstipel & Simpfendorfer 2008).
Juvenile blacktip sharks were captured in a nanavge of salinities in Florida, USA
(31-36 psu) while adults occurred in a much broadege (21-36 psu; Bethea et al.
2006). Studies of juvenile bull sharks in Florektuaries found similar patterns
(Simpfendorfer et al. 2005, Heupel & Simpfendo2808). Selection of habitats based
on salinity has been demonstrated in teleost fisesmechanism to reduce energetic
costs of osmoregulation (Marais 1978); therefoesnptting more energy for growth or
reproduction. Laboratory experiments on euryhatitigish (Fundulus heterclitus
indicate that osmoregulation typically requiresX®-% of the total energy budget and
fish select areas closest to their own osmolaKtgder 2006). Previous studies have
hypothesized that use of low salinity waters isellasn prey access or predator avoidance
(Pillans & Franklin 2004, Pillans et al. 2005). wkver, Heupel and Simpfendorfer
(2008) suggest that salinity preferences limitribstion patterns of juvenile bull sharks
between 7 and 20 psu. Our study expands thesaedmdver a wider range of salinities
(0-60 psu) for three shark species, and suppathypothesis that sharks are using
behavior to reduce metabolic demands of osmoreagualat

Temperature also strongly influenced distribuppatterns of sharks. Few sharks
were captured below 20°C; however, catch rategasad rapidly with increasing

temperature between 20-33°C before declining ag@aiection for warm temperatures is
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also consistent with habitat use to maximize pHgsgioal performance as mean
temperatures were warmer in samples where wer&sstare present and this pattern
was consistent across all months sampled. Like other coastal species, juvenile
blacktip sharks use estuaries as nursery habitatiiece mortality rates (Beck et al.
2001), and the preference for increased tempesatuay increase growth rates and boost
metabolic rates (Beck et al. 2001, Heupel et @720 In a study of blacktip sharks,
Heupel and Simpfendorfer (2002) reported highestatity rates during the first 15
weeks of life when animals are smallest and sugdepb the widest range of predators.
Size of captured blacktip sharks in the currend\gindicate that most animals captured
are juveniles and habitat usage could reflect greawitting some combination of rapid
growth or lower mortality rates. Increasing catates of juvenile bull sharks with
temperature was also reported by Simpfendorfek €2@05) while temperature was only
moderately important for bonnethead (Ubeda etG92 Similarly, in this study,
temperature was not an important predictor of cedtds for bonnethead as depth and
distance to inlets most strongly influenced disttibn patterns for this species.

Temperature influences metabolic rate and detersmates of biochemical
reactions and in this case blacktip and bull shar&g be using behavioral
thermoregulation as a means to increase growth.r&lewever, at extremely high
temperatures (i.e., > 33°C) catch rates of shag® Wow, suggesting an upper thermal
limit on habitats sharks can occupy.

Realized spatial distribution patterns integratédgical and environmental
influences that ultimately determine habitat usaggerns. Fry (1947) stated that the

environment influences activities (i.e., movemaeaitan organism through metabolic
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effects and various environmental attributes irtieiratheir effects on metabolism (Neill
et al. 1994). Along the Texas coast, salinity tamdperature were the greatest
determinants of habitat usage patterns and wereratatl by climate patterns, river
inflow, and water exchange with the Gulf of Mexida tidal inlets. Although
distribution patterns of bull sharks were not liegtd to areas near tidal inlets, they are
likely important components of habitat both as asamrridors and as a source of
oceanic type waters. The brackish estuarine waterg) the central Texas coast may
represent the best integration of these factortriboing to higher probability of capture
estimates in these areas. Probability of blacktip bonnethead shark captures were
highest in areas proximate to tidal inlets wheréensare typically warm, near oceanic
salinities, with access to deeper waters. Obsethistdbution patterns could also result
from phenomenon correlated with environmental pastesuch as prey or predator
density which was not included in this study. Hweere Heupel and Hueter (2002) found
no correlation between habitat selection and pbeyndance of blacktip sharks in a
Florida nursery suggesting other factors are timagny determinants of habitat use
patterns. Blacktip sharks were most abundant theakatagorda Bay inlet where
abundance of other sharks (their primary predatmesilso highest suggesting that
predation risk alone may not be driving the obsgpatterns.

Despite the utility of our modeling approach, thare some limitations to this
methodology. Model evaluation indicated very gpediormance of the BRT at
predicting independent testing data although tFerémce value may be limited due to
high residual deviance in the models. Howevera daihing techniques can only find

patterns that actually exist (Brodley et al. 19889l the high residual deviance in the
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BRT models for all three species may suggest thaesvariables important in the habitat
usage of these species may not have been inclandbd study. Biotic components,
including prey availability, movement patterns (Bstamatiou et al. 2009) or philopatry
(Heuter et al. 2005) of individuals were not avaligain this area and thus, not considered
in this study. Additionally, distributional modedse correlational, thus do not elucidate
the mechanisms for species-habitat associatiorperinental approaches examining
factors that influence habitat quality includingpgtth rates or survivorship of individuals
are necessary to determine causation (Valavaais 2008). However, using our
approach, we were able to simultaneously examirenpeters and ranges of parameters
related to habitat suitability laying the groundrwéor future hypothesis driven studies.
Spatially explicit models permit applications tlaa¢ not feasible with other approaches
(Stoner et al. 2001) including 1) prediction oftdisution patterns related to dynamic
environmental patterns (i.e., temperature, saligity), 2) identification of habitats
needed for conservation of species, and 3) predistf effects of habitat disturbance or
alteration from either natural or anthropogenicsesu

Spatially explicit maps permit rapid identificatiand delineation of important
habitats. For the shark species in the curredystareas along the central coast near
tidal inlets provide highest probability of captumBull sharks extend considerable
distances into estuaries where low or moderataisaivaters are available. All species
were rare in hypersaline habitats (i.e., Upper lnagMadre) and areas distant from
access points to the Gulf of Mexico. Realizedritigtion patterns of these species may
integrate both the spatial arrangement of habaatsthe environmental conditions to

determine habitat quality. In July 2005, the USW¥rCorps of Engineers dredged and
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reopened Packery Channel creating a new tidal ationeto the Gulf of Mexico near
Upper Laguna Madre and Corpus Christi Bay to irsea@ater exchange, moderate
salinities, and provide an additional ingress p@ontstuarine nekton (Reese et al. 2008).
This management action may also improve habitditgdar sharks in this area by
moderating salinities and providing additional asce these areas. Continued
monitoring will be necessary to evaluate this intpac

Despite considerable interest, progress in ideatibn of critical habitats for
large mobile species (i.e., sharks) has been sldvis is due in part to the paucity of data
over adequate spatial and temporal scales to dieazcdistribution patterns and
empirical difficulties modeling species habitattdizutions of rare animals (Rooper and
Martin 2009). This long-term (32-year), statewadsessment of nine estuaries provides
a first attempt at delineating critical habitat adentification of important environmental
influences on shark habitat value in northwesteuif & Mexico. In addition, | provide
a framework in which to consider potential impagitéabitat alteration on shark habitat
quality a priori, an important consideration in light of contindadnan expansion and
alteration of coastal habitats (Lotze et al. 2006)Texas estuaries increasing
temperatures and declining dissolved oxygen conagons have been reported
(Applebaum et al. 2005) and reduced freshwateowtb the Texas Coast is predicted
due to global climate change (Ward 2009). Imprgwar ability to manage coastal
shark stocks is imperative as shark populationg l@¢lined in the Gulf of Mexico
(Baum & Myers 2004). Also, blacktip shark is arpontant component of the U.S.
commercial shark fishery (NMFS 2008) and are aksavily targeted in Mexican

fisheries (Hueter et al. 2007). While blacktiprghia not currently overfished in the Gulf
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of Mexico (NMFS 2008); increasing fishing pressarealteration of critical coastal
habitats lends the potential for overexploitatidthis species as well.

Long-term conservation requires identification @notection of critical
ecosystems and the myriad of processes that irdiukabitat value (Levin and Stunz
2005). Our results provide new insight into thbite requirements of coastal sharks in
the northwestern Gulf of Mexico and should provdactical information for conserving
shark habitat and managing coastal resources.d@vedopment of spatially explicit
models from boosted regression tree analyses afftawsgioritization of areas for
conservation and provides insight into critical ®&®iem attributes (i.e., salinity regimes)
that merit protection. Areas with high probabdgiof capture typically had warm
temperatures and moderate salinities, highlighivegimportance of both freshwater
inflow and access to the Gulf of Mexico via tidalets for shark habitat suitability.
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CHAPTER 3

IS PADRE ISLAND NATIONAL SEASHORE ESSENTIAL SHARK ABITAT?
EXAMINATION OF AN IMPORTANT RECREATIONAL SHARK FISHERY

ABSTRACT
Currently, there are limited data representingeB8al Fish Habitat (EFH) or

nursery habitat for coastal sharks in the Gulf @ddo from Louisiana to Mexico.
However, based on preliminary catch data and thnéasi habitat characteristics of the
Texas coast to other reported shark habitatgitdbable that the coastal waters of Texas
may be EFH and/or nursery habitat for some sp&disbarks. Currently, knowledge
about the population status and trends of the stemdurce in this area are limited
leading to uncertainty in the appropriate managéersigategies, ultimately leading to
more restrictive harvest regulations in the regidn. address this problem, fisheries
dependent catch records of shark species in thshwa Gulf of Mexico were described
using historical and current data. From 1973 ®618nd 2008 to 2009, | analyzed shark
capture logs from recreational shark anglers ofmthas coast. In this study, juveniles
from at least 16 shark species were identifiedsuRe suggested that several species use
coastal habitats within the Gulf of Mexico as prignand/or secondary nurseries. Most
sharks were captured within Padre Island NatiorakBore and this area supports a
growing recreational shark fishery and suggeststhigresource should be managed

cautiously to encourage economic and ecologicabmadility.

INTRODUCTION
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Ecological impacts of apex predators can be dranf@iConnell et al. 2007). In
oceanic ecosystems, large sharks function as gapors, and their abundance and
distribution patterns may have cascading effectherecosystems they inhabit
(Terborgh et al. 2001, Daskalov et al. 2007, Myral. 2007, Heithaus et al. 2008).
Sharks are typically slow growing, long lived sgec{Musick et al. 2000) that use a
variety of habitats over broad spatial scales. irTltie history characteristics leave them
vulnerable to exploitation and many shark popufetiaorldwide are in decline (Myers
& Worm 2003, Baum & Myers 2004, Brierley 2007, Mgeat al. 2007, Whitney and
Crow 2007).

In the Gulf of Mexico, declines of both oceanidamwastal shark populations
have been reported (Baum & Myers 2004, O'Connell.2007, Powers et dh review.
Two formerly abundant pelagic species, oceanicetipiand silky sharks have declined
over 99 and 90%, respectively since the 1950’s B&uMyers 2004) while dramatic
declines of bull shark (a coastal species) wererted in Lake Ponchatrain, Louisiana
(O'Connell et al. 2007). Using fishery-dependatadPowers et alln review) reported
declines of large sharks in the northern Gulf ofxMe. This trend has continued despite
the incorporation of most shark populations and tesential Fish Habitat (EFH) needs
into all Fishery Management Plans (NOAA 1996).

