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Differences in the chemical composition of calafructures can be used to
reveal natal origins, connectivity, metapopulatstructure, and reconstruct the
environmental history or movement patterns of maayine organisms. Sharks,
skates, and rays (elasmobranchs) lack the cal@fredtures, known as otoliths, that
are typically used for geochemical studies of displeand natal origin in fishes. If the
incorporation of elements into shark and ray veeels related to environmental
conditions, the geochemical composition of cartilags vertebrae may also serve as
natural tags and records of environmental historgidasmobranch populations. | used
complementary laboratory and field studies to asklseveral key assumptions
regarding the incorporation of elements in elasrapnbi vertebrae, providing the first
detailed studies to assess relationships betwetar wad vertebral chemical

composition and the spatial and temporal variatiovertebral elemental signatures in



this subclass of fishes. To validate the uptaldeiaoorporation of elements from
water to vertebrae, | conducted two laboratoryissidsing round stingraygrobatis
halleri, as a model species. First, | examined the efigictemperature (16°, 18°, 24°
C) on vertebral elemental incorporation (Li/Ca, g/ Mn/Ca, Zn/Ca, Sr/Ca, Ba/Ca)
and found that temperature had strong, negatieetsfbn the uptake (measured as a
partition coefficient, Riemen) Of magnesium and Ba and positively influenced
manganese incorporation. Second, | tested theareship between water and
vertebral elemental composition by manipulatingdiged barium (Ba)
concentrations (1x, 3x, 6x ambient concentratiams) found significant differences
among rays from each treament. | also evaluadhfluence of natural variation in
somatic growth and vertebral precipitation rategl@mental incorporation. Finally, |
examined the accuracy of classifying individual&nown environmental histories
(temperature and barium treatments) using vertebeahental composition. There
were no significant relationships between elemeantadrporation and somatic growth
or vertebral precipitation rates for any elemenits the exception of Zn.
Relationships between somatic growth rate apgvizre, however, inconsistent and
inconclusive. Elemental variation of vertebragatdly distinguishedJ. halleri based
on temperature (85%) and [Ba] (96%) history. Thesellts support the assumption
that vertebral elemental composition reflects tin@r@enmental conditions during
deposition and validates the use of vertebral et¢ahsignatures as natural markers in

an elasmobranch.



To evaluate the utility of vertebral geochemistsyintrinsic markers of natal
origin, | collected vertebrae of young-of-the-ysaalloped hammerhead sharks
(Sphyrna lewini) from artisanal fishery landings at six sites gléime Pacific coast of
Mexico and Costa Rica between 2007-2009. A tdt8B6 vertebrae were used to
assess patterns of spatial and temporal variatietemental composition using laser
ablation-inductively coupled plasma mass spectromek protracted pupping period
was confirmed fof. lewini, with newborn pups being recorded from May through
mid-October. Natal elemental signatures detectdba vertebrae of the sharks varied
significantly among sites and could be used totifiesource populations. All
element-to-calcium ratios included in these anayt&Ca, Mg/Ca, V/Ca, Cr/Ca,
Mn/Ca, Rb/Ca, Sr/Ca, Ba/Ca, Pb/Ca) were usefulfediscerning natal origins of
sharks; however, Ba, Sr, Mn, and Mg ratios mossstantly generated the greatest
discriminatory power based on step-wise discrimirfianction analyses.
Classification accuracy to putative nursery ar@asal signature) and location of
capture (edge signature) based on step-wise dis@nifunction analysis ranged
from low (30-60%) to high (80-100%) depending oe tlegree of spatial and
temporal resolution by which the data were groupe@nalysis (e.g. pooled across
months, early season, late season). All classificaccuracies exceeded chance
expectations and assignment to putative nurseasaed sites of capture were
accomplished with up to 100% accuracy in severalets | found significant intra-
annual differences in natal elemental signaturésimthe three primary study sites,

which likely contributed to the low assignment aemies when data were analyzed



across months of collection. Significant differeaén natal elemental signatures were
also detected across years. However, pair-wislysasrevealed that site-specific
inter-annual variation was driven by differencesoagated with samples collected in
2009. Natal elemental signatures were similawvben 2007 and 2009, indicating
some consistency in site-specific vertebral chemetross years. These results
confirmed that vertebral elemental signatures @aagplied to distinguish individuals
across small (5s km), moderate (100s km), and lspgéal scales (>1000 km). The
potential for intra-annual variation in natal sigmas within a year-class highlights the
importance of cohort-specific analyses and the logweent of a spatial atlas of natal
vertebral elemental signatures for studies of raigin and population connectivity.
The findings of my laboratory validation experimeand field study establish
that geochemical analyses of vertebrae can praeidible information on the spatial
ecology and environmental history of shark andpagulations. The use of elemental
markers offers a new approach for the study anderwation of this historically

vulnerable group of fishes.
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CHAPTER 1

