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ABSTRACT

Red drum (Sciaenops ocellatus) is an estuarine-dependent species capable of survival in
fresh and low salinity habitats. Standardized sampling by Texas Parks and Wildlife Department
(TPWD) for various life stages of red drum occurs in estuaries, but not in tidal creeks and rivers.
The goal of this study was to examine the individual variability of red drum low salinity occu-
pancy patterns within the Mission-Aransas and Nueces estuaries using natural chemical tracer
approaches.

TPWD personnel obtained age 0-2 red drum using gill nets between November 2016 and
June 2017. Stable isotope analysis of muscle tissue (n=201) and otolith microchemistry (n=99)
were conducted to obtain migratory and dietary histories of individuals. Ward’s Hierarchical
clustering analysis of muscle tissue 6"*C and 6'°N values was employed to determine distinct
groupings of fish according to isotopic niche occupancy and derived partition coefficients for
otolith chemistry (Sr:Ca and Ba:Ca ratios) were derived from the literature to identify move-
ments into low salinity habitats.

Based on analyses of muscle tissue stable isotopes and otolith microchemistry, two
groups were found. The first group had an isotopic signature with lower 8'3C and higher §'°N
values compared to the second group. However, spatial analysis indicated that unique stable iso-
tope compositions of bays explained differences between groups, and therefore all sampled red
drum were most likely feeding within an estuarine environment. Ba:Ca otolith chemistry thresh-
old values indicated 2-35% of individuals showed low salinity movement during life. Stable iso-

tope signatures were not directly correlated with otolith microchemistry.



The primary pattern of habitat use by red drum appears to be residency within specific
bays of the estuary. However, the potential for red drum to move into areas of low salinity could
be a useful facultative behavior for populations in a region experiencing inter-annual flood and
drought events. Individuals that move into the tributaries of south Texas estuaries may also be
important for understanding trophic connectivity between estuarine and freshwater environments

should be considered by fisheries managers when prioritizing habitat.
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CHAPTER I: Literature Review of Movement Ecology and Red Drum in Texas

Animal movement has been studied by ecologists across a variety of ocean taxa, includ-
ing the great migrations of marine mammals (Boyd 2004), spawning runs of salmon (Dittman
and Quinn 1996), and nesting site preferences of green sea turtles (Robinson et al. 2017). For
many species, movement is an essential part of survival as individuals seek shelter, prey, escape
from predation, or more favorable environmental conditions (Stewart and Scharf 2008; Dance
and Rooker 2016). For others, movement is associated with ontogenetic niche shifts as an indi-
vidual organism develops from its earliest stage to maturity (Abel 2005; Albuquerque et al.
2012; Werner and Gilliam 1984). The resulting temporal and spatial linkages between ecosys-
tems are important to examine when investigating trophic connections and food web interactions.
For example, freshwater communities can depend on the punctuated annual transfer of marine
derived nutrients from upstream Pacific salmon migrations (Limburg and Waldman 2009;
Naiman et al. 2002). Additionally, hundreds of studies have been conducted along coastlines
worldwide in an effort to better understand the life history of fishes that move across salinity gra-

dients (Maggs and Cowley 2016; Le Pape and Cognez 2016; Kynard 1997).

Patterns of fish movement vary greatly among species. Diadromy describes the regular
and predictable migration of fish species between marine and freshwater environments
(McDowall 1997), although less than 1% of the world’s fish are considered diadromous (Lim-
burg and Waldman 2009). Physiological changes in osmoregulation such as altered drinking hab-
its and the transition of gills between absorptive and excretory epithelia allow diadromous spe-
cies to survive drastic changes in their ionic environment (Gross et al. 1988; Esbaugh and Cutler

2016). Anadromous species such as Chinook salmon (Oncorhynchus tshawytscha) grow at sea



before spawning in freshwater rivers. Species dependent on movement across salinity during
their life history are considered obligate (Helfman et al. 2009). Catadromous species such as the
American eel (Anguilla rostrata) spend a majority of their lives in freshwater before returning to
their native Sargasso Sea to spawn (Potter et al. 2015). However, not all individuals move into
freshwater and may instead reside in coastal bays and estuaries (Lamson et al. 2006). Individuals
that are capable of but not restricted to crossing salinity gradients are deemed facultative
(McCormick et al. 2013; Kim and Montagna 2012). Euryhaline migration can be driven by in-
creased food availability, latitudinal differences in aquatic productivity, or cues during early life
stages, although the timing of these migrations is often variable (Gross et al. 1988; Dunham et al.

2008).

Non-diadromous fish species can also exhibit euryhaline behavior. Varying usage exists
to describe marine spawned species that move into estuaries, including “marine stragglers”
which may only enter the estuary on occasion, “marine estuarine-opportunists” which use the es-
tuary on a regular basis, and “marine estuarine-dependent species” such as the red drum (Sci-
aenops ocellatus) which complete the juvenile stage of their life cycle in the estuary before mov-
ing back into the marine environment (Potter et al. 2015; Sheppard et al. 2012; Nims and Wal-

ther 2014; Secor and Kerr 2009).

Additional classification terms have emerged as more is learned about variation between
individuals within a population. The term “contingent” was used to describe distinct, possibly
non-inherited patterns of behavior by Clark (1968) and was revised by Secor and Piccoli (2007)
as “groups of individuals that share similar migration behaviors with some, but not all, members

of their population” (Clark 1968; Secor and Piccoli 2007, p. 72). Recently, an investigation of
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Southern flounder (Paralichthys lethostigma) movement in south Texas found over half of the
analyzed individuals never used low salinity habitats, contrary to their accepted life history
model (Nims and Walther 2014). This contingent variation could provide increased resiliency
during environmental changes, such as the droughts and floods common to the region (Kerr et al.
2010; Secor 1999; Nims and Walther 2014). Similarly, a study of estuarine white perch (Morone
americana) found the relative abundance of either migratory or resident contingents affected the

stability and productivity of the entire population (Kerr et al. 2010).

The red drum is an estuarine-dependent species vital to the economy of Texas with an an-
nual recreational fisheries value of $350 million (Vega et al. 2011). However, in 1975 Texas
Parks and Wildlife Department (TPWD) conducted an independent sampling of Texas bays us-
ing gill nets and concluded that red drum populations were declining (Matlock 1984). 56 million
red drum eggs, fry and fingerlings were released in the same year into Sabine Lake, Galveston
Bay, East Matagorda Bay, Matagorda Bay, San Antonio Bay, Aransas Bay, Corpus Christi Bay,
and the Upper Laguna Madre with 49,194 tagged to help evaluate stocking success (Matlock
1984). To aid in their recovery the 1981 Texas Legislature passed House Bill 1000 (known as the
Redfish Bill) declaring red drum as a game fish and prohibited their sale (Bengston et al. 2003).
Since then, stock enhancement programs have continued to supplement wild red drum and Texas

bay populations have recovered to near record numbers (Vega et al. 2011).

Ecologically, red drum contribute greatly to the structure of prey assemblages in coastal
estuaries (Scharf and Schlicht 2000). Adult red drum are found throughout the Gulf of Mexico,
typically in salinities between 20 and 40 (Neill 1990). Their greatest concentrations are found
along the coasts of Louisiana and Texas (Pattillo et al. 1997; Reagan 1985). Spawning occurs

during the late summer and fall when adults move towards the mouths of bays and inlets from
3



offshore (Comyns et al. 1991; Wilson and Nieland 1994). Their eggs and pre-settlement larvae
are carried into the estuaries via tidal currents, where they settle and remain until about age 3-5
(Holt et al. 1983). It has been hypothesized that spawning females demonstrate philopatry and
return to or remain near natal estuaries in addition to exhibiting limited coastwise movement
while in the Gulf of Mexico (Gold et al. 1999). Tagging studies in the Mission-Aransas Estuary
in Texas found that red drum maintained high residency to particular regions within bays with a
preference for boundaries of differing habitat types, such as salt marsh edges (Moulton et al.

2017; Stunz et al. 2002).

During estuarine residence, juvenile red drum feed primarily on crustaceans and fishes,
with relative proportions of prey items varying by season. Red drum are the dominant predator of
blue crab (Callinectes sapidus) in Louisiana (Scharf and Schlicht 2000; Guillory and Elliot
2001), although polychaetes, amphipods, stomatopods, echinoids, algae, and detritus have also
been identified in gut content analyses (Overstreet and Heard 1978). A number of red drum prey
items themselves move between low salinity habitats and the estuary, including brown shrimp
(Penaeus aztecus) and blue crab which red drum may follow into tidal creeks and river mouths
(Riera et al. 2000; Bourgeois et al. 2014). Several studies have investigated the rapid transcrip-
tional responses in red drum that result in their short and long-term tolerance of freshwater, in-
cluding down-regulation of ion excretion pathways (Crocker et al. 1981; Watson et al. 2014). An
experiment measuring blood osmolality shifts of juveniles observed a 98% survival rate after ab-
rupt movement from seawater to freshwater (Crocker et al. 1983). Juveniles in the wild show
wide ranges of habitat use across salinity and have been sampled in river channels along the

western and eastern coasts of Florida and in shallow creeks and river channels of South Carolina



(Bacheler et al. 2008; Adams and Tremain 2000; Stevens et al. 2013; Wenner 1992). These indi-
viduals may select oligohaline habitat to access prey, avoid predators, or as a response to de-
creased winter temperatures (Peters and McMichael 1987). Thus, red drum have the physiologi-

cal capacity to live as partial or full-time residents in freshwater.

However, red drum use of low salinity (<5) habitats in south Texas remains unclear. A
primary objective of this study was to establish if red drum in the Mission-Aransas and Nueces
estuary move into low salinity habitats and if so, what percentage and how frequently. A more
thorough understanding of the habitats fish use is important for fisheries managers, especially
when defining Essential Fish Habitat (EFH). The intent of this provision is to describe and iden-
tify “those waters and substrate necessary to fish for spawning, breeding, feeding and/or growth
to maturity” and consider habitat and the role that it plays during different stages of development
of a species (MSFCMA 2007, p. 6). All estuaries in the Gulf of Mexico are designated as red

drum EFH, while freshwater habitats are not currently included.



CHAPTER II: Determining diet and movement of Red Drum (Sciaenops ocellatus) using stable

isotope analysis and otolith microchemistry

Introduction

Studies to address animal movement can be conducted directly using underwater visual
observations (Mumby et al. 2004; Ambrose and Swarbrick 1989) and satellite tagging (Tupper
2007), or indirectly using biochemical markers such as otoliths (Walther and Limburg 2012;
Rooker et al. 2010; Campana et al. 2000), and tissue stable isotopes (Rubenstein and Hobson
2004; MacKenzie et al. 2011). Direct methods can be cost prohibitive or difficult to achieve in

certain environments, leaving indirect methods as an ideal alternative.