Population trends and basic biological informationshark populations in the
Gulf of Mexico are limited, particularly in the Nbwest region. Currently, there are
very limited data representing EFH or nursery lelitr coastal sharks in the Gulf of
Mexico from Louisiana to Mexico. However, based preliminary catch data and the

similar habitat characteristics of the Texas ctasther reported shark habitats (Hueter
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and Tyminski 2007), it is possible the coastal wsatd Texas may be EFH for some
species of sharks. Hueter and Tyminski (2007) exaditemporal and distributional
patterns of juvenile sharks primarily off Floridatbncluded some data for Texas. In this
study, juveniles from at least 16 shark speciegwdentified, and results suggested that
several species use coastal habitats within thedasMexico as primary and/or
secondary nurseries. Parsons and Hoffmayer (20G#gacterized the north-central Gulf
of Mexico as nursery habitat for several shark gsec This study reported species-
specific habitat preferences based in part onisalineferences, noting that Atlantic
sharpnoseRhizoprionodon terraenovagvere restricted to higher salinity coastal areas
as opposed to hyposaline estuaries. Coastal wattdreuisiana were also reported as
important juvenile habitats based as both puppntgraursery areas were reported in this
region (Neer et al. 2007). However, differencessiative value between estuarine and
coastal habitat use for sharks along the Northwe$self of Mexico coast are unknown.
Froeschke (Chapter 2) related estuarine sharkhiison patterns in Texas to
environmental factors and found that salinity, tenapure, and proximity to tidal inlets
were primary determinants of habitat use. Bulrkmarsery use of Texas bays was also
investigated in Texas' estuaries and found thigiaat some bays provide shark nursery
functions (Froeschke Chapter 2); however, theix@dtabitat value of the 500-km open
coast along Texas is relatively unknown. Moreotlegre are no quantitative data for this
region to make ecological assessments of this itapbshark resource.

The Texas coast encompasses approximately 500 kimatibw soft-bottom
habitat that supports a growing recreational sfiahery, especially at Padre Island

National Seashore (PINS). For example, the annalk&thon angling tournament based
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at PINS began at 2004 and now constitutes thedataged-based fishing tournament in
the world (http://www.sharkathon.com). While tkasirnament is catch-and-release only
and has a strong emphasis on conservation, th@lyafsing participation may serve as a
proxy of fishery effort on coastal sharks in Tex&ther angling tournaments targeting
sharks in the Gulf of Mexico have shown similarreases in angler participation in
recent years (Powers et bi.review). However, the population status or trends of the
shark fishery are poorly known, and there is ndagioal baseline to estimate past or
future impacts. Currently, there are no fishemeependent data for the assessment of
coastal sharks in this region. Absence of datglenuwith anecdotal declines of this
fishery has created uncertainty in the status@ftrark resource. In response, Texas
fishing regulations have been altered for sharike¢tve 1 September 2009; Texas Parks
and Wildlife (TPWD) http://www.tpwd.state.tx.us/nemedia/releases/?req=20090603a).
Texas Parks and Wildlife established regulationas ficreased minimum total length for
most shark species from 61 to 162.5 cm total length

The purpose of this study was to use current astotical fishery-dependent
sampling data collected in cooperation with recoea anglers to assess species
composition and abundance patterns of coastal sloarkhe Texas coast with particular
emphasis on PINS. These data will provide the &ssessment of the shark resource in
terms or relative abundance, species compositimhtemporal trends in catch patterns

for sharks along the Texas coast.

MATERIALS AND METHODS

Shark Collection
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From 1973 to 1986 and 2008 to 2009, sharks wedhected at sites along the
nearshore coast of Texas with particular efforhgl®INS (Figure 3.1). Samples were
collected via hook-and-line from recreational angjles part of the Corpus Christi Shark
Club (1973 — 1986) that kept extensive catch recorduding species identification, and
length, however, record keeping was discontinuest 4886. During 2008 and 2009,
catch logs were obtained from a shark angling taonent (http://www.sharkathon.com)
and recreational anglers targeting sharks. Altlshencluded in the analyses were
identified to species and measured (mm TL).

Length-Frequency Analysis

Length-frequency distributions were calculatedtfer eight most abundant
species captured from 1973 to 1986 where enoughvazg available to assess length
(age)-specific catch patterns. Kernel smoothing used to estimate length-frequencies
(Venables and Ripley 2002). Length of maturity wasmated for each species from
published life-history literature (Branstetter atiles, 1987, Kohler 1996, Joung et al.

2005).
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Figure 3.1. Study area of fisheries-dependentkstampling on the Texas coast from

1973 to 1986 and 2008 to 2009.
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Length-time series

Reductions in size (length) of individuals may bdicative of population decline
or over-fishing (Powers et dh review). Fisheries-dependent sampling are often biased
toward the largest animals of a particular spe@@esvers et alln Revieyy. However,
this bias was incorporated to examine temporakpagtin maximum sizes of the four
most common shark species at PINS to test the hgpistthat maximum length of
captured individuals is stable over time at PIND&ta management, calculations, length-
frequency, and regression analyses were implemamfedR Development Core Team
2008).
Community Analysis

Seasonal patterns of shark species compositioa avealyzed by mulitvariate
methods. Ordination of samples was performedguia non-metric multidimensional
scaling (MDS) and implemented in Primer softwarkafke and Gorley, 2001). The total
number of each shark species was determined fbrsssason (winter, spring, summer,
fall) from 1973 to 1986. Catch data were transkdmsing dispersion weighting (Clarke
et al. 2006) prior to analysis, and a Bray-Cugsemblance matrix was used. A non-
parametric multivariate plot of the spatial relasbip of the shark catch patterns among
seasons was created. Community structure of stpeties was also analyzed with MDS
and hierarchical cluster analysis to assess sitgilarcatch patterns among species and
the similarities of community structures was rank&day-Curtis cluster analysis results
were subsequently superimposed using 50% similaritthe MDS plot of the spatial

relationship among species.
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RESULTS
Historical Data

From 1973 to 1986 anglers captured 802 sharksseptiag at least 17
species on the Texas coast (Table 1). Bull sf@akcharhinus leucgswvas the most
abundant species (n = 321) and comprised 40% dbthkcatch. Tiger shark
(Galeocerdo cuvigr blacktip shark@archarhinus limbatus sandbarQarcharhinus
plumbeuy and scalloped hammerhe&phyrna lewiniranked second through fifth,
respectively, in abundance (Figure 3.2). The ightespecies comprised 90% of the total
catch (Table 3.1). During 2008-2009 sampling 7&lshwere captured from six species
(Table 3.2). Blacktip was the most abundant sgeéatiowed by bull, and Atlantic
sharpnose sharks (Figure 3.3).

Distinct seasonal patterns were observed in stetdh patterns. Few sharks were
caught in the winter months of December to Februang the number of sharks captured
each month increased peaking during the summerhadnay to August. Seven of the
eight most abundant species in the catch cleartyodstrated this strong seasonal pattern
(Figure 3.4). Sandbar shark was most abundamgitiie spring season (March - May)
and captured very infrequently in the remaining therof the year.

Length-frequency analyses were conducted for itjie enost abundant species to
examine habitat use patterns necessary to determpeetant habitat for all important
life stages. Length at maturity was estimatedeieh species to determine both juvenile
and adult habitat use. Overall, coastal habitggarted both juvenile and adult age
classes for most species. Bull sharks were priyneaiptured as adults while tiger, and

blacktip sharks were frequently captured at botlefuie and adult age classes (Figure
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3.5A). In contrast, captured sandbar sharks welieated almost exclusively as adults

(Figure 3.5B).



Table 3.1. Collection information of sharks captlion the Texas coast from hook-and-line samphoin f1973 to 1986.

Mean total length in cm Mean Temperature

Species Common name Abundance (range) (range)
Carcharhinus brevipinna  Spinner 29 159 (79 - 231) 26 (22 - 30)
Carcharhinus falciformis Silky 2 262 (188 - 335)) 20 (NA)
Carcharhinus isodon Fine Tooth 5 94 (69 - 152) 29 (NA)
Carcharhinus leucas Bull 321 242 (76 - 470) 27 (18 - 30)
Carcharhinus limbatus Blacktip 71 129 (36 - 203) 26 (18 - 30)
Carcharhinus obscurus Dusky 5 200 (76 - 328) 21 (18 - 27)
Carcharhinus plumbeus Sandbar 73 215 (183 - 236) 21 (12 - 29)
Carcharias taurus Sand Tiger 5 278 (264 - 300) 22 (16 - 29)
Galeocerdo cuvier Tiger 106 287 (89 - 386) 28 (18 - 31)
Isurus oxyrinchus Shortfin Mako 1 264 (NA) 16 (NA)
Negaprion brevirostris Lemon 40 254 (66 - 302) 26 (22 - 31)
Rhizoprionodon terraenovaeAtlantic Sharpnose 22 70 (58 - 100) 26 (22 - 29)
Sphyrna lewini Scalloped Hammerhead 61 221 (183 -290 26 (21 - 31)
Sphyrna mokarran Great Hammerhead 21 303 (208 - 439) 26 (22 - 30)
Sphyrna sp. Hammerhead sp. 23 235 (185 - 300) 27 (23 - 30)
Sphyrna tiburo Bonnethead 16 67 (53 -117) 24 (18 - 26)
Sphyrna zygaena Smooth Hammerhead 1 201 (NA) 28 (NA)



Table 3.2. Collection information of sharks captlion the Texas coast from hook-and-line samphoig 2008 to 2009.

Number % Mean total length in cm

Species Common name Captured Abundance (range)
Carcharhinus limbatus Blacktip 48 60.8% 140 (53 - 198)
Carcharhinus leucas Bull 20 25.3% 170 (91 - 198)
Sphyrna tiburo Bonnethead 6 7.6% 61 (57 -71)
Rhizoprionodon terraenovaeAtlantic Sharpnose 3 3.8% 56 (37 - 66)
Carcharhinus acronotus Blacknose 1 1.3% 119 (NA)
Carcharhinus brevipinna  Spinner 1 1.3% 193 (NA)

84
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Scalloped hammerhead and blacktip sharks werectetlen both juvenile and adult age
classes (Figure 3.5B). Lemon and Atlantic sharprsbsrks were uncommon, however
most lemon sharks were estimated to be sexuallynmatvhile the Atlantic sharpnose
catch was dominated by juveniles (Figure 3.5C).

Using both historical and recent collections, terappatterns of maximum length
of captured individuals was examined. Temporaigpas were examined for the most
abundant species: blacktip, bull, sandbar, tigarksh Overall, trends of maximum
length at capture appear stable for most specigar@-3.6A-D). Only maximum length
of bull sharks declined significantly over timen@iar regression i .= 5.3, p = 0.04, R
= 0.31).