INTRODUCTION

Shark and ray (elasmobranch) populations are n@eresncing their highest
rate of reduction through fishing activities thdaraay time in history (Clarke et al.
2006, Dulvy et al. 2008, Musick and Musick 201The increasing exploitation of
this group is especially alarming because manpelite history traits typically
associated with this group of fishes (includingddife spans, slow growth, low
fecundity, and late ages at maturity) severelyiagheir ability to sustain fishing
pressure or recover from over-exploitation (Hoeang Gruber 1990, Smith et al.
1998). Many elasmobranchs form aggregations fod f@sources, mating, or
birthing, thereby increasing their vulnerabilitydwected, localized fishing pressure
(Springer 1967, Jacoby et al. 2012). Concernstabeuesilience and persistence of
elasmobranch populations are not new to fishedemee; Holden (1973, 1977)
cautioned that this group of fishes offered limitggbortunities for long-term
exploitation and summarized the rapid rise andapsk of several historic shark
fisheries.

Fisheries exploitation not only reduces populasaes but can alter
community structure and function. As upper trogbieel predators, sharks and rays
have a substantial capacity to influence the aboueglacomposition, and behavior of
prey species within a community. The removal @kl and rays may have

significant cascading effects on the biologicaledsity and structure of associated



communities and ecosystem connectivity (Steveas @000, Heithaus et al. 2007,
Ferretti et al. 2010). In spite of this knowledgenservation measures have not been
enacted for the majority of the world’s shark aay populations and most fisheries
for these species remain unregulated (Musick andi®ki2011). A general lack of
detailed biological and fisheries information fapéoited sharks and rays constrains
efforts to develop appropriate conservation stiateg

Studies of sharks and rays are complicated dueeio iigh mobility, broad
spatial distributions, and use of diverse habit#tslividuals undertake large-scale
(>1000 km) and small-scale (1-10 km) movementgaponse to reproductive and
foraging needs, which influence population dynanaied community interactions
across broad temporal and spatial scales (Papastareaial. 2009, Speed et al.
2010). An improved understanding of elasmobranspetsal pathways, shifts in
habitat use, and migration would provide valuahkght into population structure,
connectivity, and the evolution of life history ahs. Details on movement patterns
and population structure are essential for devisiifgctive conservation strategies,
such as the delineation of appropriate spatiakscahd priorities for conservation.

The analysis of natural elemental markers depositedlcified structures
provides a promising technique for identifying ptgpion connectivity, natal origins,
and movement patterns (Campana 2000, Campana amblth2001). Elemental
markers (also known as elemental signatures, fprges, or tags) have proven to be
useful in ecological studies of bony fishes, prawdinsight into migratory patterns

(Campana et al. 2007), population structure (Giltas 2002), and dispersal (Miller



and Shanks 2004). This approach has been advagdbd chemical analysis of
otoliths, inert calcified structures that form iretinner ear of fishes. Otoliths grow
continuously over a lifetime and form daily and aaihgrowth increments from which
age can be determined (Campana 1999). Elemenéssirailated from the
surrounding environment as a byproduct of resgineéind feeding and incorporated
into otoliths as they grow (Campana and Thorrold10 Ratios and concentrations of
elements are therefore continually incorporated atbliths and may act as records of
movements between physically or chemically disthadbitats or water masses.
Because otoliths are metabolically inert, it isikedly that the elemental composition is
altered following deposition. Thus, all individeadithin a population potentially
carry chronological records of environmental higtarthin their otoliths that may
serve as intrinsic geochemical tags. Elementdlcal tools have recently been
applied to assess natal origins, nursery grounttibotions, and population structure
for a diverse array of taxa, including mussels @eet al. 2007), embryonic crab
(Carson et al. 2008), octopus (Doubleday et al820fnd squid (Zumholz et al.
2007). Analyses of naturally-occurring geochemmarkers in highly mobile shark
populations could provide a new and comparativapid approach for identifying
movement patterns and population structure, engithia identification and

delineation of biological hotspots and spatial ssdhat are ecologically relevant to
populations of concern. The validity of using ta@sarkers for sharks and rays,

however, has not yet been evaluated.