Stable Isotope Analysis

As an organism feeds in a new food web, the existing isotopic signature of their tissues is
both diluted by and replaced with newly synthesized material created with the new signature
(Buccheister and Latour 2010), and the isotope ratios of '*C and 8'°N can be used to examine
movement of an organism between distinct food webs with isotopically unique baseline signa-
tures (Herzka 2005). When an organism migrates to a habitat with a different food web (e.g. ma-
rine to low salinity), the new isotopic composition of prey items becomes incorporated into its
tissues over time, leaving an isotopic signature that is offset from the diet isotope value in a pro-
cess called fractionation (Herzka 2005), particularly when moving between freshwater and estu-
aries or offshore regions (Fry 2002; Michener and Kaufman 2007; Fry 1983; Fry 1999). An im-
portant assumption when analyzing food webs is that the fractionation between diet and organ-

ism is ~3.4%o for nitrogen and a conservative 0-1%o for carbon (Buccheister and Latour 2010;

6



Post 2002; Peterson and Fry 1987). Because tissues are time integrated and do not immediately
reflect the stable isotopes of a dietary change, a turnover rate, or time required for equilibrium
with the new diet, must be known in order to interpret food web dynamics (Vander Zanden et al.
2015). Turnover rates for specific tissues and species are often established in laboratory studies
(Buchheister and Latour 2010; Gorokhova and Hansson 1999; Herzka and Holt 2000; Mohan et
al. 2016). Factors affecting turnover rate include growth rate, metabolism, age, and tissue type
(Perga and Gerdeaux 2005; Hesslein et al. 1993; Herzka and Holt 2000). Red drum experience
rapid growth during the first year of life which results in turnover rates more greatly influenced
by the dilution of existing tissue isotopes with the isotopic signatures of new dietary items than
by tissue replacement through metabolic turnover (Herzka et al. 2002; Hesslein et al. 1993; True-
man et al. 2005). Time or growth-based models can be used to estimate the relative contribution
of either growth or metabolism (Buccheister and Latour 2010). However, turnover rates and met-
abolic variations between individuals as a whole and within tissues must be accounted for during
analysis (Bowes and Thorpe 2015; Vander Zanden and Rasmussen 2001). Muscle tissue is often
selected to obtain diet isotopic ratios because of the longer time scale of diet accumulated over
several weeks rather than short term feeding behavior (Trueman et al. 2005; Maruyama et al.

2017; Suzuki et al. 2005; Mohan et al. 2016).

A sufficient difference in stable isotope ratios between food webs the organism is feeding
in must be discernible in order to interpret the isotopic compositions of tissues within the context
of migration (Herzka and Holt 2000). Established maps of distinct stable isotope signatures, or

“isoscapes” are often an important reference when designing a diet study using stable isotopes



(West et al. 2009; Graham et al. 2010; Hobson et al. 2010). For instance, the isoscapes con-
structed within of the Gulf of Mexico by Radabaugh et al. (2013) have been useful for many sub-
sequent studies ranging from sea turtle locations to the validation of fish eye lenses as trackers of
fish movement (Wallace et al. 2014; Vander Zanden et al. 2016). The 3'3C values of dissolved
organic carbon in seawater are a result of marine dissolved bicarbonate and slow exchange with
carbon dioxide in the atmosphere. 8'3C values in rivers are related to geologic weathering of
limestone and soils, and exchange with atmospheric and soil carbon dioxide (Mook and DeVries
2000; Peterson and Fry 1987). This results in a contrast of stable isotope signatures that are
found between fresh and marine water. Generally, 8'3C values increase with salinity (Fry 2002;
Qian et al. 1966). 6!°N values can increase or decrease across salinity gradients depending on
factors such as anthropogenic inputs of nitrogen (i.e. wastewater discharge or artificial fertilizer)
or varied flow conditions that cause particulate organic nitrogen 8'°N values to either reflect hu-
man pollution more closely resemble the landscape of the watershed (Mooney and McClelland
2012; Fry 2002). These differences in baseline sources of carbon and nitrogen are ultimately in-
corporated by phytoplankton and consumers (Michener and Kaufman 2007). Studies conducted
from the Aransas River mouth to the Gulf of Mexico and from the Guadalupe River to the
Aransas Pass ship channel confirmed an increase in 3'3C values and found a decrease in §'°N
values with salinity within the Mission-Aransas estuary (Lebreton et al. 2016; Bishop et al.
2017). As organisms move across salinities and begin feeding, as when brown shrimp move from
Corpus Christi Bay into areas of freshwater inundation in the Rincon Bayou, 3'3C values repre-
sentative of a diet primarily composed of oceanic plankton (8'3C = -21.7 to -20.7%o) will shift to
a food web based on terrestrial derived organic matter, as indicated by more negative 8'3C values

(313C =-24.0 to -21.0%o; Riera et al. 2000). In freshwater systems influenced by C3 plants such



as trees, shrubs, and temperate grasses, 8'3C values average -26.5%o, while estuarine seagrasses
can exhibit §'3C values that average -10.0%o (Tykot 2004; Fry 2006) Because tissues isotope sig-
natures reflect diet, insight regarding individual movement can be gained as dietary shifts in
novel regimes occur due to gradients across and between estuaries with distinct salinities and an-

thropogenic inputs.

Otolith Microchemistry

Otoliths are calcium carbonate accretionary structures found in the inner ear system of all
bony fishes and are contained within the otic chamber in a fluid called endolymph and assist the
fish with hearing and balance (Secor 1999; Payan et al. 2004). The otolith grows continuously
and accretes increments with alternating opacities on a daily and annual basis (Pannella 1971;
Campana and Neilson 1985). These increments can be counted and measured to identify age and
growth rates, and their chemical composition can be assayed to identify spawning stocks or pop-
ulations, or to reconstruct migratory histories (Campana and Jones 1992; Campana et al. 2000).
Otolith chemistry has major advantages over alternative methodologies such as mark-recapture
studies, including cost effectiveness, avoidance of tag loss, and ability to capture the entire life

history of an individual.

The concentrations of certain elements in otoliths are proportional to ambient water con-
centrations, making the otolith a valuable tool for understanding movement across natural chemi-
cal gradients among habitats (Wheeler 2016; Campana 1992). An essential assumption that must

be met for otolith-based chemical reconstructions is that the assayed element does not undergo



significant physiological regulation that decouples the otolith composition from the ambient en-
vironment (Campana et al. 2000; Kalish 1991). The pathway of elements from the environment
into the otolith includes multiple biological barriers. First, elements enter the fish across bran-
chial or intestinal membranes and are transported via blood plasma to the inner ear where they
cross another membrane into the endolymph and are finally crystallized directly into the calcium
carbonate or adhered to the protein lattice of the aragonite otolith layers (Campana 1999; Bath et
al. 2000). Highly physiologically regulated elements that are subject to significant discrimination
or elevated uptake along points in this pathway do not allow environmental reconstructions be-
cause the otolith composition is decoupled from ambient water compositions (Campana et al.
2000; Sturrock et al. 2014). Useful trace elements in otoliths that primarily reflect water chemis-
try include strontium, barium, and manganese (Mohan et al. 2012; Secor and Rooker 2000; Wal-
ther and Thorrold 2006). In order to estimate the relative discrimination of a given element be-
tween water and otoliths, researchers commonly calculate a partition coefficient, which is the ra-
tio of the elemental concentration in the otolith to the ambient concentration in the water (Bath et
al. 2000; DiMaria et al. 2010). This partition coefficient allows estimations of expected otolith
elemental ratios to be made for fish inhabiting certain habitats with unique water chemical com-

positions if the water elemental ratios are known.

There are environmental parameters such as salinity that correlate predictably with water
chemistry and subsequently otolith chemistry. For instance, barium (Ba) concentrations in ma-
rine environments are generally low (10.0-30.0 pg/kg), while freshwater concentrations can be

enriched in dissolved Ba due to river flow and resulting weathering of continental rocks (Bernat
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et al. 1972; Shaw et al. 1998). This results in Ba:Ca ratios that typically decrease as salinity in-
creases, a pattern observed in the Nueces River in particular (Shaw et al. 1998, Nims and Wal-
ther 2014). Reduction of erosional and weathering processes by human activities such as con-
struction can reduce the amount of dissolved Ba downstream and affect Ba:Ca levels between
rivers within the same watershed and is important to consider when interpreting otoliths
(Characklis and Wisener 1997). The Ba:Ca ratio along the salinity gradient from the Nueces
River into Corpus Christi Bay revealed a non-linear curve and a rapid change in magnitude in sa-
linities between 0-15, a pattern common among estuaries globally (Nims and Walther 2014;
Coffey et al. 1997). Therefore, Ba:Ca in otoliths is an effective recorder of salinity histories, par-

ticularly for species that migrate across the full salinity gradient into oligohaline waters.

Strontium can also reflect transitions across salinity regimes (Walther and Nims 2015).
Sr:Ca variability in fish otoliths has been used to interpret movement since Sr:Ca is positively
correlated with salinity but requires careful consideration due to potential issues regarding the
influence of temperature and physiology on the uptake of Sr and subsequent Sr:Ca values re-
flected in the otolith (Kraus and Secor 2004; Zimmerman 2005; Secor and Rooker 2000). Stron-
tium is supplied to the marine environment through mantle at mid-ocean ridges and by rivers via
continental weathering (Godderis and Veizer 2000; Palmer and Edmond 1992). When ratioed to
calcium, strontium has a relatively constant concentration (8.5 — 9.0 mmol/mol) in the marine en-
vironment (de Villiers 1999) while the end-members of most freshwater coastal tributaries end-
members fall below this value (Brown and Severin 2009; Kraus and Secor 2004). The major trib-
utaries of the Mission-Aransas and Nueces estuaries are consistent with freshwater trends for

Sr:Ca, although Sr:Ca values are between 4.5 to 6.0 mmol/mol and therefore substantially above
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the global freshwater median of 2.39 mmol/mol (Walther and Nims 2015; Brown and Severin
2009; Palmer and Edmond 1992). These high freshwater Sr:Ca values can be attributed to the
weathering of Cretaceous limestone common to central Texas, which has high strontium concen-
trations (Walther and Nims 2015). Consequently, the magnitude of difference between freshwa-
ter and marine end-members in South Texas estuaries is narrower than areas with alternative ge-
ology, and Ba:Ca is likely a more sensitive indicator of movement into oligohaline habitats for

Texas species.

Salinity has been described as a primary hydrobiological parameter and the ecology of
Texas estuaries is profoundly influenced by changes in salinity due to freshwater inflow
(Copeland 1966; Dunton et al. 2001; Pollack et al. 2011; Chen 2010). The expansion and con-
traction of salinity gradients changes with season, floods, droughts, and tides, with periods of
high inflow contributing nutrients and sediments that are especially important for maintaining
high productivity and nursery environments (Polis et al. 1997; Russell et al. 2006). South Texas
experiences annual variability in precipitation (Mooney and McClelland 2012; Orlando et al.
1993), and major precipitation events can trigger significant decreases in tidal creek salinities, as
seen in the Nueces marsh in 1992 (Dunton et al. 2001) as well as in bays, as seen in Copano Bay
after a major storm event in 2007 (Mooney and McClelland 2012). Conversely, saltwater intru-
sions from Nueces Bay into the Nueces River during high tides or increased evaporation and pe-
riods of low freshwater inflow can increase salinity and cause hypersaline conditions (Ockerman
2001). After construction of dams, the reduction in freshwater flow resulted the Nueces Marsh
becoming a reverse estuary, which was only negated after precipitation events (Palmer et al.

2002). Groundwater can also impact the physical characteristics of an estuary. In a study of Oso
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Bay, significant differences in 8'3C values between 2012 and 2013 were attributed to a change in
water sources and submarine groundwater discharge and coastal groundwater discharge during
the 2013 drought (Bighash and Murgulet 2015). These scenarios must be considered when inter-

preting stable isotopes and otolith microchemistry.