Community patterns

Analysis of seasonal community structure using Mib8wed little intra-annual
variability in shark species composition with theeption of winter. During winter the
assemblage was discernable in the MDS plots (Figutedue to the presence of sandbar
sharks and the absence of most other species dhrshgeriod. Species composition
patterns were assessed using Bray-Curtis clusédysas and MDS ordination. Results
of cluster analysis indicate that the shark assagabis comprised of a core group of
eight species (> 50% similarity, Figure 3.8A). Nwmetric multidimensional scaling was
also used with Bray-Curtis analysis superimposé&igus0% similarity and suggested a
similar pattern of a core shark assemblage withlairoatch patterns along with rare
species that are rare in the Gulf of Mexico (sand tiger shark) by year from 1973-
1986. or in coastal areas (i.e., shortfin makalghaere occasionally encountered and

are depicted as outliers in the MDS plot (Figu&B3.
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= 0.31). Excluding data from 2007 did not altdeef results (linear regression, iir
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=0.6, p = 0.47, R= 0.06). (C) Maximum length of sandbar shark cegst each year.
No significant change in max size over time (linesgression, fs= 2.9, p = 0.13, &=
0.26). (D) Maximum length of tiger shark captusstth year. No significant change in

max size over time (linear regression¢= 0.4, p = 0.55, &= 0.04)
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Figure 3.7. Non-Metric Multidimensional scalingloration of Bray-Curtis similarities

among season of shark species composition on tkesTmast from 1973-1986.



Silky

Smooth Hammerhead
Bonnethead

Fine Tooth

hako

Dusky

Sand Tiger
Hammerhead sp.
Great Hammerhead
Scalloped Hammerhead
Sandbar

Bul

Tiger

Blacktip

Lemon

Spinner Shark

\
100 80

98

I

60

40
Similarity

20

Similarity
50

20 Stress: 0.1

Figure 3.8. Bray-Curtis cluster analysis (a) and3/@dination with Bray-Curtis

analysis superimposed using 50% similarity of slsmcies composition by year from

1973-1986.



99

DISCUSSION

Coastal ecosystems are susceptible to human arahatypacts and many regions
are undergoing rapid change (Jackson 2001, Lotak 2006) such as reductions of
species at high trophic levels (Pauly et al. 1988thaus et al. 2008). Removal of these
apex predators can have consequences in maintah@rgjability, diversity, or
productivity of ecosystems (Jackson 2001, Heitredizd. 2008). However, natural or
historical abundance estimates for the speciesftgr unavailable or inadequate to
assess historical patterns in species compositiabundance (Pauly 1995, Baum et al.
2005, Heithaus et al. 2008, Powers etrateview). This lack of data have often been
referred to as the “shifting baselines” problenmasy areas have no appropriate
baseline from which to assess potential ecosystgmgdts (Pauly 1995, Jackson 2001),
and this is the case for nearshore shark populatmrg the Northwestern Gulf of
Mexico. Fisheries-independent data were unavaildlthis region and assessment of
the nearshore shark resource in the Gulf of Meka®only recently begun in 2008.
Unfortunately, understanding distribution patteohsvide ranging or rare species often
requires long-term data sets to detect trends pujation status (Trenkel and Rochet
2009). Therefore, we used fishery-dependent tla¢apnly available data in this region
to characterize the coastal shark resource in trthWestern Gulf of Mexico as
considerable uncertainty exists about the populatatus and long-term trends of this
resource that has prompted more restrictive haregsilations from Texas Parks and

Wildlife.
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From 1973 to 1986, bull shark was the most commuoepyprted species in this
study, while tiger shark ranked second, blacktipdttand sandbar shark fourth. In
contrast, blacktip was the most abundant sharkucagtin 2008-2009, bull shark were
second, and no tiger or sandbar sharks were retandengler logs during this period.
Fewer species were also reported during recentlssgnpowever, this may likely be
due to dramatically reduced sampling effort. Thes@nges in abundance may reflect
population level effects in the Gulf of Mexico (Batet al. 2004, Powers et &h.
revision) or simply reflect an artifact of sampling biasngssuch data. In this case it was
not possible to compare indices of abundance ast &as not controlled or known. This
problem is typical with fisheries dependent datd aovel approaches are being
employed to evaluate population trends from fisleEgendent data. Change in size (or
weight) of capture can be indicative in demograpihianges or perhaps population
declines (Powers et dh revisior). Based on available data, the size structuraast
shark species was temporally stable suggestinglatoqu stability. Only bull shark
declined in maximum size through time and thisgratshould be further investigated to
verify this effect. Thus, temporal patterns examgrthe maximum length captured per
year of the most abundant shark species were erdmiRowers et alr( revisior)
reported significant declines in maximum size cr&k captured in off-shore angling
tournaments over an eight-decade study periodeiGlf of Mexico highlighting the

importance of establishing ecological baselinesreder possible.

Seasonality of shark habitat usage was poorlyridestin this area. Based on
historical catch data, | found distinct season#ilgpas. Sharks were captured most

frequently from spring to fall with only sandbarask being common in winter catch
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records. While this pattern could result from reghlieffort alone during winter months,
median sea surface temperatures of coastal waténssiregion were below 16°C
between December and February (NOAA/National WedBleevice Cooperative
Weather Observer Station #1071, Port Aransas, TS&)J Most shark species captured
in this study are subtropical/tropical species ararare during these temperate
conditions (Musick et al. 2000). Froeschke (Chapjeeported similar patterns in a
study of blacktip, bonnethead, and bull sharkserak' estuaries, as sharks were rarely
captured below 20°C also suggesting that sharksmigsate to warmer waters during
winter months. However, further migration studies warranted and necessary to
document this pattern. A shark tagging progrartiat@d in 2007 by Texas A&M
University-Corpus Christi in collaboration with theS. Geological survey in Columbia,
Missouri may provide greater insight into migrat@mnmovement patterns of sharks in
this region. Long-distance seasonal migrationsaofdbar from the western Atlantic into
the Gulf of Mexico have been reported during wirf&oringer 1960, Grubbs et al. 2007).
Moreover, for juvenile sandbar sharks, emigratiamf temperate estuaries was
correlated with declining temperatures and recaptlata from tagging studies suggests
that these animals are moving south to warmer wirgeareas (Grubbs et al. 2007).

Data from the current study suggests that the &ulexico coastal waters may serve as
a winter area for sandbar sharks while the otheciep may emigrate from coastal waters

during winter months.

In an effort to prevent depletion of exploitedhfistocks, NOAA mandated
incorporation of Essential Fish Habitat (EFH) ifishery management plans in effort to

protect habitat important in all life-stages of iongant species (NOAA 1996) as there is
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likely a strong relationship between adult sto@desaind recruitment (Smith et al. 1998).
Thus, delineating areas or habitats supportingrjiee that will ultimately contribute to
adult stocks was a major focus of this study. Mslgses of length-at-capture suggest
that most species occur on the Texas coast thratigheir ontogeny, and this area has
the potential to serve as nursery area for sommiga@ species. However, the presence
of juveniles alone is inadequate to characterizsery function (Beck et al. 2002,
Heupel et al. 2007, Kinney & Simpfendorfer 2009)d durther quantitative study is
needed to test the nursery potential for this afidee estuarine or coastal areas of the
Texas coast are thought to serve as nurseries least 11 shark species (McCandless et
al. 2002, 2007) although this has only been testebiconfirmed for bull shark. Using
the nursery criteria developed by Heupel et al0O@20bull shark nursery use was
demonstrated in San Antonio and Matagorda Baygydloa central Texas coast
(Froeschke Chapter 2), but due to data availabtlitig study only assessed estuarine and
not nearshore coastal areas. Although tiger shdwknot use discrete nursery habitat,
they do occur as juveniles along the Texas coasgdprs Il et al. 2008), and were
observed in this study. The abundance patterngestighat this species was at least
seasonally abundant although more work is necessastimate temporal trends in
abundance in this region. Moreover, tiger shadigeHow fecundity and resilience to
fishing pressure (Whitney and Crow 2008), sugggsticonservative approach to
management for this ecologically important species.

Sharks typically function as apex predators ang hawe an important role in
maintaining ecological integrity and also serveradicators’ of ecosystem change

(Heithaus et al. 2008). However, status and trefdsark populations on this coast are
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poorly known although precipitous declines of sal/ehark species have been reported
in the Gulf of Mexico (Baum and Myers 2004, O’'Cotmét al. 2007, Powers et dh
revision) prompting concerns of the sustainability of Teéxamstal shark resource.

These data suggest that the Texas’ coastal watppog a diverse and abundant shark
assemblage that likely provides both adult andnigeEFH for several exploited shark
species. Future studies emphasizing quantitasitimates of abundance, habitat use, and
movement patterns may provide valuable informattomanage this resource. In
absence of this critical information, a cautiouprapch is recommended for the

management of these species.
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CHAPTER 4

HIERARCHICAL AND INTERACTIVE HABITAT SELECTION IN RESPONSE TO
ABIOTIC AND BIOTIC FACTORS: THE EFFECT OF HYPOXIA R HABITAT
SELECTION OF JUVENILE ESTUARINE FISHES

ABSTRACT

Habitat selection is a shared process among anintedese individuals choose areas that
differ in biotic and abiotic characteristics to nraize individual fitness. We used manipulative
laboratory mesocosm choice experiments to examerarighical and interactive relationships
influencing habitat selection of estuarine fish¥¢e assessed selection among substrate,
dissolved oxygen (DO) concentration, food avaiihibnd predation risk using two common
juvenile estuarine fish species. For two speggsish (Lagodon rhomboidgsand Atlantic
croaker Micropogonias undulatysoxygen concentration greatly influenced selecpatterns;
fishes strongly avoided DO, and at higher levetsdiss such as substrate or food showed
interactive relationships between an abiotic streaad biotic habitat components. However,
both species strongly avoided predators even whemative habitat was severely oxygen
limited. These results show that predation risly e the greatest determinant of habitat
selection. Expansion of low DO areas in the warlateans is a major anthropogenic
disturbance and is rapidly increasing. Assessimgacts of hypoxia on habitat usage of mobile
organisms is critical as changes in environmengttios including predator distribution and DO
levels may alter habitat selection patterns disngptritical ecosystem processes and trophic

interactions. Our results indicate that juveniddés forgo emigration from hypoxia due to
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predation risk. If similar patterns occur for jue fishes in estuaries they may potentially

suffer from reduced growth, reproductive output] aarvivorship.

INTRODUCTION

Habitat selection is a nearly universal processragramimals where individuals must
choose among habitats that differ in biotic ans@bicharacteristics (Johnson 1980; Huey
1991). The hierarchy of habitat selection forraaividual should reflect factors potentially
limiting an individual's fithess. For example, al&abitats would provide high net energetic
return rate (to maximize growth and reproductiamj bow mortality (Gilliam and Fraser 1987).
These conditions rarely exist in nature and indigld must choose between sub-optimal
environments to balance physiological performanitk predation risk.