Sharks and rays are cartilaginous fishes and lakhs which have been
reliably used for studies of dispersal and popatatonnectivity in bony fishes.
Vertebrae of elasmobranchs also continue to groautihout the life of the organism
and develop alternating annual band pairs from lwhiges can be determined (Cailliet
and Goldman 2004). Resorption or physiologicalaing of elasmobranch
vertebrae, as occurs in bone, would alter vertetframical composition and limit any
potential utility as geochemical tags. Howevee, filnction and properties of
elasmobranch cartilage, and vertebrae in particatarfundamentally different from
the cartilage or bone of other vertebrates (Clert®82, Dean and Summers 2006).
In most vertebrates, cartilage cells (chondrocygesye connective functions or are
replaced by bone cells (osteocytes) to promoteetdayrowth (Mayne and von der
Mark, 1983). However, elasmobranch cartilage kentione, lacks an internal blood
supply and possesses a permanent mineralizedhandhows no evidence of
remodeling or resorption (Doyle 1968, Mayne and genMark 1983, Clement
1992). Therefore, the elemental composition adralabranch vertebrae is likely to be
stable and may have the potential to reveal sieifip markers and chemical clues
from which environmental history could be reconstied by referencing growth bands
that correspond to a time interval of interest.

Several life history characteristics of elasmobhsnmay enhance the potential
for deposition of distinctive elemental markershittheir vertebrae. Unlike most
fishes, sharks and rays lack a larval period. Mamgybearing (viviparous) and egg-

laying (oviparous) species rely on nursery areadifthing and early development of



offspring (Heupel et al. 2007, Hoff 2010). Largeghly mobile sharks tend to give
birth in shallow areas of estuaries, embaymentsegarshore coastal habitats that are
not occupied by adults (Bass 1978, SimpfendorfdrMiward 1993). A growing
number of studies have documented that femalesdmapnstrate high levels of
fidelity (philopatry) to natal sites, returning araily to the same areas to give birth
(Keeney et al. 2003, Hueter et al. 2005, DiBattital. 2008). Newborn sharks and
rays may remain within these areas for the firstkge months, or years of their lives
before moving onto secondary nurseries or adulitdtalh(Duncan and Holland 2006,
Chapman et al. 2009). As a result, distinctive aste or region-specific elemental
vertebral signatures may result from residencefferént water masses. Because
juveniles and adults tend to occupy different habitit may be possible to quantify
the extent of connectivity and dispersal among pmns and habitats, which may
ultimately allow for the identification of the s#€or regions) that contribute the
greatest proportions to overall population produtti(Beck et al. 2001, Heupel et al.
2007).

Before ecological questions regarding dispersdiyways and population
connectivity of elasmobranchs may be tested usaaglgemical signatures, key
assumptions regarding the chemical compositioradflaginous vertebrae must be
evaluated. My dissertation research was designeddluate the effects of
temperature and water elemental composition onesiahincorporation in captive
elasmobranchs and to explore the potential for ggabgcally distinct elemental

signatures in the vertebrae of sharks captureldeariéld. This investigation



represents the first attempt to examine factorslatigpg elemental incorporation in
elasmobranchs in a controlled laboratory studythedirst application of vertebral
chemistry as a potential geospatial tag in an edhsanch species. | applied a
combination of experimental laboratory researchfeeid collection to test the
hypotheses that: (i) vertebral elemental signattetect the chemical composition of
their ambient water mass; (i) elemental incorpiorais mediated by water
temperature; and (iii) elemental signatures depdsitithin vertebrae can be used to

distinguish natal origin of young-of-the-year stsark

Laboratory Validation: Elemental Incorporation

In Chapter 2, | present the results of two contblaboratory experiments.
First, | determined the extent of discriminatiord @uantified the effects of
temperature (three treatments) and growth rateeciebral elemental composition of
six element-to-calcium ratios (Li/Ca, Mg/Ca, Mn/@a/Ca, Sr/Ca, Ba/Ca) using
round stingraysiJrobatis halleri, as a model species. Second, | manipulated diesgolv
barium concentrations to determine if there wasl@ionship between water and
vertebral barium-to-calcium ratios. | examined gifovate as a potential co-variate for
the incorporation of specific elements and the ltegumulti-elemental signatures.
Finally, | assessed the accuracy of classifyingviddals to known environmental
histories (temperature and barium treatments) uganigbral elemental composition.
This study is the first evaluation of trace and onialemental incorporation into

elasmobranch vertebrae, and serves as a key vatidatperiment for the



identification and potential variability of natulabccurring elements in wild

populations.