This study is an attempt to combine life history transects of otolith chemistry (Sr:Ca and
Ba:Ca) with muscle tissue stable isotope analysis (3'°C and 6'°N) in order to examine the habitat
use of red drum in south Texas estuaries. This integrated approach provides insight into the dura-
tion and frequency of movement as well as feeding of red drum across salinity gradients. The
overall objectives of this project are to investigate the life history and habitat use of red drum, a
recreationally and ecologically important species in the Gulf of Mexico, by quantifying the num-
ber of fish within our geographic study sample that migrate into low salinity habitats (<5) and
how frequently this migration occurs over their life using otolith chemistry. Additionally, we
seek to determine if red drum are engaging in low salinity food webs using stable isotope analy-
sis of muscle tissue. Both findings can augment the understanding of energy flow within an estu-
ary and using geochemical tools to describe the ecological interactions and movements of this
species and can have important implications for Essential Fish Habitat designation and manage-

ment.
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MATERIALS AND METHODS

Study Area

The coastal estuaries of Texas are defined by the input of terrestrial freshwater into the
Gulf of Mexico and include sub-systems such as shallow bays (Chandler et al. 1981). Estuaries
in the south receive less freshwater input than the north and are generally more saline (Montagna
et al. 2011). However, precipitation, inflow, and salinity can vary on an annual basis due to El
Nino Southern Oscillation (Tolan 2007; Bonner and Duke 2015; Montagna and Kalke 1995).
Texas bays receive episodic pulses of freshwater and terrestrial nutrients during storm events
which can dramatically reduce average salinity for extended periods (Mooney and McClelland
2012; Ward 1997). Conversely, droughts which contribute to high evaporation and low inflow
can cause periods of hypersalinity (>35; Evans 2012). With consideration for the effects of in-
creased salinity on dissolved elemental constituents, a study from Galveston Bay, the Mission-
Aransas estuary, and the Laguna Madre found that Ba:Ca could still be used as a suitable proxy

(Mohan and Walther 2015).

The Nueces estuary spans over 432 km? and includes the primary Corpus Christi Bay and
secondary Nueces Bay. Nueces Bay is located in the northwestern edge of Corpus Christi Bay
and receives an average of 780,000 m3/yr of freshwater from the Nueces River and the Rincon
Delta (Eldridge et al. 2005; Longley 1994). Additional freshwater inflow is provided by Oso
Creek which receives water from the Nueces-Rio Grande Coastal Basin (Chandler et al. 1981).
Corpus Christi Bay has an average depth between 3.0-4.0 m and exchanges water with Nueces

Bay, Redfish Bay to the northeast, Oso Bay to the southwest, and the Gulf of Mexico through the
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Aransas east-west shipping channel (Simms et al. 2008; Islam et al. 2014). The average salinity
in Nueces Bay is between 21.4 to 25.0, while the average salinity in Corpus Christi Bay is be-

tween 26.5 to 31.4 (Longley 1994; Kim and Montagna 2012). Halodule wrightii and Thalassia
testidinum are the dominant species of seagrass and increase in cover with distance from fresh-

water inflow (Pulich et al. 1998).

The Mission-Aransas Estuary includes Aransas Bay and Copano Bay, with San Jose Is-
land between the bays and the Gulf of Mexico (Bonner and Duke 2015). Copano Bay is a sec-
ondary bay located in the northwest edge of Aransas Bay and receives a mean daily inflow of
28.0 m%/s from the Mission and Aransas Rivers, supplied by the San Antonio-Nueces Coastal
Basin (Froeschke et al. 2013; Chandler et al. 1981), both of which supply the estuary with the
highest quantity of freshwater (Lebreton et al. 2016). The Aransas River is affected by anthropo-
genic inputs of inorganic nutrients and nitrogen (resulting in high 3'°N) as contributed by Bee-
ville (Mooney and McClelland 2012). Additional freshwater inflow is provided by Copano,
Cavasso, and Salt Creeks. Aransas Bay has an average depth of 2.6 m and exchanges water with
Copano Bay, St. Charles and Mesquite Bays to the northeast, Redfish Bay to the southwest, and
the Gulf of Mexico through the Aransas shipping channel and Cedar Bayou (Chen 2010). The
average salinity in Copano Bay is 10.9, and in Aransas Bay is 16.4 (Longley 1994). A substantial
exchange of water between Aransas Bay and the Gulf of Mexico occurs from wind driven tides
(Ward and Armstrong 1997). The benthic habitat consists of seagrass beds of H. wrightii oyster
reefs of Crassostrea virginica, salt marsh of Spartina alterniflora, and sandy bottom mixed with
clay and silt (Froeschke et al. 2013). Phytoplankton composition in Aransas Bay and Copano

Bay remained uniform in a study by Holland et al. (1975) who found primarily diatoms
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(Coscinodiscus sp. and Rhizosolenia alata), dinoflagellates, and green algae (Freese 1952; Hol-
land et al. 1975). With the exception of the copepod Acartia tonsa, zooplankton varied by bay

based on species composition and abundance and by season (Matthews et al. 1974).

Sampling

TPWD utilizes gill nets for fisheries-independent monitoring of finfish communities us-
ing a random sampling protocol. Juvenile and sub-adult red drum were collected during Novem-
ber 2016 and from April to June of 2017 using standardized sampling gill nets (182.9 m long, 1.2
m deep, separated into 45.7 m sections of 7.6-,10.2-,12.7- and 15.2-cm monofilament meshes) in
the Nueces and Mission-Aransas Estuaries (Figure 1; Osburn 1987). Gill nets were set one hour
before sunset and collected the following day at sunrise. Spatial and temporal data (sample loca-
tion and time, depth, turbidity, dissolved oxygen, water temperature, salinity, weather conditions,
species caught, and number of species caught) were recorded upon collection. Red drum were
placed on ice and transported to lab. Samples were either immediately processed or frozen for

later processing at -20 °C.

Sample Processing

Frozen fish were thawed, rinsed, and stored on ice during processing. Total length, stand-
ard length, and wet weight data was recorded. Gut contents were weighed and stored in 190

proof ethanol for identification.
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Stable Isotope Analysis

A left epaxial muscle sample was removed using a scalpel and frozen at -20 °C until fur-
ther processing. Samples were dried at 60 °C in a drying oven for 48-72 hours, ground to a fine
powder using a mortar and pestle and stored in plastic vials. Approximately 1.0 mg of dried
ground muscle was rolled into tin capsules at the University of Texas Marine Science Institute
Core Isotope Facility in Port Aransas, Texas. Samples were analyzed using a Carlo Erba NC2500
elemental analyzer connected to a Thermo Fisher Scientific Delta V Plus isotope-ratio-mass-

spectrometer. The isotope results are presented using the conventional d-notation:

R
513¢ (or 65N = [L’” _ 1] (in Y%o)

Rstandard

where Rsample and Rtandara = *C/'2C (or 'N/!*N) of the unknown sample and the certified refer-
ence material, respectively. All 6-values are reported relative to VPDB for carbon and AIR for
nitrogen, unless otherwise stated (Coplen 1996). A two-point calibration of !*C to VPDB and

to 3'°N to AIR was achieved using certified reference materials USGS-40 and USGS-41a.

For USGS-40, the standard deviation (SD) for §'*C was 0.06%o (n = 22) and for §'°N
0.07%o (n = 22), both within 1 SD of the known value (8'*C = -26.39%o and 6'°N = -4.52%o). For
USGS-41a, the SD for §'3C was 0.07%o (n = 22) and for 3'N 0.07%o (n = 22), both within 1 SD

of the known value (8'3C = 36.55%o and 8'°N = 47.55%o).
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A replicate sample was included at least once every 20" sample to assess precision. The
mean standard deviation of 19 replicates was 0.14%o for '°C and 0.03%o for 3'°N values. An in-
ternal laboratory Peach Leaf standard was used to evaluate the accuracy and precision of the car-

bon (-26.2 £ 0.1%o (SD, n = 12)) and nitrogen (1.53 £ 0.1%o (SD, n = 5)) isotope results.

An estimate of the rate of change in isotopic composition of red drum muscle tissue after
a dietary shift was made using isotope turnover and discrimination factors for the Atlantic
croaker (Micropogonias undulatus), a species also in the family Sciaenidae, found in a controlled

diet switch experiment (Mohan et al. 2016).

Otolith Processing

Sagittal otoliths were extracted, rinsed in deionized water to remove excess tissue, and
stored in plastic vials to dry. A left or right sagittal otolith was randomly selected and embedded
in EpoxiCure Epoxy Resin mixed with EpoxiCure Epoxy Hardener spiked with indium in an 8:2
ratio. Embedded otoliths were allowed to dry for at least 24 hours, and then cut along their trans-
verse plane using a Buehler Isomet Low Speed Saw into 1 mm sections. Sectioned otoliths were
mounted onto petrographic slides using CrystalBond 509 and polished using 30-micron alumi-
num oxide lapping film followed by 3-micron aluminum oxide lapping film until the surface was
uniformly smooth and the core was in view. Polished otolith sections were removed from the

petrographic slide and remounted onto a new slide (12 otoliths per slide) for chemical analysis.

Otoliths were analyzed for elemental concentrations of **Ca, *Mg, Mg, > Mn, 88Sr,

5Tn, and '*®Ba at the Jackson School for Geosciences at the University of Texas Austin using an
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Agilent 7500ce quadrupole ICP-MS coupled to a 193-nm New Wave UP-193FX laser system.
Otolith section slides were loaded into the laser and prepped for ablation using imaging software
to designate analysis tracks and adjust focus. Transects began at the otolith core and followed a
path towards the edge along the longer axis. Analysis tracks were pre-ablated at 80% power and
10Hz using a 75 um spot at 50 um/s to reduce surface contamination (Table 1a). Otolith sections
were then ablated from core to edge of the otolith at 80% power and 10Hz using a 35 pm spot at
15 pwm/s for all runs (Table 1b). Blocks of 8-10 otoliths were bracketed by certified standards
(NIST 612 glass for instrument drift and analytical precision and MACS-3 calcium carbonate to
convert raw intensity counts to concentrations). Estimates of analytical precisions, accuracies
and limits of detection were calculated from repeated measurements (rn = 39) of the NIST 612
standard interspersed across the three days of analysis, after correction against MACS-3. For
88Sr, the average limit of detection (LOD) was 9.2 ppb, recovery was 100.5% and residual stand-
ard deviation (RSD) was 3.6%. For '3¥Ba, LOD was 9.4 ppb, recovery was 104.4% and RSD was
11.3%. Beginning and ending positions for analysis were determined using elemental intensity
counts of ¥*Ca and '*In. After, elemental intensity counts of '*’Ba and **Ca were averaged and
smoothed using a 7-point running mean, converted from parts per million to moles to Ba:Ca and
Sr:Ca molar ratios (using the sagittal otolith reference material FEBS-1 certified quantity value
of 38.3 wt% assumed for calcium). These molar ratios were then graphed against distance along

the otolith from core to edge.

Otolith Aging

Otoliths were photographed and aged using the procedure described in Campana (1992)

using a Zeiss Discovery V8 Stereo microscope and ZEN 2.3 (Blue Edition) software. Opaque
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bands were counted as yearly increments (Wenner 1992). If no opaque bands were present, the

individual was determined to be <1 year of age.

Determination of Partition Coefficients

Partition coefficients were calculated and used to determine threshold elemental ratios in
otoliths corresponding to movements into low salinity (salinities < 5) environments. This al-
lowed for interpretation of potential low salinity habitat use based on otolith chemistry life his-

tory transects.