Habitat selection patterns of fishes have been-@edtribed and offer a good model to test
the relative roles of abiotic versus biotic habdiaaracteristics. For example, estuaries are
recognized as high quality habitat types as they@vd-rich, structurally complex, and provide
refuge from predation (Beck et al. 2001). Howewaiman activities have dramatically altered
both abiotic and biotic properties of coastal esteys at an alarming rate (Altieri 2008;

Halpern et al. 2008). For example, in many coastalaries, predator densities have been
dramatically reduced (Lotze et al. 2006), importaatbitats such as seagrass meadows and oyster
reefs have declined (Levin and Stunz 2005), ansbtlisd oxygen (DO) concentrations are

falling (e.g., hypoxia) worldwide (Rabalais et 2007, Diaz and Rosenburg 2008). These habitat
alterations may influence habitat selection of egwlally important species and could

precipitate large-scale community changes in magosystems.
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A critical abiotic attribute often compromisednrarine ecosystems is dissolved oxygen
(DO). Oxygen levels are a widespread problem (et Rosenburg 2008), not limited to
particular marine areas, and interact with bio&bikat characteristics in very complex ways
(Breitburg 2002, Rabalais et al. 2002, Altieri 2pQ8timately altering the distribution of
individuals (Lenihan et al. 2001, Bell and EgglesB®05). Successful avoidance of hypoxia
(DO concentration < 2 mg/ ™) is dependent upon movement responses and phyisialo
tolerances which are typically species specifit(Bt al. 1991).In aquatic ecosystems, low
levels of oxygen have been associated with redabaeddance, biomass, diversity, growth, and
have also been attributed to population declinesaofe estuarine fishes (Eby et al. 2005,
Powers et al. 2005, Montagna and Ritter 2006, Va&uayer and Duarte 2008, Long and Seitz
2009, Montagna and Froeschke 2009). Mitigatiohuwrhan impacts to ecosystems requires an
improved understanding of attributes animals usé&ébitat selection, particularly as it relates to
importance of abiotic and biotic factors on habdabice.

Hypoxia is becoming a more common phenomenon regst and is thought to be
increasing in occurrence worldwide including in thelf of Mexico (Diaz and Rozenberg,
2008). The Gulf of Mexico supports a variety obeemically and ecologically important
species that may be impacted by declining DO levélse seasonal presence of a large dead
zone in the Gulf of Mexico at the mouth of the NBs§pi river is well documented and also
occurs within estuarine waters along the Texastddmntagna and Ritter 2005). The presence
of a hypoxic zone has been documented annuallpipus Christi Bay, Texas since 1988 and
there is a long-term trend of decreasing dissobsedien levels in these waters (Applebaum et

al. 2005). This hypoxic zone also had reducedrdityeof both benthic and mobile organisms
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(including fishes) and lower abundance and bioméspifauna (Montagna and Froeschke
2009).

Pinfish (Lagodon rhomboidgsand Atlantic croakem{icropogonias undulatysare two of
the most abundant estuarine fishes in the Gulf exibb and shallow coastal estuaries comprise
important nursery habitat for these species (Reeak 2008). Both can be found in a variety of
habitats including seagrass meadows and sand battdrare sensitive to hypoxia (Wannamaker
and Rice 2000). Thus, these species provide extefledels for testing hypotheses about
factors influencing habitat selection patternssitiarine fishes.

The goal of this study was to assess the relatiymitance of biotic and abiotic factors on
habitat selection. Specifically, | compared thatree importance of predator density, substrate,
and food availability in comparison with varyingyéds DO concentration to assess ecological
impacts of declining oxygen concentrations on lalsielection patterns. | used a series of
replicated laboratory mesocosm choice experimeiitstwo ecologically important estuarine

fishes as models.

METHODS
Collection of study organisms

Juvenile Atlantic croaker ("croaker") and pinfisiere collected from shallow estuarine
habitats in Aransas and Corpus Christi Bays, T&8& using bag seines. Mean standard
length (SL) of croaker and pinfish was: (mean sdtad error) 38 + 4.5 mm SL and 35 + 2.5mm
SL respectively. Animals were held at wet labonafacilities in aerated and filtered 38-
aquaria. Fish were maintained in holding tank&3aP5 °C and 30-35 psu; DO concentrations
were maintained between 6.0-6.5 mgl® Fish were acclimated to aquaria for at leasp8at
to experimental procedures and fed frozen mysioghdaily to satiation and kept on a 12-h

light/dark photoperiod.
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Experimental design

| used a sequential series of replicated experiah@mesocosm trials to test for habitat
selection patterns for both species at varyingl$eotpredator density, substrate type, DO
concentration, and food. Replicated two-way chtrieds were completed in a 225-cm x 60-cm
X 75-cm mesocosm filled to 25 cm with filtered sagasv (Figure 4.1). Washed sand was used to
simulate sand habitat (Stunz et al. 2001) whileakbrass alodule wrighti) was simulated
using an artificial seagrass unit (ASU). Artifice®agrass units are replicate seagrass habitat and
are created from polyethylene ribbon attachedrteesh base placed under a sand substrate.
ASU's were used as a proxy for seagrass becausgaipey trials on selection patterns of
juvenile pinfishand croaker showed no significant selection pagtbetween shoal grass and the
ASU's (one sample t-test, pinfish t = 1.88, df, # 0.10, croaker t=0.95, df =9, p = 0.36).

A DO gradient was established using a Plexiglagsieli, and releasing nitrogen and
oxygen gas into each chamber of the mesocosm.n®experimental trials, the divider was
raised 60 mm to permit fish movement (WannamakdrRine 2000). Dissolved oxygen
concentrations were measured at the center arathtesmd of the mesocosm prior to
introduction of experimental fish and at the cos@n of each experiment using a Thermo
Scientific Orion 3-Star DO meter (Thermo Electroor@ration Beverly, MA USA). Trials
were not run if DO levels deviated more than + GG, from target levels. Wannamaker
and Rice (2000) demonstrated that pinfish and eoesuld detect and avoid the hypoxia in a
laboratory mesocosm and our preliminary experimshtsved significant avoidance of the
oxygen depleted chamber (one sample t-test, pinfish0.01; croaker, p = 0.02).

Experimental procedure
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To determine the relative importance of substrate@O concentrations on habitat
selection patterns, | established a range of satlesPO combinations. First, | conducted a
substrate control experiment to determine selegaiterns based on the habitat type (seagrass
vs. sand) without a DO treatment (both chambersi0G™). | then conducted a series of
experiments, each testing fish habitat selectidtepss between two substrate-DO combinations
(Figure 4.1). Experiments were conducted at D@l&efrom 1 to 6 mg & to identify potential
graded, threshold or interactive responses. Twal® first set up with the low DO treatment
within the seagrass substrate and high DO treatmiémin the sand substrate. Reciprocal
experiments were completed by establishing low eryigeatment in sand bottom substrate and
high oxygen concentration in seagrass.

For all experiments, three fish (approximating natdensities; Stunz et al. 2002) were
randomly selected from holding aquaria for eadchl.trFish were released in the center of the
mesocosm as close as possible to the divider hedrdttom, acclimated for 10 min and then
fish habitat selection patterns were noted everyfon 30 min. The acclimation period occurred
after the divider was raised to permit movementexporation of all treatments. For every trial
the locations of all three fish were averaged asingle response as individual fish within a trial
were not independent and the mean percent occeriergach habitat was calculated following
a 10-min acclimation. The low and high oxygen sidéthe chamber were re-assigned for each
replicate to eliminate bias toward any particulad.e Observations were made by a single
observer > 2 m away from the tank with the obsepearing over an opaque barrier to prevent
observer interference to fish behavior. Duringliminary trials, this method of observation did

not elicit a startle or other behavior responsesifthe fish. Since, these experiment were
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relatively short-term, | was able to make live direbservations during the entirety of the
experiment.

To assess the relative importance of food avditgloelative to hypoxia for both species,
the experimental mesocosm was modified by placifogpd enriched treatment (mysid shrimp)
on one side, while food was absent in the othésh Wwere fasted for 24 h and three fish were
placed in the mesocosm with DO concentration atg@"'. One chamber was enriched with
6.07 £ 0.07 g (mean + standard error) of frozenichgkrimp per trial and habitat choice was
monitored every 20 seconds for 10 min after acdimnan = 6). Excess food was removed after
every trial. A second experiment (n = 6) was régebabut mysid shrimp were placed in a low
oxygen treatment (1.0 mgzdj), while the other chamber remained at 4.0 ngg"@ut without
the mysid shrimp food treatment.

The relative influence of predator-presence andcdd@rentration on habitat selection
patterns was also examined by introducing preddisiny Three sub-adult red drufdjaenops
ocellatug (mean + standard error) 190 £ 8 mm SL were usethe predation trials. Predators
were acclimated for 48 h. The Plexiglass partiseparating sides of the mesocosm was
modified by cutting eight 4-cm round holes nearlitbééom of the divider to permit movement of
juvenile fishes throughout the entire mesocosnrésiricted the movement of the red drum
predators to one chamber. | performed preliminaays that showed that juvenile fish would
readily pass through holes in the partition. erinitial experiment (n = 6) both sections of the
mesocosm were set to 4.0 mgl®. A second experiment (n = 6) was conducted irchvktie
predatory red drum were placed in the 4.0 md DO treatment and the side without predators
setto 1.0mg @™

Statistical analyses
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The response variable for all habitat selecticalgrivas the mean proportion of time the
three fish spent in each chamber in the mesoc@ata were arc-sin square root transformed
and tested against the null hypothesis of 50% etithe spent in each side of the mesocosm
using a two-tailed, one-sample, student’s t-test 0.05). All data management and analyses

were conducted using SAS 9.1.3 software (SAS Unstitinc., 2000).

RESULTS
Habitat selection experiments

In normoxic conditions (both chambers 6 mg€), both pinfish and croaker displayed
significant habitat preferences. Pinfish selethedseagrass treatment (p = 0.02) (Figure 4.2A),
while croaker selected sand bottom (p = 0.007)ufeigt.2C). Based on significant habitat
selection preference patterns in the previousstrlalesigned experiments to test the importance
of habitat type (e.g., seagrass and sand bottochpaygen concentration on habitat selection
patterns. For pinfish both habitat type and DQlewnfluenced selection patterns. Dissolved
oxygen exerted greater influence on selection peattéuring hypoxic conditions (i.e., DO2.0
mg O I™), while habitat type was more important during motkeheypoxia or normoxic
conditions (i.e., D@ 2.0 mg Q I'™"; Figure 4.2A).