Field Application: Natal Elemental Sgnatures

In Chapter 3, | evaluate spatial and temporal vianan vertebral elemental
signatures of young-of-the-year scalloped hammersbarks $hyrna lewini).
Samples were collected from three primary locatiarSinaloa, México and three
distant locations between 2007-2009, spanning >&a00f coastline. | determined
the variation of natal signatures from each siteet® if elemental composition could
be used to accurately link individuals to theirgiive nursery grounds. | examined
intra- and inter-annual variation in natal elemésignatures among sites. Results
confirmed that vertebral elemental signatures @agplied to distinguish individual
sharks across small (5s km), moderate (100s krd)laage spatial scales (>1000 km),
but variability among and within seasons will reguionsideration of local
oceanographic and hydrologic characteristics whesngaing surveys, analyses of
specific cohorts within sites and years, and expdrghmpling of potential source

populations to accurately assign natal originsestinate connectivity.

Conclusions

In Chapter 4, | synthesize the primary findingshaf laboratory experiments

and field study. Additionally, | consider cavedtgure directions, and applications of



this technique for improved conservation and mamesge of elasmobranch

populations.
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CHAPTER 2

ELEMENTAL MARKERSIN ELASMOBRANCHS: EFFECTS OF
ENVIRONMENTAL HISTORY AND GROWTH ON
VERTEBRAL CHEMISTRY

Wade D. Smith

ABSTRACT

Differences in the chemical composition of caldfskeletal structures (e.g.
shells, otoliths) have proven useful for recondtngcthe environmental history of
many marine species. However, the extent to whiechient environmental conditions
can be inferred from the elemental signatures withe vertebrae of elasmobranchs
(sharks, skates, rays) has not been evaluatedssessthe relationship between water
and vertebral elemental composition, we condustedidboratory studies using round
stingraysUrobatis halleri, as a model species. First, we examined thetsftdc
temperature (16°, 18°, 24° C) on vertebral elementarporation (Li/Ca, Mg/Ca,
Mn/Ca, Zn/Ca, Sr/Ca, Ba/Ca). Second, we testedetaionship between water and
subsequent vertebral elemental composition by nudattipg dissolved barium
concentrations (1x, 3x, 6x) in the tanks. We aigaluated the influence of natural
variation in growth rate on elemental incorporationboth experiments. Finally, we
examined the accuracy of classifying individual&nown environmental histories
(temperature and barium treatments) using vertebeatental composition.
Temperature had strong, negative effects on thekepif magnesium @) and

barium () and positively influenced manganesegpincorporation. Temperature-
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dependent responses were not observed for lithndrsirontium. Vertebral Ba/Ca
was positively correlated with ambient Ba/Ca. Wart coefficients (3,) revealed
increased discrimination of barium in responsentwaased dissolved barium
concentrations. There were no significant relaiops between elemental
incorporation and somatic growth or vertebral grgation rates for any elements
except Zn. Relationships between somatic growtthaad D, were, however,
inconsistent and inconclusive. Geochemical vanmatf vertebrae reliably
distinguished individual rays from each treatmeaddal on temperature (85%) and Ba
exposure (96%) history. These results supporasisemption that vertebral elemental
composition reflects the environmental conditionsg deposition and validates the
use of vertebral elemental signatures as naturgterain an elasmobranch. Vertebral
elemental analysis is a promising tool for the gtoflelasmobranch population

structure and habitat use that warrants furthelogapon.