The partition coefficient (D) was calculated using the following equation:

element: Ca,ipiitn

D -
letement] = o loment: Ca,ygper

where [element:Ca]owlin Was calculated using average Sr:Ca and Ba:Ca values for one-year-old
red drum reared in control conditions at the University of Texas Marine Science Institute with
fully marine water sourced from the ship channel at Port Aransas, Texas (average otolith Sr:Ca =

3.27 and Ba:Ca = 6.99; Woodcock and Walther 2014; Woodcock et al. 2013).

The [element:Ca]water parameter was calculated using the following regional equations re-
lating salinity to elemental ratios derived from extensive field sampling of water compositions

across the coast of Texas by Mohan and Walther (2015):
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Sr:Cammol/mol = 0.033x + 6.99

Ba: Ca ymol/mol = —3.21x + 175

where x is the salinity of water. A salinity of 35 was used to represent seawater for this purpose.

Once the partition coefficients were calculated using values for local marine waters and
experimentally reared fish, they were used to estimate expected otolith chemistry values for fish
inhabiting low salinity habitats. Water values for Sr:Ca and Ba:Ca in local streams and rivers
were measured by Walther and Nims (2015) and used here for this purpose. The mean elemental
ratios for freshwater sources feeding into the Nueces and Mission-Aransas estuaries were calcu-
lated for Sr:Ca and Ba:Ca values by averaging across water samples (salinities < 5) taken from
the Guadalupe, San Antonio, Mission, Aransas, and Nueces Rivers and Oso Creek. In addition,
given that water chemistry was variable among rivers, alternative otolith chemistry thresholds
were calculated using either low (minus one standard deviation of average river water elemental
ratios) and high (plus one standard deviation) thresholds water chemistry values. These three
threshold values were used to account for chemical variability among streams and thus determine
how sensitive determinations of movement into low salinity habitats were to the specific choice

of a given threshold.

Otolith Transect Analysis

Otolith run data were separated into Excel files for each individual. Run data included
time, ¥*Ca (CPS), **Mg (ppm), Mg (ppm), >>Mn (ppm), **Sr (ppm), ''*In (CPS), and '**Ba

(ppm). The starting and ending position for each transect was located and graphs were truncated
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using #*Ca, and !!*In intensities. This was possible because Ca intensities were high when the la-
ser spot completely ablated otolith material and Ca intensities dropped and In intensities rose
when the laser spot moved off the otolith and began ablating the surrounding spiked epoxy. Us-
ing the truncated transects, a 7-point running mean was calculated for 3¥Sr and '3®*Ba to remove
high frequency variation that reflected instrumental noise. Using the smoothed values, 3Sr in
parts per million units were converted to moles, ratioed to Ca, and converted to mmol/mol as-
suming a constant Ca concentration in the otolith of 38.3% by weight. !*®Ba in parts per million
units were converted to moles, ratioed to Ca, and converted to pmol/mol. Sr:Ca and Ba:Ca ratios
were graphed against distance to qualitatively observe patterns. The Excel function “IF” was
then used with low, mean, and high threshold values for Sr and Ba to designate a “Pass/Fail” as-
signment for each value of Sr:Ca and Ba:Ca within individual transects. A “Pass” assignment for
a data point was indicative of low salinity movement while a “Fail” assignment represented estu-
arine or marine use. Percent “Pass” for each threshold and ratio was calculated and graphed as a

histogram.

Combined Stable Isotope and Otolith Approach

To determine if a relationship between muscle tissue 8'*C and otolith Sr:Ca and Ba:Ca
values existed, Sr:Ca and Ba:Ca ratios were averaged for the exterior 250, 500, and 1000 um
sections of each individual otolith representing the most recently accreted material prior to cap-
ture. These three distances were chosen given the potential for variability in otolith accretion
rates and therefore uncertainty about how much material in the otolith represented comparable
periods of time required for equilibration of muscle tissue isotopes as determined by Mohan et al.

(2016). However, each distance could constitute varying amounts of time integration depending
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on growth rates. Growth rates for red drum are affected by both age and temperature, so care
must be taken during interpretation to account for increased growth rates of younger individuals
and during warmer months (Porch et al. 2002). Linear regressions were calculated comparing
mean elemental values of Sr:Ca and Ba:Ca to 8!3C values for individual fish, with separate re-

gressions calculated for each of the three exterior distance intervals.
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RESULTS

Physical Characteristics

A total of 201 wild individuals were collected from bays within the Mission-Aransas (n =
113) and Nueces (n = 88) estuaries and analyzed for stable isotope analysis. Of these, a repre-
sentative sub-set of 99 fish were analyzed for otolith chemistry composition. The majority of in-
dividuals aged and used for laser ablation analyses were age-1 fish and the remainder were either
age-0 or age-2 (Table 2). Fish collected from the Mission-Aransas estuary ranged in total length
from 335.0 to 719.0 mm with a mean of 423.5 + 68.3 mm. Wet weight ranged from 375.0 to
3875.0 g with a mean of 823.0 + 468.9 g. Fish collected from the Nueces estuary ranged in total
length from 303.0 to 628.0 mm with a mean of 421.1 = 77.3 mm. Wet weight ranged from 271.0
to 2580.0 g with a mean of 831.5 + 487.6 g (Table 3). Water temperature and salinity at time of
collection ranged from 21.8 to 29.2 °C and 7.7 to 31.7. Fish sampled in this study were <3 years
of age with the earliest capture date of November 2016 and the most recent capture date of June
2017. Using USGS Surface Water Annual Statistics, 2013 and 2014 showed discharges lower
than 2015, followed by an increase in 2015, followed by a decrease in 2016 and 2017

(https://txpub.usgs.gov/txwaterdashboard/index.html). A pulse in freshwater flow could tempo-

rarily mask the chemical signature of the estuary with a more riverine signature and is important

to note while interpreting otoliths.

Stable Isotope Analysis

Isotope ratios were checked against biometric and chemical metrics to ensure that ontog-

eny or tissue composition alone were not the primary drivers of variability in isotope signatures.
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Linear regressions were calculated comparing §'*C and 8'°N values with C:N ratios (indicative
of lipid content which could bias isotope signatures) and total length and wet weight (as a proxy
for size and age). No significant relationship was found between 8'3C and 8'°N values and C:N
ratios (p = 0.485 and p = 0.141), therefore no lipid correction was necessary (Vander Zanden and
Rasmussen 2001; DeNiro and Epstein 1977; Post et al. 2007). There were significant relation-
ships between 8'C values and total length (p = <0.001) and wet weight (p = <0.001), however
both variables show low adjusted R-squared (AR?) values which each explain less than 12% of
the 8'3C value (AR?= 0.11 for length and AR?= 0.12 for mass). There were also significant rela-
tionships between 3'°N values and total length (p = 0.002) and wet weight (p = 0.006), however
the low AR? values each explain less than 8% of the !°N value (AR? = 0.04 for length and AR?
= 0.03 for mass). Given that length and mass explained only a minor amount of variance in iso-
tope values, size corrections were not applied to isotope values used for subsequent analyses.
While there was a statistically significant difference in 8'3C values between age 0 and age 1 indi-
viduals (p = 0.027), no significant differences were found between age 0 and age 2 individuals.
In addition, age explained less than 5% of the relationship between §!3C values and age 0 and
age 1. No significant relationships were found between 8'°N values and fish of any age, further
contributing to the conclusion that ontogeny was not a significant driver of observed isotope var-

iability.

The Ward technique of hierarchical clustering analysis was used to group individuals that
exhibit maximally similar values to determine innate differences in 8'3C and 8'°N isotope signa-
tures among individuals (Ward 1963). The §'3C and 8'°N values of all samples were ordinated

and organized by similarity. Two distinct groups were identified (Group 1, n = 130 and Group 2,

25



n =71; Figure 2). Group 1 had a mean §'3C value of -17.65 + 0.89 and a mean 3'°N value of
14.25 + 1.39 while Group 2 had a mean §'*C of -14.19 + 0.68 and a mean 3'°N of 12.01 + 0.89
(Table 4). Both groups were significantly different in '*C and 8'°N values (p = < 0.001). The
isotope values for the sub-set of individuals selected from each group for otolith chemistry anal-
yses were compared to the values for the original groups to ensure subsamples were representa-
tive of each group. No significant differences in mean isotope values were found between sub-

samples and their respective original group values (Figure 3).

Collection sites were grouped by bay of sampling (Aransas Bay, Copano Bay, Corpus
Christi Bay, Mustang Island — Corpus Christi Bay, Mesquite Bay, and Nueces Bay). Corpus
Christi Bay was further subdivided to distinguish samples taken along the bay side of Mustang
Island (Table 5; Figure 4, 5, 6). Non-parametric Kruskal Wallis post hoc tests were selected due
to residual heteroscedasticity. 8'*C values in Mesquite and Nueces Bays were significantly dif-
ferent from Aransas and Corpus Christi Bays, while Copano Bay overlapped with bays from

both groups (Figure 7).

Assignments for §'°C and 8'°N values of baselines and prey items across low salinity and
estuarine habitats were compiled from the literature for isotopic composition data in the Nueces
and Mission-Aransas estuaries (Table 6). 6!3C values for suspended particulate organic matter
(SPOM) for this system was taken over ten months (November 2010 to August 2011) and ranged
from -35.5 to -20.8%o. The average Aransas and Mission Rivers §!3C values were less 1*C-en-
riched than the average 8'°C values of estuarine sampling stations across salinities of 5-20, 21-

30, and 30+ (Lebreton et al. 2016). 8'3C riverine particular organic matter (POM) from the
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Nueces River ranged from -28.8 to -26.3%o (Riera et al. 2000). In the Mission-Aransas estuary,
the average 3'3C values of Halodule and Spartina were higher than their respective epiphytes.
Amphipods and isopods resembled the isotopic signatures of the marsh plant epiphytes while the
plicate horn shell more closely resembled the marsh plants themselves. Crab, shrimp, and fish
including sheepshead, Gulf killifish, Atlantic croaker, mullet, chain pipefish, pinfish, inland sil-
versides, Atlantic needlefish, and naked goby had average 8'3C values closer to the values found
in estuarine SPOM (Rezek 2017). In the Nueces estuary, Salicornia species in the Rincon Bayou
mouth ranged from -27.8 to -26.3%o0 and zooplankton ranged from -26.3 to -25.6%o. As expected,
brown shrimp sampled in the Rincon Bayou mouth were more *C-enriched than those in the

Nueces River (Riera et al. 2000).

Values of 8!°N for SPOM for this system ranged from 3.6 to 17.5%o. Average Aransas
and Mission Rivers 8'°N values had greater variability than the average 8!°C values. Riverine
POM in the Nueces River ranged from 8.8 to 10.8 (Riera et al. 2000). Estuarine sampling sta-
tions across salinities of 5-20, 21-30, and 30+ (Lebreton et al. 2016) showed decreasing averages
with increasing salinity. The average 3'°N values of Halodule and Spartina were higher than
their respective epiphytes. Amphipods, isopods, and the plicate horn shell had similar values.
Crab, shrimp, and fish including sheepshead, Gulf killifish, Atlantic croaker, mullet, chain pipe-
fish, pinfish, inland silversides, Atlantic needlefish, and naked goby showed 8'°N differences
larger than 3.4%o, which could be representative of increasing trophic level feeding (Rezek 2017;

DeNiro and Epstein 1981; Post 2002).
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A muscle tissue turnover rate was estimated at tosy, = 129 + 47 days for §'3C and tose, =
115 + 12 days for 8'°N using an experimental study of Atlantic croaker (Mohan et al. 2016), but
it is important to consider variability around this time scale. For example, wild Southern flounder

required an average of 213.4 days to reach 95% turnover (Buchhestier and Latour 2010).