Despite the preference for vegetated habitaterctntrol experiment, pinfish avoided the
low oxygen-seagrass treatment when DO levels wereedsed to 1.0 mg,®" and selected the
alternative 4.0 mg 9" sand bottom treatment (p = 0.01) (Table 4.1)sinAilar pattern was
observed during 1.0 mg,®" seagrass vs. 2.0 mg O' sand bottom experiment as pinfish
displayed significant selection for increased oxygeatment despite a relatively small
difference in DO concentrations between treatmeri®wever, this pattern was not observed

when oxygen levels were increased, simulating nadddevels of hypoxia. During the 2.0 mg
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O, I'* seagrass vs. 4.0 mg O sand substrate experiment, pinfish selection petteere more
variable, although fish spent more time in the Ioaweygen seagrass chamber. Overall, no
significant selection patterns were detected fisr éitperiment (p = 0.33). In the 4.0 mgl®
seagrass vs. 6.0 mg O' sand bottom experiment, a similar pattern was rvleseas fish

selected the lower oxygen seagrass chamber, buedpense was variable and a significant
selection pattern was not detected (p = 0.12). ithiakelection patterns of pinfish were also
determined when DO concentrations were reducelgeiisand bottom treatment relative to their
preferred seagrass habitat. In this situatiorfighirdisplayed significant selection patterns for
the increased DO-seagrass treatment, as this gatttantained both the favored abiotic and

biotic conditions within one chamber of the mesoe¢Bigure 4.2B).
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Figure 4.1.Diagram of experimental mesocosm set up. (A) dessithe experimental set-up prior to fish intratrcwhere the

seagrass treatment is placed in the low DO treatm@&) describes the set-up after the fish amothiced. (C) describes the

experimental set-up prior to fish introduction wiéne sand treatment is placed in the low DO treatm(D) describes the set-up

after the fish are introduced



114

Table 4.1. Summary of substrate-DO concentratieaaosom experiments. Preference indicated signifigselection for one

chamber of the substrate-DO combination. P-vadwesndicated from one-sample t-tests against tiieerpectation of 50%

selection for each chamber. Six replicates (n wée conducted for each substrate-DO combinatiopihfish (Lagodon

rhomboid$ and croakerNlicropogonias undulatys

Species

Lagodon rhomboides
Lagodon rhomboides
Lagodon rhomboides
Lagodon rhomboides
Lagodon rhomboides
Lagodon rhomboides
Lagodon rhomboides
Lagodon rhomboides
Lagodon rhomboides

Micropogonias undulatus
Micropogonias undulatus
Micropogonias undulatus
Micropogonias undulatus
Micropogonias undulatus
Micropogonias undulatus
Micropogonias undulatus
Micropogonias undulatus
Micropogonias undulatus

Substrate-DO Treatment combination

6.0 mg O, 1" Seagrass and
1.0 mg O, I Seagrass and
1.0mg O, It Seagrass and
2.0 mg O, 1" Seagrass and
4.0 mg O, I'* Seagrass and
4.0 mg O, I'* Seagrass and
2.0 mg O, 1" Seagrass and
4.0mg O, It Seagrass and
6.0 mg O, " Seagrass and

6.0 mg O, " Seagrass and
1.0 mg O, I Seagrass and
1.0 mg O, " Seagrass and
2.0mg O, It Seagrass and
4.0 mg O, I'* Seagrass and
4.0 mg O, I'* Seagrass and
2.0 mg O, 1" Seagrass and
4.0mg O, It Seagrass and
6.0 mg O, ™" Seagrass and

'S
VS
VS
'S
'S
'S
VS
VS
'S

'S
'S
VS
VS
'S
'S
VS
VS
VS

. 6.0 mg O, I'" Non-vegetated
. 4.0 mg O, I'" Non-vegetated
.2.0mg O, It Non-vegetated
. 4.0 mg O, I'" Non-vegetated
. 6.0 mg O, I'" Non-vegetated
. 1.0 mg O, I'" Non-vegetated
. 1.0 mg O, I'* Non-vegetated
.2.0mg O, It Non-vegetated
. 4.0 mg O, I'" Non-vegetated

. 6.0 mg O, I'" Non-vegetated
. 4.0 mg O, I'" Non-vegetated
. 2.0 mg O, I'* Non-vegetated
.4.0mg O, It Non-vegetated
. 6.0 mg O, I Non-vegetated
. 1.0 mg O, I'" Non-vegetated
. 1.0 mg O, I'* Non-vegetated
.2.0mg O, It Non-vegetated
. 4.0 mg O, I'* Non-vegetated

Preference
6.0 mg O, 1" Seagrass

4.0 mg O, I'' Non-vegetated

2.0mg O, " Non-vegetated
none

none

4.0 mg O, "' Seagrass

2.0 mg O, I Seagrass and
4.0mg O, " Seagrass

6.0 mg O, I Seagrass

6.0 mg O, I'* Non-vegetated
4.0 mg O, I'' Non-vegetated
2.0 mg O, I'* Non-vegetated
4.0mg O, " Non-vegetated
6.0 mg O, I'* Non-vegetated
4.0 mg O, "' Seagrass

2.0 mg O, I Seagrass
none

none

o
=

o1 o1 oo o1 o1 oo Ol

o1 oo o1 oo o oAl

t
3.6
3.8
3.6
11
1.9
3.8
2.6
8.7
3.8

4.5
4.3
2.9
1.7
14
6.0

30.5

2.5
1.7

p
0.016

0.011
0.016
0.33
0.121
0.012
0.048
<0.001
0.014

0.007
0.008
0.034
0.14
0.209
0.002
<0.001
0.056
0.151
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Habitat selection patterns were also determinedrimaker. In contrast to pinfish,
croaker is a habitat generalist (Petrick et al.9)9However, the influence of habitat type and
DO concentration was similar between both spedssolved oxygen exerted greater influence
on selection patterns during hypoxic conditiong.(BO< 2.0 mg Q I'™"), while habitat type was
more important during moderate hypoxia or normaxnditions. Habitat selection experiments
with croaker were investigated by placing favoretdsirate (sand bottom as determined from
preliminary trials) and high oxygen treatment ipa®te chambers. Similarpinfish, croaker
avoided their preferred habitat type when DO lewase 1.0 mg @I™. This was observed for
both the 4.0 mg @™ seagrass vs. 1.0 mg O sand bottom (p = 0.002) and 2.0 mgl®
seagrass vs. 1.0 mg O' sand bottom experiments (p < 0.001) (Table 4y 4.2C). When
minimum DO levels were increased in the sand bottbamber to 2.0 and 4.0 mg O,
respectively, selection patterns were more variallleerall, croaker selection patterns were
similar to pinfish, as the mean proportion of tispent in elevated DO-seagrass chamber was
higher; although, significant patterns were noeded for either the 4.0 mgO" seagrass vs.

2.0 mg Q I'* sand bottom (p = 0.06) or 6.0 mg I3 seagrass vs. 4.0 mg O' sand bottom (p =
0.15) experiments.

Habitat selection patterns of croaker were alserd@hed during a reciprocal set of
experiments where oxygen levels were reduced is¢hgrass substrate relative to sand bottom
substrate. Croaker demonstrated significant avael®f seagrass when DO levels were reduced
to 1.0 mg QI within this treatment. This pattern was obsemfedng both the 1.0 mgQ™
seagrass vs. 2.0 mg O' sand bottom (p = 0.034) and the 1.0 mg ©seagrass vs. 4.0 mg O

! sand bottom (p = 0.008) experiments (Fig 4.2Dywklver, when oxygen levels were increased
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Figure 4.2. Mean * SE percentage occurrence disphiand croaker in each habitat*DO treatment coration. Each solid-open bar
pair represents six replicate 30 minute mesocosis with the following treatments: 1A) high DO-sahow DO-seagrass; 1B) low
DO-sand, high DO-seagrass; 1C) high DO-sand, I@vdeagrass; 1D) low DO-sand, high DO-seagrassiifts@nt results from

one-sample Student’s t-tests are indicated by <=0p05 and *** = p<0.001.
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Figure 4.3. Mean z=SE percentage of time pin{i&h) and croaker (2B) spent in each food enhancé&iti2atment combination.
Each solid-open bar pair represents six replic@tmih. mesocosm trials with the following treatngent) 4.0 mg @™ and mysid
shrimp food supplement vs. 4.0 mg I3 without food supplement treatment; 2) 1.0 mgdtand mysid shrimp food supplement vs.
4.0 mg Q It without food supplement treatment. 2C-D) Mearcpetage of time pinfist2C) and croaker (2D) spent in each
chamber of the mesocosm in the presence of a tbdegrum predators with two different DO*predatombinations. Significant

results from one-sample Student’s t-tests are atdetby * = p< 0.05.
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to 2.0 mg @ 1™ in the seagrass and to 4.0 mgl®in the sand bottom chambers, selection
patterns deviated from prior experiments. In lb#h2.0 mg @I™ seagrass vs. 4.0 mg O
sand bottom and the 4.0 mg O seagrass vs. 6.0 mg O' no significant selection patterns
were detected (p = 0.14; p = 0.21, respectively).
Food vs. DO selection experiments

The addition of food resources influenced selegtiatterns of pinfish during moderate
hypoxia (4.0 mg @I™) but did not influence selection patterns at 1@®al™. Both chambers
of the mesocosm were initially set to 4.0 mg©®and a mysid shrimp food supplement was
added to one side . Pinfish showed a signifipagference for food (p = 0.05) (Figure 4.3A).
During a second experiment food treatment was glata reduced oxygen treatment (1.0 mg
0, I, while the other chamber remained at 4.0 mdj‘Quithout a food supplement. Pinfish
avoided the food enriched chamber and exhibitédrafisant selection for the 4.0 mg,®*
treatment despite the lack of food (p = 0.02). Batperiments were repeated for croaker.
During moderate hypoxia (4.0 mg 0") food enrichment did not influence selection pase(p
= 0.09), and croaker avoided the food supplemetnéadment when placed in the low oxygen
treatment (p = 0.01) (Figure 4.3B).
Predator presence vs. DO selection experiments

The presence of predators exerted a strong infauencselection patterns for both
species at all levels of DO concentration testd.initial experiment was conducted to
determine the effect of predator presence on thédtaselection patterns in absence of a DO
difference (both chambers set to 4 mg®). Both species strongly avoided predators in the
control experiment (no DO concentration differerefish, p = 0.001; croaker, p = 0.001)

(Figure 4.3C-D). In a second experiment fish hatigice between predators with 4.0 mgl®
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and no predators with 1.0 mg ©'. Both species chose chambers without predatessit the
low oxygen concentration (pinfish, p = 0.001; crekp = 0.007).