INTRODUCTION

The trace and minor elemental composition of biaratized structures can
provide insight into the environmental conditionsnhich the elements were
deposited. Elemental assays of coral skeletod$aaminifera tests, for example,
have been commonly applied as surrogates of pastot or oceanographic
conditions (paleoproxies) [1, 2, 3]. Recently, siderable attention has been directed
toward analyses of calcified structures, suchssdtoliths, to gain insight into

contemporary ecological processes and inform manageand conservation efforts
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[4, 5, 6]. Elements are naturally acquired througgpiratory and dietary pathways and
assimilated into actively calcifying structures lsas scales, shells, and otoliths [7, 8].
Ratios and concentrations of elements in thesetsiies can reflect the
physiochemical conditions of the ambient environindhthe calcified material is
deposited in a temporally consistent pattern amsbisubjected to resorption or
reworking, elemental composition can provide peremarchronological records of the
environmental conditions experienced over a lifetim

The most widespread and expanding applicationeshehtal markers in
biomineralized structures has occurred using tbktle$ of fishes [4, 5]. Otoliths are
metabolically inert calcium carbonate structurgpi@ally in the form of aragonite)
that are used for balance and hearing in telesisé$. Elements are incorporated into
otoliths daily as new aragonite is crystallizedooah organic framework of proteins
[8]. The elemental composition of other calcif&ductures, including vertebrae [9],
scales [10], fin rays [11], and bone [12], haverbeealuated as potential elemental
markers in fishes. However, unlike otoliths, theaksium phosphate structures (in
forms of hydroxyapatite) are metabolically actisebject to resorption and provide
short-term and unstable geochemical records ofemwiental history [4].

The elemental composition of biogenic calcifiedistures is not a simple
reflection of environmental conditions. A varietlphysiological barriers and
processes are encountered as elements are takemughe water through the gills or
intestine, transferred through the blood plasmd,ewentually incorporated into

biomineralized structures [8]. Physiological redidn of internal elemental
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composition can result in active discriminatiorpoeferential uptake of elements, thus
modifying relationships with ambient environmerdgahditions. Trace metals such as
manganese and zinc that are essential for metadnadicellular transport processes
are tightly regulated [13]. Conversely, physiot@diregulation of elements that do
not play critical biological roles or generate wgifects may be comparatively
minimal [8, 14]. At the site of calcification, @eental incorporation can be inhibited
or promoted by kinetic effects associated with maheation. Elemental composition
can be further modified by temperature, which hpsodound influence on the rates of
chemical and metabolic processes [15, 16]. Indi@dariation in growth rates,
independent of temperature, can also influence esdéahcomposition [17, 18].
Metabolic and kinetic effects on elemental incogtimn, however, do not negate the
utility of an element as a geochemical marker, jgliog the degree of regulation is
constant or predictable.

Sharks, skates, and rays (elasmobranchs) areagartls fishes that lack
otoliths. Elasmobranch skeletons are composedrénalized cartilage, an impure
(non-stochiometric) form of carbonated calcium gitege (hydroxyapatite) [19].

Like the otoliths of teleost fishes, elasmobranehebrae are deposited by the
precipitation of elements onto a matrix of proteamsl continue to grow throughout
the life of the organism [19]. Vertebral growthndla are typically deposited
seasonally, allowing individual ages to be deteadinResorption or physiological
reworking of vertebrae, as has been observed Ia aca bone hydroxyapatite, would

alter the elemental composition and severely ltheir utility as records of the
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physiochemical environment. However, the funcaod properties of elasmobranch
cartilage, and vertebrae in particular, are fund#ally different than those of other
vertebrates [20, 21]. Whereas calcified cartilsgesually a transitional tissue that is
ultimately replaced by bone, elasmobranch cartifagsesses a permanent
mineralized rind that shows no direct evidenceeofiodeling or resorption [19, 22].
Doyle [23] confirmed that mineralization and grovathelasmobranch cartilage is
accomplished through surface accretion that precedthout altering the mineral or
protein matrix. Therefore, the elemental compositf elasmobranch vertebrae is
unlikely to be modified after deposition and cothidrefore provide permanent
chronological records of the environmental condsi@xperienced by individuals.
Elemental and isotopic analyses of elasmobrandelwere to date have been
predominately directed toward age validation [Z], @hd dietary studies [26, 27].
The potential use of vertebral elemental compasittodelineate elasmobranch
populations was first proposed by Edmonds et 8] {@lowing their analyses of jaw
cartilage which revealed spatially explicit patkeof elemental variation. Age-related
changes in vertebral chemistry have recently beamaed to discern movement
patterns in sharks [29, 30]. Although significterhporal and spatial variation in
elemental composition have identified within elabmamch vertebrae, interpretations
of these differences are hindered by a lack of tstdeding as to how ambient
vertebral chemistry relates to environmental coodg. Without an understanding of
the factors that influence elemental incorporatiod the extent of regulation, it is

impossible to know if the elemental compositioraafalcified structure presents a
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reliable record of environmental history. Contdlllaboratory validation studies
provide a platform for quantifying abiotic and begffects on elemental
incorporation and identifying those elements tmatraost likely to serve as useful
indicators of the environment in which they wer@algted. Incorrect assumptions
about elemental relationships and an inadequaterstashding of the mechanisms
determining incorporation can lead to erroneousrpretations of field data.