Partition Coefficients

Using values from Walther and Nims (2015), the average salinities of river water samples
to our study system used to calculate partition coefficients were 1.38 & 1.15. River samples with
salinities above 5 were not included since the non-linear relationship of barium to calcium to sa-
linity has the largest increase at low salinities. The calculated partition coefficients for Ds; and
Dga were 0.40 and 0.11, respectively. Low and high thresholds were estimated using plus or mi-
nus one standard deviation of the average elemental ratios across river water samples. Estimated
Sr:Ca and Ba:Ca thresholds in otolith life history profiles were Sr:Ca = 2.1 mmol/mol, Ba:Ca=
39.9 umol/mol (low threshold), Sr:Ca = 2.0 mmol/mol, Ba:Ca = 65.5 pumol/mol (mean thresh-
old), and Sr:Ca = 2.4 mmol/mol, Ba:Ca = 106.2 umol/mol (high threshold; Walther and Nims

2015).

First, the number of individuals which showed low salinity movement were counted us-
ing each threshold. Using the low, mean, and high Sr:Ca thresholds, 99%-100% of sampled indi-
viduals exhibited low salinity occupancy at some point in their individual transects (n = 98, 99,
and 99, respectively). Comparatively, 35% of sampled individuals exhibited low salinity occu-
pancy at some point in their transects using the low Ba:Ca threshold (n = 35), which decreased to

2% of individuals when using mean or high Ba:Ca thresholds (n= 2 and 2, respectively). The
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narrow degree of difference between low salinity and marine values of Sr in south Texas systems
may account for the disparity in estimates. The percent of each transect that crossed the low,
mean, and high salinity thresholds for each individual was calculated using the “IF” function in
Excel and graphed. Low Sr:Ca had a range of 0 to 89% and a mean of 19%, mean Sr:Ca had a
range of 28 to 100% and a mean of 63%, and high Sr:Ca had a range of 59 to 100% and a mean
of 89%. Low Ba:Ca had a range of 0 to 37% and a mean of 2%, mean Ba:Ca had a range of 0 to
3% and a mean of .0004%, and high Ba:Ca had a range of 0 to 0.01% and a mean of .0002%

(Figure 9a and 9b).

The average elemental ratios across the exterior 250, 500, and 1000 pm sections of oto-
lith transects were correlated with 8'*C values for individual fish to determine if elemental and
isotope ratios were significantly correlated, as would be expected if isotope values depended on
recently inhabited salinity regimes. Ba:Ca ratios were not statistically significant for any dis-
tance. Although Sr:Ca was significant at both 500 um (p = 0.019) and 1000 um (p = 0.001), the
AR? was only 5% and 9%. These results indicated that differences in isotope values among and
within groups were not primarily driven by variable salinity experiences in the few months prior

to capture.
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DISCUSSION

This project was an attempt to detect movement of red drum from the estuary into low
salinity habitats by using otolith chemistry and stable isotope analysis of muscle tissue. Stable
isotope analysis indicated that there are distinct groups among the red drum sample as seen by
significant differences in 8'3C and 8'°N means for clusters defined by Ward’s Hierarchical clus-
tering analysis. In addition, otolith microchemistry revealed individually variable instances of
residence in low salinity habitat based on Ba:Ca thresholds applied to life history graphs. How-
ever, most otolith chemistry thresholds used indicated that low salinity residence was not com-

mon.

Stable isotope composition was significantly different between the two groups present in
this system. The first group was characterized by lower 8'*C values and higher 3'°N than the sec-
ond group. Based on 8'3C and 8'°N trends with salinity in this region, it was initially hypothe-
sized that the first group represented individuals feeding in or on prey items from low salinity
habitats and the second group represented estuarine feeders (Bishop et al. 2017). However, once
groups were spatially analyzed, differences in stable isotope signatures are more likely explained

by individual residency within local bays with unique stable isotope baselines.

Evidence of individuals with otolith chemistry life history transects indicating low salin-
ity movement was found using both Ba:Ca and Sr:Ca thresholds. Although Sr:Ca ratios indicated
almost 100% of individuals experienced low salinity, this tracer is less trustworthy for assigning

salinity histories for fish moving into Texas rivers given the high Sr content in freshwaters in the
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region. Thus, the results based on Ba:Ca ratios are likely a more robust estimation of true move-
ment histories. In addition, the lack of correlations between tissue isotopes and otolith exterior
elemental ratios further indicated that major movements across salinity gradients were infrequent
and not responsible for differences in isotope niche occupancy. Together, this work supports the
conclusion that post settlement red drum have high rates of fidelity to individual bays and only

rarely make excursions into low salinity habitats.

Stable Isotopes

Because of the random sampling protocol for gill net setting employed by Texas Parks
and Wildlife, red drum samples represented multiple major and minor bays throughout the Mis-
sion-Aransas and Nueces estuaries. Numerous tagging studies have confirmed that red drum in
Texas estuaries show evidence of strong site fidelity (Osburn et al. 1982; Simmons and Breuer
1962; Moulton et al. 2017). Additionally, schools of juvenile red drum tend to swim together and
revisit specific sites over the course of several months, increasing the likelihood of similar iso-
topic signatures between individuals captured in the same bay area (Osburn et al. 1982). Because
red drum juveniles tend to stay in or revisit similar locations together for several weeks, the
physical and chemical characteristics of each sampling location is likely the primary cause for

isotopic differences between individuals (Osburn et al. 1982).

Geographically, all Texas estuaries share commonalities such as barrier islands that run
parallel to the shorelines and lagoons that are cut by river valleys that produce estuarine systems
(Montagna and Kalke 1995). However, salinity regimes differ between and within estuaries due

to north to south decreases in average annual precipitation, relative amount of freshwater inflow
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to bay size, and proximity to river inflows (Montagna and Kalke 1995). Known relationships be-
tween 8!3C and 8!°N and salinity in this region can be used to help with stable isotope interpreta-
tion. The first group (Group 1) identified by Ward’s Hierarchical clustering analysis was primar-
ily composed of individuals from Mesquite Bay (97.4%) and Nueces Bay (97.4%). The second
group (Group 2) was primarily composed of individuals from Corpus Christi Bay — Mustang Is-
land (100%), Aransas Bay (97.3%), Corpus Christi Bay (95.2%), and Copano Bay (53.6%).
Thus, capture location was strongly predictive of observed differences in muscle stable isotope
values. This result suggested that fish had been resident in their capture locations for long
enough to equilibrate with their local food webs, which varied with distance from freshwater in-

puts.

The capture locations differed geographically and whether bays were primary or second-
ary, and thus had differing degrees of influence of freshwater inputs from creeks and rivers. Mes-
quite Bay exchanges water with San Antonio Bay (within the Guadalupe estuary) which receives
higher annual freshwater inflows than the Mission-Aransas estuary (Texas Department of Water
Resources 1982), perhaps accounting for the lower mean §'3C values found in individuals sam-
pled in that location. Additionally, Mesquite Bay is lower in overall seagrass cover (583 acres), a
13C enriched food web base (8!°C = -10.0 to 12.0%o), than bays such as Aransas Bay (3,277
acres) and may reflect organic matter derived from phytoplankton (8'3C = -19.0 to 21.0%.; Hand-
ley et al. 2007; Rooker et al. 2010). Nueces Bay is a secondary bay within the Nueces estuary,
and unsurprisingly, individuals had lower 8'3C values indicative of a terrestrial carbon source
supplied by the Nueces River. Corpus Christi and Aransas Bay varied little in 6'3C, although

8!°N was slightly higher in Aransas Bay. High 6'°N values from anthropogenic contributions
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(wastewater inputs, agricultural runoff) are seen in the Aransas River during periods of low flow
but do not show a significant effect on particulate organic nitrogen (PON) in Copano Bay
(Mooney and McClelland 2012). Therefore, differences may be attributed to the trophic influ-
ence of prey items. Finally, the variability in 8'3C (-21.3 to -13.3%o) within Copano Bay could be
attributed to sampling that occurred in two locations, once at the mouth of the Aransas River and
once at the mouth of Copano Creek. Individuals feeding in a food web sourced from SPOM sup-
plied by the Aransas River (8'°C = -30.8 + 3.2%o0) would likely show lower 3'3C values than indi-
viduals feeding near the mouth of Copano Creek, which is supported by sampling location data

(Lebreton et al. 2016).

Next, a §'3C and 8'°N biplot was graphed using values of SPOM, primary producers, and
consumers within the estuaries to compare with Group 1 and Group 2 means (Figure 8; Lebreton
et al. 2016; Rezek 2017). Because mean 8'°C values more closely matched SPOM &'3C values
for Aransas Bay (range: -23.5 to -20.8%o, mean of -22.3%o + 0.8) than for the Mission and
Aransas Rivers (range: -35.5 to -27.7%o, mean: -30.7%o = 2.9), both red drum groups more likely
had estuarine diets contributing to their stable isotope signatures (Lebreton et al. 2016). Addi-
tionally, a fractionation of ~1%o in 8'3C and 3.4%o in 6'°N from the isotopic signatures of poten-
tial prey items (i.e. amphipods, crabs, and shrimp) and mean 3'°N values (8!°N = 14.3%o + 1.4
and 12.0%o + .8) consistent with other estuarine consumer isotope compositions such as the na-
ked goby and Atlantic croaker was seen for both groups (Rezek 2017). However, the generalized
diet of red drum can result in signatures that are challenging to directly assign to particular prey
items (Scharf and Schlicht 2000). For instance, prey can migrate between the estuarine and low

salinity and therefore imprint a riverine signature into the tissues of consumers, it is possible that
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individuals in Group 1 reflect a ~1%o offset in the §'3C values associated with brown shrimp that

had inhabited or were inhabiting the Nueces River (Riera et al. 2000).

Otoliths

The present study examined the full life history of Sr:Ca and Ba:Ca ratios in otoliths to
predict the relative frequency of low salinity movement an individual experienced. For each ele-
mental ratio, the mean threshold value was interpreted in conjunction with low and high thresh-
olds to account for the variability of low salinity end-member signatures in this region. The low,
mean, and high Sr:Ca thresholds predicted low salinity movement by nearly all individuals while
the low, mean, and high Ba:Ca thresholds predicted far fewer individuals moving into low salin-
ity at some point during their lives. In terms of frequency, the mean Sr:Ca threshold indicated
that individuals spent between 28% to 100% of their life history profiles in low salinity. Con-
versely, the mean Ba:Ca threshold indicated that individuals spent 0% to 1% of their life history
profiles in low salinity. However, using the low Ba:Ca threshold, individual use of low salinity
increased to 37%. While both Sr:Ca and Ba:Ca suggest movement into low salinity, the propor-
tion of the study sample varies greatly depending on which ratio is used. In these south Texas
systems, Sr:Ca values can approach the marine value due to watersheds that drain over bedrock
containing marine derived carbonates that are high in Sr. The resulting difference between end-

members is 3.54 to 4.04 mmol/mol, and makes it a less reliable proxy for salinity than Ba:Ca.
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It is possible that estimates of low salinity movement in this study fall short of actual
movement events. Brief (<24 hours) movements may not be recorded in the otolith due to limita-
tions in LA-ICPMS methodology to obtain enough newly synthesized material to analyze chemi-
cally novel environments. However, results seen from these wild captured individuals do illus-
trate predominant trends in salinity shifts over their entire life history. Also, the relative amounts
of trace elements within the tidal creeks and rivers in our study system cause substantial variabil-
ity around our average threshold estimate and should be taken into consideration when interpret-
ing thresholds. Low Ba:Ca thresholds may better represent systems with lower dissolved Ba con-
centrations, such as Oso Creek. Using this tributary alone, the Ba:Ca partition coefficient de-
creases to over half of the average of all six rivers and creeks. Conversely, using the tributary
with the highest Ba:Ca ratio results in a Ba:Ca partition coefficient of almost twice the average

of all tributaries.