Overall, habitat selection patterns in respongdsdtc and abiotic factors were similar
between species. Dissolved oxygen concentratiananamportant determinant of habitat
selection patterns during hypoxic conditions. ldger, the importance decreased dramatically
during normoxic conditions while the presence @f@rmred habitat type (substrate) became
increasingly important. The addition of mysid shpias a food source influenced selection
patterns of pinfish at DO 4.0 mg,©"; however, the influence of food presence was not
important when placed in a low oxygen treatmertie fesponse of habitat selection patterns to
DO, substrate, and food was strongly interactiering hypoxic conditions, DO concentration
was an important determinant of habitat selectattepns. However, as oxygen levels increased,
the relative importance on fish habitat selectienrdased and substrate preference became more
important. As with substrate, food availabilitylirenced selection patterns of pinfish at 4.0 mg
0.1™, however, food availability was unimportant at th§ G 1™, again suggesting an
interactive response to overall habitat selectiattgons. The presence of predators exerted the
greatest influence on habitat selection. Both iggestrongly avoided predators even when the
alternative habitat was severely hypoxic (1.0 mdPsuggesting a hierarchical response to
habitat selection with respect to predator abunel@scdescribed by Wildhaber and Lamberson

(2004) (Figure 4.4).
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Figure 4.4. A general mechanistic hypothesis bitaaiselection of juvenile estuarine fishes basedur experimental observation.
Dissolved oxygen concentration was an importargrda@hant of habitat selection patterns when comagaohs were below 2 mg, D
' The presence of preferred habitat type (sutedteand food availability became increasingly intpot with increasing oxygen
concentration. During low oxygen conditions foagidability or substrate type did not influence habselection however the
relative importance increased with DO concentratiBatterns of habitat selection in response tdgiren risk and the DO
concentrations were similar between species. BRozrdask (dashed line), at least in the case ghipredator density in this study,
exerted the greatest influence on habitat selegi@terns of juvenile estuarine fishes (of thedectexamined in the current study)

across all levels of DO concentration considered.



DISCUSSION

Habitat selection influences distribution, abundgarand population dynamics of
mobile organisms (Johnson 1980, Bell et al. 19&¥in_et al. 1997, Stunz et al. 2001,
Morris 2003). Preferential selection for high dtyahabitats may increase growth rates
or survivorship, ultimately contributing disproporately to adult populations (Beck et
al. 2001). However, habitat quality may be infloet by a myriad of abiotic and biotic
factorsand improved management of marine resources reqaidetailed understanding
of the mechanism used by fishes to select the kighelity habitat available (Morris
2003). Our results describe the relative impomtasfcsome abiotic (oxygen) and biotic
factors (predator density, vegetation, food) inealin habitat selection for two model
estuarine species and provide further insight ¢éoowerall process.

In this study, predation risk exerted the greatdgkience on habitat selection
patterns of juvenile fishes, while selection patsdoetween DO, habitat type, and food
were interactive (Fig. 4.4), and selection pattevese similar between species. In
absence of a predator treatment, DO concentrasimosgly influenced selection
patterns. At low DO concentrations (1 mgl®) negative effects were observed as
fishes avoided low oxygen treatments while at hidéeels, adequate DO levels allowed
other factors such as “preferred” substrate or prajlability to influence habitat usage
patterns. In contrast to DO, the presence of pneférred” substrate or food did not
affect selection patterns during hypoxic conditibng became increasingly important as
DO concentrations increased. To identify potergraded or threshold effects,
experiments were also conducted in intermediat®xign(DO 2-6 mg @1™%). In

experiments with moderate hypoxia where the "pretérhabitat type (as determined
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from previous experiments) and DO levels were mlaneseparate chambers few
significant selection patterns were observed &e§isvere compromising selection
patterns between "preferred” habitat type and D&latvility.

Abundance of estuarine organisms is typically highestructurally complex
habitats such as seagrass meadows (Jordan e®3@|.l&in et al. 1997). Seagrass
meadows are particularly important habitats for Iyewcruited juvenile fishes (Burfeind
and Stunz 2006). In experiments without DO treatsiepinfish showed significant
selection preference for seagrass habitat althotggker, a habitat ‘generalist’ preferred
non-vegetated habitat. This is consistent witlviores laboratory experiments (Petrik et
al. 1999) and field observations (Jordan et al.7) 98 these species. Despite significant
substrate preferences, both species avoided threfeired” substrate when placed in low
DO concentrations while at higher levels, adeqléddevels allowed other factors such
as “preferred” substrate or prey availability tuence habitat usage patterns. In a
Galveston TX estuary, both recruitment and growtks of pinfish were higher in
seagrass as compared to sand habitats (Levin A@&1). Juvenile red drum also grew
significantly faster in vegetated as compared twsaibstrates in experimental field
enclosures (Stunz et al. 2002). Similar to thestake treatment, the addition of food
only influenced selection patterns of pinfish irsahce of hypoxic conditions. Pinfish
avoided the food enriched treatment when placededow oxygen treatment, suggesting
that food availability is not a strong driver oftitat selection in estuarine ecosystems
where food is typically abundant (Heck et al. 2003)

The ability of estuarine organisms to detectavoid hypoxia in laboratory

mesocosms was previously reported (Wannamaker en@d?R00, Stierhoff et al. 2009).
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As with the current study, avoidance patterns vgeeatest when DO treatments were
below 2 mg @I™. This coincides with the level at which fish enaig from hypoxic
areas and is associated with significant reductioa®undance (Breitburg 2002), and
diversity (Vaquer-Sunyer 2008, Montagna and Froes@®09). Habitat selection
patterns of flatfishes in the Gulf of Mexico welttteeed by low DO levels with reduced
habitat suitability in regions with hypoxia and ieased suitability in nearby refuges
(Switzer et al. 2009). This study suggests widdesalteration of habitat selection
pattern due to hypoxia and suggests that thisfattme may induce emigration or
avoidance of otherwise suitable habitats. In essahypoxia may reduce quality of
nursery habitat even if preferred habitat typesfaod resources are abundant.
Hypoxia impacts may be most severe for juvenilethaglispersal potential may
be limited due to their small size and increasskl of predation during movement away
from hypoxic zones. In this study, predation eslerted the greatest influence on habitat
selection patterns of juvenile fishes. In a staflintermittent hypoxia in Chesapeake
Bay, juvenile fishes were less able to escape dldaitts and mortality rates of juveniles
was extremely high (Breitburg 1992). Increasedtatity rates of small fish due to
hypoxia may be associated with increased oxygeraddmof juveniles, reduced
swimming speeds (Breitburg 1992), or increasedaired risk associated with
emigration Results from the current study provide further ewick for predator-
mediated habitat selection (Jordan et al. 19977 the critical role that predators play in
ecosystem regulation (Heck and Valentine 2007)ng.and Seitz (2008) reported
increased susceptibility of benthic prey to predatmm hypoxia in Chesapeake Bay.

However, Altieri (2008) suggests that responsds/fibxia may reduce predation and
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hypoxia tolerant species such as quahog cMardenaria mercenarjamay benefit from
non-lethal hypoxia events. However reductionshnralance and diversity of species
sensitive to hypoxia have been observed (Altie@&@Wontagna and Froeschke 2009).
If juvenile fishes forgo emigration from hypoxiaelto predation risk, they are subject to
the physiological effects of hypoxia and long-tempacts on fish populations may be
observed. Landry et al (2007) reported reducerbretive output and Eby (2005)
predicted long-term population declines of croakesulting from exposure to hypoxic
conditions. However, species specific resporséypoxia is typical and has been
reported in both laboratory and field studies (Wamaker and Rice 2000, Froeschke and
Montagna 2009, Switzer et al. 2009). These resulgigiest that environmental stressors
such as hypoxia can be important determinants omamity structure (Menge and
Sutherland 1987, Lenihan 2001), where some spatgenefit but net declines in
diversity and resilience may be expected from estesy stressors.

Hypoxia may exert direct or indirect effects on plagpion dynamics of juvenile
fishes. Populations may be affected directly flmypoxia either through increased
mortality or decreased recruitment due to avoidari¢g/poxic areas. Indirect effects
including reduced growth rate, increased densipeddent competition in normoxic
refuges and greater predation risk have been hgpizidd previously. While indirect
effects are more difficult to empirically demonsé&réHeck and Valentine 2007), they
may exert greater long-term effects on the popatatiynamics and community structure
of estuarine systems. For example, the rate @fjie survival is often cited as the best
predictor of subsequent adult population size (Cateal. 1996, Levin and Stunz 2005)

and hypoxia induced exposure has been shown tceegtowth rates of some fishes
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(Chabot and Dutil 1999, Eby et al. 2005, Stierteafél. 2006) and increase their duration
in critical life stages where predation risk isthig.evin et al. 1997, Levin and Stunz
2005). Moreover, reduced growth rate may delayakematurity and reduce total
reproductive output leading to long-term reductionpopulation size. Growth rates of
croaker were reduced significantly inside a hyp@stuary and subsequent reductions of
demographic rates were predicted to result in li@mgy population declines in the estuary
(Eby et al. 2005). Stierhoff et al. (2006) repdrteduced feeding and growth rates of
Paralichthys dentatuandPseudopleuronectes americardige to moderate hypoxia
while similar results were also reported @adus morhugChabot and Dutil 1999).
Reduced growth rates may ultimately lead to sultisdareductions in fisheries
productivity, predator densities, and ultimatelgisruption of vital ecosystem links and
trophic interactions to the detriment of ecosysbarsed management goals.

Expansion of low oxygen areas is currently congdermong the most damaging
environmental problems (Diaz and Rosenburg 2008)s problem will intensify as low
oxygen zones increase both temporally and spatiabughout coastal and estuarine
regions from enhanced nutrient deposition and wagreeas (Diaz and Rosenburg 2008,
Vaquer-Sunyer and Duarte 2008). Assessing immdidteese changes on habitat usage
of mobile organisms is critical as changes in esinental metrics including predator
distribution and DO levels may alter habitat setecpatterns and reduce fitness levels of
individuals and potentially disrupting vital ecosys links and trophic interactions to the

detriment of ecosystem-based management goals.



CHAPTER 5

POPULATION CONNECTIVITY OF SPOTTED SEATROUT ON THEOUTH
TEXAS COAST

ABSTRACT

Regional declines of spotted seatrout sto€kgpscion nebulosyslong the
south Texas coast have prompted concerns aboootimectivity of their populations
among management regions. The effectivenesseaifemtly implemented regional
management strategy to protect the largest reoredtiishery on the Texas coast
requires information on mixing rates and movemetitgons of adult spotted seatrout.
Stable carbon3{*C) and oxygen&:°O) isotopes in otoliths were used to assess the
degree of connectivity of adult spotted seatroutnffive regions on the south Texas
coast. Spotted seatrout were collected during7 2@0n multiple locations within each
region. Otolithd"*C andd'®0 values were quantified to determine if regioncfjretags
could be indentified and to assess the degreexahgiamong regions. Significant
differences oB*C and3'°0 were detected among regions and used for cleestifn
with linear discriminant function analysis. Crossidated classification success of
spotted seatrout to five regions of the coast wi&%.6Classification patterns indicated
that mixing was most likely between adjacent regialthough some long-term
migrations likely occur and indicate that mixingesamong regions should be

incorporated into management activities.

INTRODUCTION
Identification of critical habitat requirements important life stages of exploited

fish populations remains a critical component &irtmanagement (Levin and Stunz
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2005, Kerr et al. 2007). Increasingly, rates ofreectivity among important habitats is
recognized as an important factor regulating pdmradynamics (Able et al. 2005,
Gillanders 2005, Rooker et &h pres3. Habitat use affects population level responses
environmental change and fishing pressure (Keat.62007), and information on
movement and mixing patterns is essential for theagement of estuarine-associated
fishes (Levin and Stunz 2005). Using chemical gigres as natural tags in fish otoliths
is becoming an increasingly common tool to invedBdish movement, mixing patterns
(Gillanders 2002, Rooker et al. 2004, Fodrie antzkie2008) and the appropriate spatial
scale of management (Anderson and Karel 2009, RaatlaIn press.