Key assumptions regarding vertebral elemental pm@tion in relation to the
physical and chemical environment must be evalula¢éore broader ecological
guestions and hypotheses can be addressed usingliyabccurring geochemical
markers in elasmobranchs. We quantified the effettemperature and growth rate
on vertebral elemental incorporation through cdlgdolaboratory studies using the
round stingraylUrobatis halleri, as a model species. We manipulated environrhenta
concentrations of barium (Ba) to determine the reddie which vertebral elemental
ratios reflect the ambient environment. Finallg t@sted the utility of these elemental
markers to distinguish the environmental historgezienced by individual rays using
multivariate classification models. Our approallbveed us to test the hypotheses
that: () elemental incorporation in vertebrae is medidgavater temperatureii
vertebral Ba to calcium ratios (Ba/Ca) reflectsevdda/Ca; iji) growth rate does not
significantly influence vertebral elemental compiasi; and {v) vertebral elemental
markers can distinguish individuals based on dgffiees in environmental history.
This investigation represents the first attempavaluate the utility of vertebral

chemistry as potential records of environmentablnysin elasmobranchs.
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MATERIALS AND METHODS
Ethics statement

This investigation was conducted with a permit fribra California
Department of Fish and Game (803099-01) and intstdcordance with guidelines
established by the American Fisheries Society aaibNal Institutes of Health for the
use of fishes in research. Experimental proto@d approved by Oregon State

University’s Institutional Animal Care and Use Coittee (3783).

Specimen collection

The round stingrayJrobatis halleri, is a benthic, live-bearing elasmobranch
that occurs in estuaries and nearshore coastabstfim habitats from Panama to
Eureka, California, USA [31]. The vertebrae ofmduays are well-calcified and the
annual deposition of a distinctive band pair (opaque, one translucent growth band)
has been validated, making reliable estimates efaagl growth rates possible [32].
We selected). halleri as a model elasmobranch species for vertebralesitai
incorporation studies because of their record afiinass in captivity, relatively small
body size (to 31 cm disc width, DW), availabilitgémurrence in shallow coastal
environments, and validated periodicity of vertélgrawth band formation.

JuvenileU. halleri were collected by beach seine at Seal Beach,dDaikif
(33° 44’ N; 118° 06’ W) on 6 February 2009 and sjaorted to the Hatfield Marine
Science Center (HMSC) in Newport, Oregon. A tofal08 rays were collected,

consisting of 67 females and 41 males. Vertelaatllcounts performed at the end of
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this study indicated that these rays were agee0yaung-of-the-year; n = 104) and

age 1 (n = 4) at the time of capture.

Experimental design

We conducted two consecutive laboratory experimesitsy the same rays to
evaluate the effects of: 1) temperature and 2ptlisgl barium concentration on the
incorporation of elements into the vertebrae oé@smobranch. Following collection
and transporty). halleri were allowed to acclimate to lab conditions foefiveeks.
Total weight, DW, and sex were then recorded. Vevehys were randomly assigned
to each of nine 1,700 L independently re-circuatiznks containing a thin layer of
sand substrate. Water from each tank circulatexuit/h individual wet-dry sumps
containing biological filter media to reduce theltwup of potentially harmful
nitrogenous waste products. The same combinafiequod Doryteuthis
opalescens), herring Clupea pallasi), or shrimp Pandalus jordani) was provided
daily. Remaining food and waste were removed ddiye-quarter to one-half
volume water changes were completed approximatelgyel-2 weeks to maintain
water quality. Seawater was pumped from YaquinatBeough HMSC'’s seawater
system. Tanks were covered with clear plastictbd®duce evaporation. A 12 hour
light:dark photoperiod was established for bothezkpents. Temperature and salinity

were recorded daily and water samples were cotlestekly (Tables 1, 4).
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Temperature experiment

Following acclimation and initial measurement,sgecimens were injected
with a 25 mg ki dose of oxytetracycline [33] to provide a visuadicator within the
vertebrae that coincided with the initiation of #rgeriment. Cooler water from
Yaquina Bay was heated and three replicate treathoéri5°C, 18°C, and 24°C were
established and maintained, corresponding withrtean winter, summer, and
approximate maximum water temperatures at theoéitellection [34]. The
temperature experiment was conducted for eight hsoffpril — December, 2009) to
ensure that adequate vertebral deposition occlorezglemental analysis in all
treatments. Three individuals died before the kmion of the study and were
excluded from analysis; praziquantel (Sigma-Aldyialas subsequently administered
to all tanks (10 mg/L) to eliminate parasitic flamns during two weeks in July and

August.