The lack of significance and/or low AR? values between average Ba:Ca and Sr:Ca ratios
for each of the exterior 250, 500, and 1000 pm sections and 8'*C values indicates that the stable
isotope diet groups are unlikely related to low salinity movements (Figure 10a and 10b). Red
drum do not appear to use low salinity with as high frequency as compared with other species in
the estuary such as southern flounder, but still show differences in overall life history profiles in-
dicative that at least some individuals visit tidal creeks and rivers at some point during their lives

(Nims and Walther 2014).
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Implications for Stock Enhancement and Recreational Fishing

Delineating EFH became a federally mandated provision for fisheries management coun-
cils after the 1996 Sustainable Fisheries Act recognized that one of the greatest threats to sustain-
able fisheries was the continued loss of aquatic habitats. Because of limited resources for desig-
nating Essential Fish Habitat, approaches for determining the most valuable habitats have been
explored (Beck et al. 2001). In a study of best management practices, it was recommended that
habitat used by larval and juvenile stages should be given conservation priority (Levin and Stunz
2005). This life history period coincides with their time in the estuary. Nutrient subsidies and
freshwater inflow clearly provide habitat to red drum inhabiting secondary bays, and if a small
proportion of red drum are using rivers and tidal creeks as habitat or feeding groups, it then be-
comes important to consider those areas when prioritizing habitat for management. Even if red
drum are simply transients within those regions, there is still ecological justification to consider

the complete habitat use of this species throughout its life history.
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CONCLUSION

The present study suggests that differences in 8'C and 8'°N values of red drum muscle
tissue that exist in the Mission-Aransas and Nueces estuaries are driven by individual residency
within bays with unique isotopic compositions. Secondary bays that receive more freshwater in-
flow from tributaries exhibit food webs with lower 8'*C values than primary bays and Mesquite
Bay exchanges water with the Guadalupe estuary that receives higher precipitation and freshwa-
ter inflow from Guadalupe and San Antonio Rivers. Both situations are most likely explained by
salinity. Differences in 8!°N values may be best explained by a combination of salinity and an-
drogenic inputs. Although red drum have the physiological capacity for movement into low sa-
linity habitats, it does not appear that individuals are entering or feeding in those habitats often,
as seen by a majority of Ba:Ca values representative of estuarine salinities in otoliths and §'*C

and 8'°N values that more closely resemble estuarine prey items.

Still, groups of red drum with similar stable isotope signatures were caught near the
mouths of tributaries in secondary bays and could feed on prey items that use low salinity. Also,
knowledge that at least a small proportion of individuals show low salinity movement could be
helpful for understanding red drum behavior during periods of drought. Therefore, it is still im-
portant to consider the flow of nutrients and energy and physical boundaries between freshwater

and the estuaries in red drum management.
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Figure 1. Sampling map of the Nueces and Mission-Aransas Estuaries, Texas, USA.
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Figure 2. Ward’s Hierarchical clustering analysis of all individuals (»=201) showing two clus-
ters, designated as Group 1 and Group 2.
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(CC), Mesquite Bay (MB), Corpus Christi Bay — Mustang Island (MI), and Nueces Bay (NB).
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Figure 9a. Frequency histogram of individuals grouped by the proportion of their Sr:Ca life his-
tory profile that exceeded a threshold for low salinity residence. (A) Frequencies of low salinity
proportions calculated for all individuals using the high Sr:Ca low salinity threshold. (B) Fre-
quencies of low salinity proportions calculated for all individuals using the mean Sr:Ca low sa-
linity threshold. (C) Frequencies of low salinity proportions calculated for all individuals using
the low Sr:Ca low salinity threshold.
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Figure 9b. Frequency histogram of individuals grouped by the proportion of their Ba:Ca life his-
tory profile that exceeded a threshold for low salinity residence. (A) Frequencies of low salinity
proportions calculated for all individuals using the low Ba:Ca low salinity threshold. (B) Fre-
quencies of low salinity proportions calculated for all individuals using the mean Ba:Ca low sa-
linity threshold. (C) Frequencies of low salinity proportions calculated for all individuals using

the high Ba:Ca low salinity threshold.
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Figure 10a. Average Ba:Ca ratios of 250, 500, and 1000 um sections of otolith correlated with
813C values of individual fish.
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Figure 10b. Average Sr:Ca ratios for 250, 500, and 1000 um sections of otolith correlated with
8!3C values for individual fish.
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Table 1a. Laser pre-ablation parameters used for sample analysis.

LA-ICPMS Pre-Ablation Parameters

Laser energy output 80%
Repetition rate 10 Hz
Spot size 75 um
Laser speed 15 pm/s
He flow 800 mL/min
Ar flow N/A
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Table 1b. Laser ablation parameters used for sample analysis.

LA-ICPMS Ablation Parameters

Laser energy output 80%
Repetition rate 10 Hz
Spot size 35 um
Laser speed 15 pm/s
He flow 850 mL/min
Ar flow 700 mL/min
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Table 2. Age, sample size, and SD of total length (mm) of collected red drum.

Age n TL (SD)
0 13 343.2 (42.8)
1 76 403.9 (57.1)
2 10 538.1 (47.1)
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Table 3. Mean and standard deviation of total length (mm) and wet weight (g) of individuals

sampled in the Mission-Aransas and Nueces estuaries.

Estuary Collection Site n Théiirlln(standard De\;)i:/l;)i\? r(lé)
l\,girzsri:;ls- Aransas Bay 73 455.4 (76.3) 1023.4 (547.3)
l\,girzsri:;ls- Copano Bay 28 423.5 (57.8) 801.1 (331.0)
Mission- Mesquite Bay 28 389.1 (45.4) 632.9 (252.5)
Nueces Corpus Christi Bay 21 399.4 (101.1) 789.4 (692.8)
Nusces Coﬁﬁztﬁ;lsgizy o2 378.2 (45.3) 577.0 (263.0)
Nueces Nueces Bay 19 434.4 (59.6) 848.4 (337.2)
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Table 4. 3'3C and 3'°N means and standard deviation for each group.

Group 1 Group 2
n=79 n=122 T-test
d13C -17.65 (0.89) -14.19 (0.68) p=<0.001
815N 14.25 (1.39) 12.01 (0.82) p=<.0001
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Table 5. Mean and standard deviation of 8'*C and 8!°N of individuals sampled in the Mission-
Aransas and Nueces estuaries.

) . Mean (Standard Deviation
Estuary Collection Site n 513C ( 81)5N
Mission- Aransas Ba 73 _14.23 (.85) 12.00 (0.98)
Aransas Y Y ' '
Mission-
Aransas Copano Bay 28 -16.34 (2.28) 11.66 (0.65)
Mission- )
Aransas Mesquite Bay 28 -17.78 (0.51) 14.64 (0.65)
Nueces Corpus Christi Bay 21 -14.11 (1.13) 13.05 (1.26)

Corpus Christi Bay —

Nueces Mustang Island 22 -14.84 (0.69) 12.55 (0.76)
Nueces Nueces Bay 19 -17.42 (0.50) 14.98 (1.16)
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Table 6. 3'3C and 3!°N values in the Mission-Aransas estuary. Source: Lebreton et al. 2016;

Rezek et al. 2017.

813C 8N Source

(Mission an?lpfrl:ilsas Rivers) | 307 29) | 78% (3.6 Lebreton et al. 2016
( 5-2%Ps211\i/r[my) 242% (13) | 7.3% (1.0) Rezek et al. 2017
(21_%’ (s)al;/ilnity) 22.9% (0.6) | 7.2% (0.8) Rezek et al. 2017
G Oiiglﬁity) 22.2% (0.9) | 7.0% (0.8) Rezek et al. 2017
Halodule wrightii -12.7%o0 (1.7) 6.6%o (0.2) Rezek et al. 2017
Spartina alterniflora -13.9%o0 (0.4) 7.1%0 (1.6) Rezek et al. 2017
Halodule epiphyte -19.6%o 8.1%o Rezek et al. 2017
Spartina epiphytic algae -17.3%o0 (1.6) 6.7%0 (2.7) Rezek et al. 2017
Amphipods -17.3%o0 (1.1) 8.5%0 (2.6) Rezek et al. 2017
Isopods -19.0%o (1.0) 7.4%o (4.0) Rezek et al. 2017
Cerithideopsis pliculosa -12.2%o 7.7%0 Rezek et al. 2017
Callinectes sapidus -17.0%o0 (1.7) 9.9%0 (3.2) Rezek et al. 2017
Shrimp sp. -15.4%0 (1.4) 13.0%o0 (1.8) Rezek et al. 2017
Cyprinodon variegatus -12.9%0 (1.8) 10.1%o0 (1.8) Rezek et al. 2017
Fundulus grandis -15.6%o0 (1.1) 13.2%0 (1.2) Rezek et al. 2017
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Table 6. Continued.

313C

3N

Source

Micropogonias undulatus

-16.0%o0 (2.9)

15.4%0 (0.1)

Rezek et al. 2017

Mugil sp. -16.4%o (1.3) 9.1%0 (0.6) Rezek et al. 2017
Syngnathus louisianae -16.4%0 (0.4) 13.6%o0 (1.9) Rezek et al. 2017
Lagodon rhomboides -17.4%o 13.5%o Rezek et al. 2017

Menidia beryllina

-17.8%0 (4.4)

15.4%0 (0.3)

Rezek et al. 2017

Strongylura marina

-18.2%0 (1.2)

12.9%o (1.0)

Rezek et al. 2017

Gobiosoma bosc

-18.2%0 (1.4)

14.5%o (0.5)

Rezek et al. 2017
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Table 7. 3'3C and 3!°N values in the Nueces estuary. Source: Riera et al. 2000.

313C

8N

Source

POM
(Nueces River)

-28.8 t0 -26.3%o

8.8 to 10.8%o

Riera et al. 2000

Salicornia sp.
(fresh leaves)

-27.8 to -26.3%o

Riera et al. 2000

Zooplankton

-26.3 to -25.6%o

11.7%o

Riera et al. 2000

Penaeus aztecus
(Rincon Bayou)

-20.6 to -14.8%o

4.5 to 13.1%o

Riera et al. 2000

Penaeus aztecus
(Nueces River)

-25.2 t0 20.4%o

6.6 to 13.9%o

Riera et al. 2000
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LIST OF APPENDICES

Appendix 1: Supplemental Isotope Data.

Table A. Sample metadata. Identification number, capture location (CC=Corpus Christi,
AB=Aransas Bay, MI= Corpus Christi — Mustang Island, MB = Mesquite Bay, CB = Copano
Bay, and NB = Nueces Bay), capture date, total length, '*C, and 8!°N for all wild fish captured
in this study.