Chemical signatures in otoliths can be used teldgvhabitat-specific markers in
fish and has been used to discriminate originsanectivity of fishes from estuarine,
coastal, or marine environments ultimately idemtidyorigins of important fish stocks
(Thorrold et al. 2001, Kraus and Secor 2005, Doetall. 2007, Rooker et al. 2008a).
Otolith material is accreted chronologically; tHere material from particular regions of
the otolith can be used to assess age-specificrmavigpatterns. Often stable isotopes
and trace elements have been used in conjunctiolemtify habitats or assess
connectivity. However, trace elements are oftdyjexut to strong inter-annual variability
(Rooker et alln presg. Stable isotope ratios in otoliths also discnate among
habitats, potentially with less temporal varialiliind, recent studies have employed this
method to address natal origins and mixing pattefmsarine and estuarine fishes
including sciaenids (Rooker et al 2008a, Rookedl.€2008b). Moreover, otolith
elemental chemistry was used to accurately disigigspotted seatrout nursery habitat

over small spatial scales (Dorval et al. 2007, Cosngt al. 2008)
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Spotted seatrouClynosicon nebulosyisupport a substantial recreational fishery
throughout the Gulf of Mexico (Van Voorhees anddhiard 2004, Stunz and McKee
2006), including Texas where more than 1,000,0@/iduals are harvested annually
(Green and Campbell 2005). Economic value offthigery in Texas exceeded two
billion dollars in 2006 (NOAA 2008). However, retaleclines in this resource,
especially in south Texas, have prompted manageaation including a limit of one
"trophy-size" fish (> 635 mm TL) persorday" and a bag limit reduction from ten fish to
five fish per person per day in the Lower LagunalMaTX USA. This region has
historically been among the most productive regionspotted seatrout and declines
have prompted concern about the future statusofidinery (McKinney 2007).

However, the degree of mixing of spotted seatrautrag estuaries or between marine
and estuarine environments in this region is poamilgwn, potentially hampering
conservation efforts for this species (Beck eR@01, Lowe et al. 2003, Kraus and Secor
2005).

Genetic (Gold et al. 2003, Anderson and Karel 2@0@ tagging studies (Baker
and Matlock 1993) have also provided importantnmfation about movement and
mixing rates of spotted seatrout. However, thgreke of connectivity among many local
populations remains poorly understood (Secor arak&o2005), potentially impairing
effective management strategies for this specieligfh 1988, Metcalfe and Arnold
1997, Beck et al. 2001). Tagging studies suggestment of spotted seatrout are
limited among Texas Bays (Baker and Matlock 1993ywever, long-standing
anecdotal information from fishers suggest extemsnde-ranging movements of adult

spotted seatrout on the southern Texas coast ingwkchange between nearshore
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coastal and estuarine environments. Obviouslgyife-scale movement patterns exits,
these migrations would have important implicatiforsfisheries management, as spotted
seatrout is currently managed regionally in Tex&ar example, anecdotal evidence
suggests that Baffin Bay and its adjacent Lagundr®lavaters support high abundances
of "trophy" spotted seatrout due to connectivityhwgoastal nearshore populations of
spotted seatrout. This hypothesized populatiomigfating trout "tide-runners" move in
through inlets from the Gulf of Mexico during spyiand populate the region. However,
maintaining connectivity to these areas with théf GuMexico requires frequent
dredging of a nearby tidal inlet (East Cut InlegytftMansfield TX, USA) at considerable
expense, but also prompts concerns over potembistiie and detrimental impacts to
valuable spotted seatrout populations.

More information on movement patterns and conuggtof adult spotted
seatrout movements are needed to assess mixisgorae@aluate source/sink dynamics
among regions on the Texas coast (Pulliam 1988 purpose of this study was to
evaluate whether otolits*C ands'®0 could be used to estimate recent movement
patterns of adult spotted seatrout collected inaste and coastal environments and

make predictions about exchange rate between gstuand near-shore waters

MATERIALS AND METHODS
Adults spotted seatrout (n = 96) were collectednduspring and summer 2007
from three bays, the Landcut, connectivity corrickgion between Upper and Lower
Laguna Madre, and a nearshore open coast regeonsiirf zone) on the Gulf of Mexico
(Figure 5.1). Regions were chosepriori to estimate mixing rates of spotted seatrout

among coastal ocean and nearby estuaries; atheastsites were sampled within each
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region. The collection of fish from the Landcug(j "tide-runners") occurred during the
purported seasonal spring migration of surf fidb the Laguna Madre. | employed
experienced guides to collect samples that hawsosadly targeted the tide-runner
spotted seatrout over the past two decades. Aixptd their anecdotal claims, these
fish could be easily recognized based on morpho&b@iharacteristics and their guiding
ability to track and follow migrating schools fraime surf through the Landcut and into
Upper Laguna Madre (including Baffin Bay).

Sagittal otoliths of adult spotted seatrout wemaeoved, and rinsed with deionized
water (DIHO). Otoliths were embedded in Stuers epoxy rasthsectioned using a
low-speed ISOMET saw. Transverse sections weréhooitigh the core at 2.0 mm
width, attached to a sample plate on a New WavedWdl System, and the outer edge
of the otolith corresponding to the region accrebeshediately prior to capture was
removed. The drill path was determined from acdath template developed from

sectioned spotted seatrout otoliths.
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Figure 5.1. Map of study area of the Texas caasia northern Gulf of Mexico with labels of thedisampling regions.



On each otolith, 11 passes were made to a def@@roh. Surface profiling of each
otolith was used to correct for imperfect surfageghe otolith section and ensured
consistent milling depth.

Carbon §*3C) and oxygen&®0) isotopes were measured on a stable isotope
mass spectrometer at the Environmental Isotopera#iny, Department of Geosciences,
University of Arizona. Stabl&**C and3™0 isotope ratios reported here are based on
isotopic ratios of**C and"®%0 relative to an in-house standard calibrated ®Bee
Belemnite (PDB).

Statistical Analysis

To examine potential size effects on otolith elataecomposition, otolith
weights among were first compared among regiongusie-way ANOVA with region
as a fixed factor. Weights were transformeddfpg+1) prior to analysis due to
heterogeneity of variances among sample regiorsssignificant differences were found
in mean logootolith weight among regions*C and3*°0 values were regressed against
logio(x +1) otolith weights to investigate potential ogénetic shifts is isotopic
composition that could otherwise confound regiahfierences (Comyns et al. 2008).
Standardized residuals were extracted from thatinegression analyses and used in
subsequent multivariate analysis of variance (MAMQ¥Nd linear discriminant
analysis. A MANOVA was performed to determinetéredardized*’C andd™0 values
differed among the five regions. Linear discrinmhanalysis was used to develop
regional classification signatures for each regionsidered. The performance was

evaluated using cross-validation with the jack-&ddave one out classification system.
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Linear discriminant analysis assumes similar angnogp covariance matrices and this
assumption was tested and mg @f = 12, p = 0.16) using the "test" option in the

DISCRIM Procedure in SAS 9.1.3 software (SAS Instit Inc., 2000).

RESULTS

A total of 96 adult spotted seatrout were cadlddrom five regions on the south
Texas coast to examine spatial differences inttdtC andd'°0 values (Table 5.1).
Stable isotope values of carbon and oxygen werefgigntly different among regions
(MANOVA, p <0.001). Univariate contrasts of ispvalues indicated significant
differences among regions for both carbon and axydEC ANOVA Fs0:= 4.7, p =
0.002;5'%0 ANOVA F, 0= 31.8, p < 0.001). Values &f°C were similar among surf,
landcut, and Lower Laguna Madre regions (Figuré. 5Upper Laguna Madre wa’C
enriched while Baffin Bay waSC depleted. Mean (S3-C otolith values by region
were Upper Laguna Madre = -2.8%o (1.7), Baffin Bay6=1%o. (2.4), landcut = -4.2%o
(1.7), Lower Laguna Madre = -4.0%o (2.7), surf =% (2.1). Overall3'®0 values
declined from north to south. Mean (S®YO otolith values by region were Upper
Laguna Madre = 0.2%o (0.4), Baffin Bay = 0.3%0 (0ldndcut = -0.3%. (0.4), Lower
Laguna Madre = -1.5%o (2.7), surf = -0.9%. (0.5).

Linear discriminant analysis with cross-validatdassification was used to test
the ability to discriminate regions with stabletue values. Overall classification
success among the five regions was 64% and acalast&fication region varied among
regions (Figure 5.3). Baffin Bay had the highdassification success rate (85%) and
misclassified individuals (3) were assigned toddgcent Upper Laguna Madre.

Classification rates for Lower Laguna Madre wessdligh (75%) and all misclassified
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individuals were assigned to the Surf. Accuracygla$sification of the remaining three
regions was variable, Upper Laguna Madre (42%)dah(60%), and surf (59%) and

misclassified individuals were assigned to two or@regions.

Table 5.1. Collection information for adult spottseatroutCynoscion nebulosys

collected in five regions on the south Texas coast.

Region Samplesize Mean total length in cm (range)
Upper Laguna Madre 20 394 (250 - 550)
Baffin Bay 20 408.5 (280 - 630)
Landcut 20 431 (328 - 550)
Lower Laguna Madre 19 372 (300 - 530)

Surf 17 352 (290 - 410)
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Figure 5.3. Map of classification accuracy by regi®verall rate of correct
classification was 64%. Reassignment accuracgddy region, Upper Laguna Madre

(42%), Baffin Bay (85%), Landcut (60%), Lower Lagulladre (74%), Surf (59%).

DISCUSSION
Significant spatial variation was detected for b&tiC ands*°0 isotopes in adult
spotted seatrout otoliths. Otoli#C was highest for spotted seatrout in Upper Laguna

Madre, intermediate in the landcut, surf, and Lol&guna Madre regions. Baffin Bay
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had the lowest meait®C values. There is often a positive relationskipueen salinity
ands&™C values (Harrod et al. 2005, Kerr et al. 2007, lRo@t alIn Pres$ and with
exception of Baffin Bay, this broad pattern wasesled in this study as well. Baffin
Bay had the lowest*C values of the five regions considered, althotigh tegion is
typically among the most saline areas along thea3ewast due to low freshwater input
and isolation from the Gulf of Mexico (Chapter Jjhe relatively lows**C values for
Baffin Bay in this study may have resulted from sunaily low salinity values for this
region just prior to collection. Dietary influersci §*°C values have also been reported
(Thorrold et al. 1997, Hgie et al. 2004), and mayehbeen partly responsible for the
unexpectedly lové'3C values from animals collected in this region.spite differences
in habitat, and likely basal carbon sources betvweastal and estuarine systestiC
values were similar among surf, Lower Laguna Madnel landcut samples. Overall, it
is likely that both salinity and diet are respoteitor the observed variability in otolith
83C patterns observed among study sites.

A north to south latitudinal gradient was obserf@r otolith5'°0 values in this
study. The two northern most study sites (Upp&uoa Madre and Baffin Bay) had the
highests*20 values while the other sites showed a gradiedeofeasing*?0 values
with decreasing latitude. This pattern is alsosistent with increasing™?0 values with
increasing salinities (Dufour et al. 1998, Bastdwle2002). Rooker et alln(Pres$
reported a similar trend in a study of ototfO in red drum $ciaenops occellatysn
the Texas coast.

Results presented in this study indicate considenaromise for estimating rates

of movement among regions and suggest potentidilifore identification of natal
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habitats with examination of the core otolith regi@orresponding to the first year of life
(Rooker et al. 2008b). However, considerable mitel variability often occurs and
typically requires matching to a known otolith kloy (Kerr et al. 2007, Comyns et al.
2008, Rooker et aln pres3. Unfortunately, this was beyond the scope of #tudy,
although future efforts will examine this questidRooker et al.lt Presg was able to
successfully indentify natal origins of adult redigh on the Texas coast using stable
isotopes and matching with previously collectecejuiles of the same year class.
Patterns of classification success in this studygsest that mixing likely also occurs
among adjacent estuaries and the Gulf of Mexiceneglc studies of spotted seatrout in
Texas support this finding as genetic divergenceramegions was low, but significant
isolation by distance was reported (Anderson anelkz009). However, individuals
collected in Baffin Bay were accurately classif(88%) and misclassified individuals
were placed in the adjacent Upper Laguna Madr@negdi his suggests that this
population may have less mixing or dispersal thieroregions. Baffin Bay is well
known as a “trophy trout” location (> 635 mm TLu8z and McKee 2006) and supports
a unique, but important fishery targeting thesgdandividuals. Our results suggest
limited exchange of individuals from this regiordasuggest this population should be
managed conservatively.

Spotted seatrout is the most popular recreatimaaine fish in the Gulf of
Mexico (Stunz and McKee 2006, James et al. 200/MyDs et al. 2008) and is
intensively managed by Texas Parks and Wildlife @&pent to maintain this resource
(Anderson and Karel 2009). Enhancement througtkstg efforts has occurred since

1991, additional length restrictions were added(04, creating a slot limit to protect
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trophy-size trout (Stunz and McKee 2006), and i@72the bag-limit was reduced in
Lower Laguna Madre from 10 to five fish per pergan day (TPWD 2007). Despite
these efforts, concerns remain for the overallthezl this fishery, and this problem is
exacerbated due to uncertainty as to the prop¢iaspeale of management for this
species (Anderson and Karel 2009). For exampbekstg efforts have estuarine specific
broodstocks, and fingerlings are only stocked giares from which broodstock were
taken as there is evidence of adaptive differetaaalinity or temperature gradients
along the Texas coast (King and Zimmerman 1993 efsah and Karel 2009).

Results of this study in conjunction with tagginglagenetic studies on the Texas
coasts suggest that management of estuarine spegfons is likely appropriate for
spotted seatrout. However, in light of regionatlolees, mixing among adjacent estuaries
and the Gulf of Mexico should be considered wheaduating population level trends.
Moreover, our results suggests that current hatiradgs in Lower Laguna Madre could
be expanded to nearby regions including the GuMexico, as its likely that exchange
of individuals regularly occur among these regioh®wever, the implementation of
regional management plans remains controversiatelfainty in mixing rates,
population connectivity, and concerns of adversmemic impacts in more restrictive
areas ensure that this issue will remain and coatlrefforts documenting population
dynamics, habitat use, and connectivity patterasiacessary to provide sound advice

for the sustainable management of this fishery.
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SUMMARY AND CONCLUSIONS

Estuarine and coastal environments provide esddrabitat for many
recreationally or commercially important speciékwever, overexploitation and habitat
degradation have reduced fisheries resources winltd{.otze et al. 2006, Worm et al.
2006). Moreover, the uncertainty in the effectsldinging environmental conditions
(i.e., climate change) on aquatic ecosystems hasedaconcern about the viability of
fisheries resources, and the economic, ecologica recreational opportunities they
support. Moreover, these changes have occurrgiteesnsiderable effort to manage
fisheries resources (NOAA 1996, 2002, 2006). spomse to this paradigm,
management is shifting towards ecosystem basedagpes (Pikitch et al. 2004);
however, this requires specific information aboaitat use and population dynamics of
critical species. This includes identificationEdsential Fish Habitat (EFH) and sensitive
life stages for critical species (Levin and Stuf92, Kinney & Simpfendorfer 2009). In
many cases, current data are inadequate for eeosygiproaches. This dissertation
research examined several aspects of EFH, spéigifiahiotic, biotic, and life history
influences of habitat use for estuarine and codistas.

Representative species with different life hisgsrincluding highly migratory
species (sharks) as well as estuarine-residemtstsié¢red drum, spotted seatrout, pinfish)
were studied to determine environmental attributsencing habitat use. Species
examined varied widely in size, home ranges, amitdtausage. To study these fishes
hypothesis driven and statistical modeling appreackere applied. Research was

carried out using a multi-disciplinary approachegrating biological and physical
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sciences to improve understanding of habitat requénts for ecologically and
economically important species.

As survival rates of juveniles is often amongest predictors of future adult
populations, substantial interest has been planathderstanding habitat requirements of
juvenile fishes and mapping these areas determemrngonmental determinants of
habitat use (Stoner et al. 2001, 2003). In thsselitation research, | identified and
mapped nursery areas for three coastal shark spebiée examining the relative
influence of several environmental factors on tlklétribution patterns. My research
indicates that the central Texas coast constiegesntial nursery habitat for bull sharks
(Figure 6.1) and likely other shark species. Thgion is characterized by moderate
salinities, warm temperatures, and access to tieoGMexico through tidal
connections. Habitat usage patterns were similar the 32-y study period and these

results offer novel insight into habit requiremeotsoastal sharks.
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Figure 6.1. Current and proposed areas desigaatadrsery habitat for bull shark in

Texas coastal estuaries. Historically, the emir@stal estuarine system was considered
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nursery habitat. Using the criteria of Huepelle{2007) in the current study, only San
Antonio and Matagorda bays provide nursery habitat.

In contrast to estuarine waters, species compaosind habitat requirements of
coastal sharks in the Gulf of Mexico are poorly enstbod. However, sharks are
intensively fished in the Gulf of Mexico (Baum ¢t 2004), especially on Padre Island
National Seashore, and there are concerns abosugit@nability of this resource. |
examined species composition, seasonal patterddearporal trends of coastal sharks in
this region using historical, fisheries-dependeatad This region supports a diverse and
abundant shark population, although at least ogeisp (bull shark) has declined in size
at capture over time. This is often an indicatibroverfishing (Powers et dh revision
and suggests that this resource should be manag#dusly.

My research also examined habitat use and movepagtetrns of estuarine fishes.
| used manipulative laboratory mesocosm choice ixgats to examine hierarchical
and interactive relationships influencing habitestion of juvenile estuarine fishes. |
assessed selection among substrate, dissolvedrogggeentration, food availability,
and predation risk using two common juvenile eshasfish species (pinfish and Atlantic
croaker). Fish habitat selection was affecteddi labiotic and biotic factors. Overall,
predation risk may be the greatest determinanabitat selection for small juvenile
fishes, although impacts such as declining oxygeals in coastal regions may
significantly alter the structure and function loése areas.

Increasingly, rates of connectivity among importaaibitats is recognized as an
important factor regulating population dynamics &t al. 2005, Gillanders 2005,

Rooker et alln presg. Habitat use affects population level responsesivironmental
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change and fishing pressure (Kerr et al. 2007)iafodmation on movement and mixing
patterns is essential for the management of eserassociated fishes (Levin & Stunz
2005). However, the degree of connectivity amarogl populations remains poorly
understood (Secor & Rooker 2005) potentially imipgireffective management strategies
for some species (Pulliam 1988, Metcalfe & Arno897, Beck et al. 2001).
Spotted seatrouCynosicon nebulosyisupports the largest recreational fishery
throughout the Gulf of Mexico (Van Voorhees & Phided 2004, Stunz & McKee 2006).
Economic value of this fishery in Texas exceededl Itvlion dollars in 2006 (NOAA
2008). This species is intensively managed tcagusthe resource, however, regional
declines of this species on the south Texas c@ast prompted increased regulatory
action. Unfortunately, little is known about movemh patterns or exchange rates among
estuaries or between estuaries and the Gulf of ddestieating uncertainty in the
appropriate scale of management for this spediased otolith3"*C and3*?0 values to
determine if region specific tags could be indeatifto assess the degree of mixing
among regions for spotted seatrout. Results itelicdnat mixing was most likely
between adjacent regions, although some long-teigration is likely to occur.
Increasingly, the interrelatedness of biologipalysical, and spatial processes
necessary to ecosystem maintenance is being resag(Rikitch et al. 2004, de Ruiter et
al. 2005). Research focus is rapidly shiftingaodvintegrative, multi-disciplinary
approaches incorporating experimental researcmtiative modeling, and the impacts
of human activities on ecosystems processes. dhdee results of my research indicate
both broad-scale (e.g., salinity regime) and fioaks (e.g., predator abundance) impacts

to habitat quality for marine and estuarine fishiel dissertation research also provides
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insight into impacts of habitat loss, changes @slfiwater inflow into coastal estuaries
(i.e., salinity regime), or declining dissolved gey concentrations of aquatic resources.
Overall, my dissertation research has provided ineight into habitat requirements of
representative species in northwestern Gulf of Mexil conducted research using novel
technigues and identified areas warranting furthsearch to improve resource
management in the Gulf of Mexico.

This dissertation research also proposes manyarewues for future
examination. For example, the distributional modgebf sharks within Texas estuaries
raises the question of individual responses to gimgnenvironmental conditions as well
as residency patterns and connectivity among adfjaystems (e.g., Gulf of Mexico).
These results also demonstrate the need for hygettigven studies to further the
correlational based distribution models proposed.h&imilarly, my results with spotted
seatrout suggests considerable movement amongiestyatential exchange with
coastal environments, and the need to refine oderstanding of movement and
connectivity patterns of this and similar speciégain, further hypothesis driven
studies, assessing movement patterns of individnaisfurther our understanding of
these ecosystems and could be extended to inceedarge numbers of individuals or
species in complex ways through statistical or $aton (e.g., agent based models) to
investigate individual to ecosystem levels impattsonnectivity of habitat quality
guestions. My laboratory work examining resporafgavenile estuarine fishes to
abiotic and biotic factors suggested that fishaélabitat in interactive and complex

ways. While this research effectively answeredstjoaes and proposed a simplistic
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decision tree type model of habitat selection, wosk would benefit from larger-scale

modeling and field based approaches to validatgaiierns found in my experiments.
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