Fish ID Locattlil‘r’: dcap' Ca];:ﬁfe . TL (mm) 513C 515N
RDOOI e 11/09/16 303 116.38 14.03
RD002 e 11/09/16 327 -13.76 12.10
RD003 e 11/09/16 610 -14.36 13.55
RD004 AB 11/08/16 510 -13.76 12.48
RDO005 AB 11/08/16 407 13.52 12.44
RD006 AB 11/08/16 491 -13.66 12.66
RDO07 e 11/08/16 323 -13.79 12.44
RDO00S e 11/08/16 01 113.93 13.75
RD009 e 11/08/16 322 113.93 12.72
RDO10 e 11/08/16 345 113.98 12.93
RDO11 e 11/08/16 328 115.48 14.90
RDO12 e 11/09/16 345 -15.50 12.27
RDO13 e 11/09/16 325 -14.44 12.82
RDO14 e 11/09/16 320 113.38 13.78
RDO15 e 11/09/16 311 112,94 13.54
RDO16 e 11/09/16 341 -14.75 14.49
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Table A. Continued.

Fish ID Locattlil‘r’: dcap' Ca];:ﬁfe . TL (mm) 513C 515N
RDO17 cC 11/09/16 309 114.67 13.57
RDO18 cC 11/09/16 473 113.68 14.50
RDO19 cC 11/15/16 491 -12.87 11.20
RD020 cC 11/15/16 497 113.02 11.65
RD021 e 11/15/16 471 113.05 11.65
RD022 e 11/15/16 500 112.96 11.06
RD023 cC 11/15/16 628 12.74 11.65
RD024 AB 11/15/16 433 -14.04 10.97
RD025 AB 11/15/16 365 113.41 10.81
RD026 AB 11/15/16 355 113.78 10.77
RD027 AB 11/15/16 465 13.13 11.06
RD028 AB 11/15/16 445 13.32 10.98
RD029 AB 11/15/16 471 -13.54 11.19
RD030 AB 11/15/16 460 113.56 11.56
RDO31 AB 11/15/16 479 [13.24 11.69
RD032 AB 11/15/16 509 13.31 11.50
RDO033 AB 11/15/16 591 13.27 11.72
RD034 AB 11/15/16 560 113.38 11.07
RDO35 AB 11/15/16 518 113.01 11.57
RD036 AB 11/15/18 464 13.12 10.40
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Table A. Continued.

Fish ID Locattlil‘r’: dcap' Ca];:ﬁfe . TL (mm) 513C 515N
RD037 AB 04/24/17 450 113.40 10.72
RDO038 AB 05/08/17 399 118.60 15.26
RD039 MI 05/08/17 370 1437 12.28
RD040 MI 05/08/17 354 114.63 11.66
RD041 MI 05/08/17 386 1427 11.94
RD042 MI 05/08/17 416 114.60 12.69
RD043 MI 05/11/17 561 -14.28 12.48
RD044 MB 05/11/17 345 117.35 13.82
RD045 MB 05/11/17 383 17.52 14.22
RD046 MB 05/11/17 430 -17.45 14.20
RD047 MB 05/11/17 379 117.87 14.86
RD048 MB 05/11/17 335 118.09 13.66
RD049 MB 05/11/17 353 17.78 14.99
RDO050 MB 05/11/17 381 117.69 14.48
RDO51 MB 05/11/17 369 17.32 14.38
RD052 MB 11/15/16 386 17.92 14.94
RDO53 AB 11/15/16 374 -14.53 10.50
RD054 AB 11/15/16 370 -14.06 10.99
RDO055 AB 05/16/17 440 14.16 11.73
RDO056 AB 05/16/17 504 113.87 12.47
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Table A. Continued.

Fish ID Locattlil‘r’: dcap' Ca];:ﬁfe . TL (mm) 513C 515N
RDO057 AB 05/16/17 536 113.91 13.30
RDO58 AB 05/16/17 456 14.15 11.99
RD059 AB 05/16/17 529 113.26 12.27
RD060 AB 05/16/17 398 14.42 12.57
RDO61 AB 05/16/17 395 14.92 11.89
RD062 AB 05/16/17 385 115.19 12.69
RD063 AB 05/16/17 380 14.92 11.13
RD064 AB 05/16/17 438 -14.66 12.04
RDO65 AB 05/16/17 397 113.76 11.67
RDO66 AB 05/16/17 445 113.50 12.13
RD067 AB 05/11/17 337 13.77 10.95
RDO68 MB 05/11/17 370 117.94 14.75
RD069 MB 05/11/17 383 118.10 14.56
RD070 MB 05/11/17 405 1811 14.09
RDO71 MB 05/11/17 358 117.28 13.55
RD072 MB 05/11/17 367 118.76 14.99
RDO73 MB 05/11/17 355 117.50 14.20
RD074 MB 05/11/17 371 118.31 14.81
RDO75 MB 05/11/17 373 118.33 14.65
RDO76 MB 05/11/17 391 118.29 14.94
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Table A. Continued.

ram | Lty [ Do [ e [we [
RDO077 MB 05/11/17 396 -17.79 14.60
RDO078 MB 05/11/17 395 -18.15 15.08
RDO079 MB 05/11/17 363 -18.51 15.03
RDO080 MB 05/11/17 370 -16.88 14.29
RDO081 MB 05/11/17 385 -17.49 14.34
RDO082 MB 05/11/17 384 -18.50 13.54
RDO083 MB 05/09/17 358 -18.03 15.00
RD084 MI 05/09/17 370 -14.99 12.32
RDO085 MI 05/09/17 354 -14.77 12.39
RDO086 MI 05/11/17 339 -14.82 11.71
RDO087 MB 05/11/17 360 -17.45 14.99
RDO088 MB 05/11/17 385 -17.81 14.57
RDO089 MB 05/11/17 348 -17.47 13.85
RD090 MB 05/11/17 410 -18.20 14.47
RDO091 MB 05/11/17 341 -17.51 14.56
RD092 MB 05/11/17 517 -17.33 15.00
RDO093 MB 05/11/17 529 -16.04 13.76
RD09%4 MB 05/11/17 530 -17.13 14.44
RDO095 MB 05/11/17 405 -17.83 15.91
RD096 MB 05/09/17 405 -17.93 14.68

77




Table A. Continued.

Fish ID Locattlil‘r’: dcap' Ca];:ﬁfe . TL (mm) 513C 515N
RD097 MI 05/09/17 401 115.35 12.83
RD09S MI 05/09/17 375 -16.08 13.19
RD099 MI 05/09/17 358 115.29 12.74
RD100 MI 11/09/16 366 115.40 12.79
RD101 MI 5/9/17 361 115.26 12.84
RD102 MI 5/9/17 364 15.42 12.97
RD103 AB 5124/17 410 115.34 12.66
RD104 AB 5124/17 391 116.58 15.34
RDI105 AB 5124/17 526 14.47 12.46
RD106 AB 5124/17 380 -16.20 14.41
RD107 MI 5/9/17 360 113.91 12.24
RD108 MI 5/9/17 352 -14.65 12.31
RD109 MI 5/9/17 386 -16.03 14.61
RD110 MI 5/9/17 356 113.97 12.42
RDI11 MI 5/9/17 381 114.26 12.57
RD112 MI 5/9/17 344 113.68 11.72
RDI113 MI 5/9/17 406 115.97 14.13
RD114 MI 5/9/17 361 114.50 11.25
RD115 cC 5/23/17 398 -16.64 15.51
RD116 MB 5117/17 383 118.32 15.34
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Table A. Continued.

Fish ID Locattlil‘r’: dcap' Ca];:ﬁfe . TL (mm) 513C 515N
RD117 MB 5117/17 395 17.62 16.32
RDI118 MB 5117/17 394 118.07 16.36
RD119 AB 6/7/17 719 -14.14 12.47
RD120 CB 6/8/17 358 21.28 13.68
RDI21 NB 6/6/17 385 116.82 13.43
RD122 NB 6/6/17 429 118.29 14.54
RDI123 CB 523/17 428 [18.15 11.48
RD124 CB 523/17 395 118.91 11.54
RDI125 CB 5/23/17 403 -18.96 11.53
RD126 CB 5/23/17 407 118.13 11.67
RD127 CB 5/23/17 07 -19.00 11.43
RD128 CB 5/23/17 366 117.29 1111
RD129 CB 5/23/17 368 118.74 12.63
RD130 CB 5/23/17 370 -18.24 10.96
RDI31 CB 5/23/17 380 118.70 11.79
RD132 CB 523/17 415 -18.18 11.21
RD133 CB 5/23/17 379 117.36 11.90
RD134 CB 5/23/17 399 118.64 11.27
RD135 CB 6/7/17 024 -13.96 11.30
RD136 CB 6/7/17 371 14.92 11.02
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Table A. Continued.

Fish ID Locattlil‘r’: dcap' Ca];:ﬁfe . TL (mm) 513C 515N
RD137 CB 6/7/17 423 115.04 12.59
RD138 CB 6/7/17 510 13.37 11.10
RD139 CB 6/7/17 515 114,31 11.96
RD140 CB 6/7/17 452 113.95 11.13
RD141 CB 6/7/17 367 -16.08 11.78
RD142 CB 6/7/17 530 -14.25 12.08
RD143 CB 6/7/17 532 113.95 11.84
RD144 CB 6/7/17 484 -14.26 12.04
RD145 CB 6/7/17 518 -14.48 12.09
RD146 CB 6/7/17 500 -14.41 12.54
RD147 CB 6/7/17 393 14.82 10.98
RD148 CB 6/7/17 378 14.67 11.06
RD149 CB 6/7/17 365 113.33 10.80
RD150 AB 6/7/17 397 114.88 11.46
RDI51 AB 6/7/17 475 14.18 11.72
RDI152 AB 6/7/17 455 114.07 11.64
RD153 AB 6/7/17 453 113.91 11.84
RD154 AB 6/7/17 496 114.26 11.52
RD155 AB 6/7/17 558 113.90 11.45
RD156 AB 6/7/17 514 -14.20 11.41
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Table A. Continued.

Fish ID Locattlil‘r’: dcap' Ca];:ﬁfe . TL (mm) 513C 515N
RD157 AB 6/7/17 467 113.87 12.14
RD158 AB 6/7/17 477 113.67 11.22
RD159 AB 6/7/17 478 -14.40 11.79
RD160 AB 6/7/17 413 114.49 10.74
RDI161 AB 6/7/17 356 114.36 11.08
RD162 AB 6/7/17 348 115.63 11.95
RD163 NB 6/7/17 485 [18.15 15.93
RD164 NB 6/7/17 540 -17.41 15.61
RDI165 NB 6/7/17 529 17.31 14.06
RD166 NB 6/7/17 430 -17.06 15.09
RD167 NB 6/7/17 386 -17.03 14.56
RD168 NB 6/7/17 411 17.77 13.09
RD169 NB 6/7/17 434 117.46 13.69
RD170 NB 6/7/17 369 117.26 15.78
RD171 AB 6/7/17 519 -14.23 11.12
RD172 AB 6/7/17 514 1431 11.52
RD173 AB 6/7/17 500 114,51 11.19
RD174 AB 6/7/17 489 114.58 11.18
RDI175 AB 6/7/17 512 114.26 10.98
RD176 AB 6/7/17 462 114.30 11.32
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Table A. Continued.

Fish ID Locattlil‘r’: dcap' Ca];:ﬁfe . TL (mm) 513C 515N
RD177 AB 6/7/17 512 14.15 11.35
RDI178 AB 6/7/17 512 114.26 10.98
RD179 NB 6/7/17 546 16.92 15.06
RDI180 NB 6/7/17 520 117.83 14.86
RDI81 NB 6/7/17 432 [18.44 13.56
RD182 NB 6/7/17 416 -17.84 14.42
RD183 NB 6/7/17 365 -16.84 14.57
RD184 AB 5/15/17 470 113.99 12.59
RDI85 AB 5/15/17 345 114.83 13.19
RD186 AB 5/15/17 325 -14.34 12.27
RD187 AB 5/15/17 340 113.80 12.64
RDI188 AB 5/15/17 321 -14.79 13.06
RD189 AB 5/15/17 383 114.83 13.07
RD190 AB 5/15/17 375 -14.53 12.43
RD191 AB 5/15/17 493 114.34 12.20
RD192 AB 5/15/17 334 15.47 12.90
RD193 AB 5/15/17 561 -14.24 13.15
RD194 AB 5/15/17 518 14.12 12.94
RD195 AB 5/15/17 562 114.07 12.84
RD196 AB 5/15/17 573 -13.96 12.65
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Table A. Continued.

Fish ID Locattlil‘r’: dcap' Ca];:ﬁfe . TL (mm) 513C 515N
RD197 AB 5/15/17 556 -14.05 13.16
RD198 NB 6/6/17 397 17.25 16.94
RD199 NB 6/6/17 381 116.86 16.12
RD200 NB 6/6/17 401 17.17 16.30
RD201 NB 6/6/17 397 17.19 17.01
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Appendix 2: Supplemental Otolith Graphs.
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Figure A.1. The Ba:Ca and Sr:Ca life history profile of individual RD0OO1.
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Figure A.2. The Ba:Ca and Sr:Ca life history profile of individual RD002.
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Figure A.3. The Ba:Ca and Sr:Ca life history profile of individual RD003.
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Figure A.4. The Ba:Ca and Sr:Ca life history profile of individual RD004.
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Figure A.5. The Ba:Ca and Sr:Ca life history profile of individual RD005.
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Figure A.6. The Ba:Ca and Sr:Ca life history profile of individual RD006.
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Figure A.7. The Ba:Ca and Sr:Ca life history profile of individual RD007.
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Figure A.8. The Ba:Ca and Sr:Ca life history profile of individual RD00S.
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Figure A.9. The Ba:Ca and Sr:Ca life history profile of individual RD009.
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Figure A.10. The Ba:Ca and Sr:Ca life history profile of individual RD010.
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Figure A.11. The Ba:Ca and Sr:Ca life history profile of individual RDO11.
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Figure A.12. The Ba:Ca and Sr:Ca life history profile of individual RD012.
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Figure A.13. The Ba:Ca and Sr:Ca life history profile of individual RD013.
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Figure A.14. The Ba:Ca and Sr:Ca life history profile of individual RD014.
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Figure A.15. The Ba:Ca and Sr:Ca life history profile of individual RD015.
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Figure A.16. The Ba:Ca and Sr:Ca life history profile of individual RD016.
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Figure A.17. The Ba:Ca and Sr:Ca life history profile of individual RD017.
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Figure A.18. The Ba:Ca and Sr:Ca life history profile of individual RDO018.
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Figure A.19. The Ba:Ca and Sr:Ca life history profile of individual RD019.
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Figure A.20. The Ba:Ca and Sr:Ca life history profile of individual RD020.
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Figure A.21. The Ba:Ca and Sr:Ca life history profile of individual RD021.
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Figure A.22. The Ba:Ca and Sr:Ca life history profile of individual RD022.
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Figure A.23. The Ba:Ca and Sr:Ca life history profile of individual RD023.
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Figure A.24. The Ba:Ca and Sr:Ca life history profile of individual RD024.
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Figure A.25. The Ba:Ca and Sr:Ca life history profile of individual RD025.
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Figure A.26. The Ba:Ca and Sr:Ca life history profile of individual RD026.
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Figure A.27. The Ba:Ca and Sr:Ca life history profile of individual RD027.
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Figure A.28. The Ba:Ca and Sr:Ca life history profile of individual RD028.
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Figure A.30. The Ba:Ca and Sr:Ca life history profile of individual RD030.
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Figure A.31. The Ba:Ca and Sr:Ca life history profile of individual RD031.
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Figure A.32. The Ba:Ca and Sr:Ca life history profile of individual RD032.
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Figure A.33. The Ba:Ca and Sr:Ca life history profile of individual RD033.
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Figure A.34. The Ba:Ca and Sr:Ca life history profile of individual RD034.
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Figure A.35. The Ba:Ca and Sr:Ca life history profile of individual RD035.
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Figure A.36. The Ba:Ca and Sr:Ca life history profile of individual RD036.
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Figure A.37. The Ba:Ca and Sr:Ca life history profile of individual RD037.
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Figure A.38. The Ba:Ca and Sr:Ca life history profile of individual RD038.
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Figure A.39. The Ba:Ca and Sr:Ca life history profile of individual RD039.
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Figure A.40. The Ba:Ca and Sr:Ca life history profile of individual RD040.
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Figure A.41. The Ba:Ca and Sr:Ca life history profile of individual RD041.
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Figure A.42. The Ba:Ca and Sr:Ca life history profile of individual RD042.
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Figure A.43. The Ba:Ca and Sr:Ca life history profile of individual RD043.
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Figure A.44. The Ba:Ca and Sr:Ca life history profile of individual RD044.
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Figure A.45. The Ba:Ca and Sr:Ca life history profile of individual RD045.
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Figure A.46. The Ba:Ca and Sr:Ca life history profile of individual RD046.
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Figure A.47. The Ba:Ca and Sr:Ca life history profile of individual RD047.
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Figure A.48. The Ba:Ca and Sr:Ca life history profile of individual RD048.
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Figure A.49. The Ba:Ca and Sr:Ca life history profile of individual RD049.
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Figure A.50. The Ba:Ca and Sr:Ca life history profile of individual RD050.
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Figure A.51. The Ba:Ca and Sr:Ca life history profile of individual RD051.

133

0.5

0
4000

Sr:Ca mmol/mol



120

100

80

60

Ba:Ca pumol/mol

40

20

Figure A.52. The Ba:Ca and Sr:Ca life history profile of individual RD052.
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Figure A.53. The Ba:Ca and Sr:Ca life history profile of individual RD053.
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Figure A.54. The Ba:Ca and Sr:Ca life history profile of individual RD054.
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Figure A.55. The Ba:Ca and Sr:Ca life history profile of individual RD055.
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Figure A.56. The Ba:Ca and Sr:Ca life history profile of individual RD056.

W

0

RD056

1000 2000

——Ba:Ca pmol/mol

138

3000 4000

——Sr:Ca mmol/mol

0.5

5000

Sr:Ca mmol/mol



RDO057
120

100

80

60

Ba:Ca pmol/mol

40

20

W

0 1000 2000 3000 4000 5000

0

——Ba:Ca pmol/mol ~ ——Sr:Ca mmol/mol

Figure A.57. The Ba:Ca and Sr:Ca life history profile of individual RD057.
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Figure A.58. The Ba:Ca and Sr:Ca life history profile of individual RD058.

W

0

RDO058

1000 2000

——Ba:Ca pmol/mol

140

3000 4000

——Sr:Ca mmol/mol

0.5

0
5000

Sr:Ca mmol/mol



RD059

120 4
3.5
100
3
= 80
£ 2.5
E
5 60 2
<
<
< 1.5
B 40
1
20
WWW 0.5
0 0
0 1000 2000 3000 4000 5000
——Ba:Ca pmol/mol ~ ——Sr:Ca mmol/mol

Figure A.59. The Ba:Ca and Sr:Ca life history profile of individual RD059.
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Figure A.60. The Ba:Ca and Sr:Ca life history profile of individual RD060.
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Figure A.61. The Ba:Ca and Sr:Ca life history profile of individual RD061.
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Figure A.62. The Ba:Ca and Sr:Ca life history profile of individual RD062.
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Figure A.63. The Ba:Ca and Sr:Ca life history profile of individual RD063.
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Figure A.64. The Ba:Ca and Sr:Ca life history profile of individual RD064.
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Figure A.65. The Ba:Ca and Sr:Ca life history profile of individual RD065.
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Figure A.66. The Ba:Ca and Sr:Ca life history profile of individual RD066.
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Figure A.67. The Ba:Ca and Sr:Ca life history profile of individual RD067.
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Figure A.68. The Ba:Ca and Sr:Ca life history profile of individual RD068.
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Figure A.69. The Ba:Ca and Sr:Ca life history profile of individual RD069. Note: values were
removed for potential crack in otolith.
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Figure A.70. The Ba:Ca and Sr:Ca life history profile of individual RD070.
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Figure A.71. The Ba:Ca and Sr:Ca life history profile of individual RD071.
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Figure A.72. The Ba:Ca and Sr:Ca life history profile of individual RD072.
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Figure A.73. The Ba:Ca and Sr:Ca life history profile of individual RD073.
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Figure A.74. The Ba:Ca and Sr:Ca life history profile of individual RD074.
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Figure A.75. The Ba:Ca and Sr:Ca life history profile of individual RD075.
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Figure A.76. The Ba:Ca and Sr:Ca life history profile of individual RD076.
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Figure A.77. The Ba:Ca and Sr:Ca life history profile of individual RD077.
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Figure A.78. The Ba:Ca and Sr:Ca life history profile of individual RD078.
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Figure A.79. The Ba:Ca and Sr:Ca life history profile of individual RD079.
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Figure A.80. The Ba:Ca and Sr:Ca life history profile of individual RD08O0.
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Figure A.81. The Ba:Ca and Sr:Ca life history profile of individual RD081.
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Figure A.82. The Ba:Ca and Sr:Ca life history profile of individual RD082.
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Figure A.83. The Ba:Ca and Sr:Ca life history profile of individual RD083.
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Figure A.84. The Ba:Ca and Sr:Ca life history profile of individual RD084.
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Figure A.85. The Ba:Ca and Sr:Ca life history profile of individual RD08S.
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Figure A.86. The Ba:Ca and Sr:Ca life history profile of individual RD086.
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Figure A.87. The Ba:Ca and Sr:Ca life history profile of individual RD087.
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Figure A.88. The Ba:Ca and Sr:Ca life history profile of individual RD0S&S.
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Figure A.89. The Ba:Ca and Sr:Ca life history profile of individual RD0&9.

171

Ba:Ca umol/mol



RD090

120 4
35
100
3
= 80
g 2.5
E
5 60 2
<
o
P 1.5
R 40
1
20
0.5
0 0
0 1000 2000 3000 4000 5000
——Ba:Caumol/mol = ——Sr:Ca mmol/mol

Figure A.90. The Ba:Ca and Sr:Ca life history profile of individual RD090.
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Figure A.91. The Ba:Ca and Sr:Ca life history profile of individual RD091.
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Figure A.92. The Ba:Ca and Sr:Ca life history profile of individual RD092.
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Figure A.93. The Ba:Ca and Sr:Ca life history profile of individual RD093.
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Figure A.94. The Ba:Ca and Sr:Ca life history profile of individual RD094.
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Figure A.95. The Ba:Ca and Sr:Ca life history profile of individual RD095.
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Figure A.96. The Ba:Ca and Sr:Ca life history profile of individual RD096.
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Figure A.97. The Ba:Ca and Sr:Ca life history profile of individual RD097.
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Figure A.98. The Ba:Ca and Sr:Ca life history profile of individual RD09S.
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Figure A.99. The Ba:Ca and Sr:Ca life history profile of individual RD099.

181

Sr:Ca mmol/mol



RDI100
120

100

80

60

Ba:Ca umol/mol

40

20

WWJ\NWW

0

0.5

0

0 500 1000 1500 2000 2500 3000 3500 4000 4500

——Ba:Caumol/mol ——Sr:Ca mmol/mol

Figure A.100. The Ba:Ca and Sr:Ca life history profile of individual RD100.
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