Barium manipulation experiment

The relationship between water and vertebral eléaheomposition was
further evaluated through experimental manipulatibdissolved barium
concentrations. Barium was selected because ofility as a geospatial marker
demonstrated in both field [35, 36] and laboratsydies [37, 38]. Upon conclusion
of the temperature experiment, all specimens wetiglved, measured, and injected
with a 5 mg kg dose of the fluorescent marker calcein to dististywvertebral

deposition between the experiments [39]. Wateptnatures were gradually adjusted
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to 19°C in all tanks over two weeks. Followingsthicclimation, Ba treatments were
systematically assigned to each tank to ensureoti@tank from each prior
temperature treatment was represented within eadineBtment. Three tanks were
designated as controls that reflected ambient Wiedda/Ca ratios (1x). Three tanks
were spiked with three times (3x) and three tan&eevgpiked with six times (6x) the
estimated mean local Ba concentration of 48®| mol*, providing triplicate
treatments of 1x, 3x, and 6x Ba concentrationses&hvalues fall within the naturally
occurring regional range for estuaries and coastrs [38, 40]. Elevated Ba
treatments were prepared by the addition of B&Il Baker) to ambient seawater.
Diet, feeding, cleaning, and light regimes werenteaned as previously described.
Water changes were, however, made from an apptemigply of 1x, 3X, or 6x
Ba/Ca seawater sources. We excluded seven spexfnoemanalysis (five from a
single tank, 6x treatment) because of mortality degurred prior to the completion of
the study. All rays were sacrificed after 109giélyecember, 2009 — April, 2010)
with an injection of tricane methanesulfonate (el MS-222) in accordance with
approved Institutional Animal Care and Use protodeays were weighed and

measured before vertebrae were excised and staashffor subsequent analysis.

Vertebral preparation and elemental analysis
Sample preparation for elemental analysis followextedures typical to age
and growth studies of elasmobranchs [e.g. 41]rmdrporated processing methods

associated with otolith chemistry studies [e.g. ®2jinimize contamination. Tissue
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was removed from vertebrae with acid-washed noraitietiissecting tools and
individual centra were separated and dried in &<180 laminar flow bench.
Vertebral centra were soaked for 10 minutes iraplire 30% hydrogen peroxide
(ULTREX, J.T. Baker) to loosen remaining connectigsue, triple rinsed, and
ultrasonically cleaned in Nanopure® (18 M Ohm, Baéead International) water for
45 minutes. Samples were rinsed, dried, embeddpdlyester casting resin infused
with a spike of indium, and sectioned to a width-6f4 mm using a low speed
diamond saw (Fig. 2.1a, 2.1b). Resulting thinisestwere mounted to acid-washed
glass slides, polished with lapping film (3¥4 30, 12, 5, 3, im), and rinsed.
Sectioned centra were randomly attached to acidvehslides to prevent systematic
bias. Sample slides were rinsed with ultrapurenli¥tc acid (HNQ; ULTREX, J.T.
Baker), cleaned ultrasonically for 15 minutes,l&ripnsed, and dried in Class 100
conditions.

The elemental composition oX. halleri vertebrae was quantified using laser
ablation-inductively coupled plasma mass spectron{(eA-ICPMS). Analyses were
conducted at Oregon State University's WM Keck &lodiratory for Plasma
Spectrometry in Corvallis, Oregon using a VG PQ Ek{CPMS with a DUV193
excimer laser (New Wave Research). The laser was sepulse rate of 5 Hz with an
ablation spot size of 80m and translated across the samplejahs®. Laser
transects were positioned within the corpus calgaref the vertebral centrum to
collect a time series of elemental composition theluded both experimental periods

(Fig. 2.1b). Transects were pre-ablated (I0G&pot size, 2 Hz, 10@m s to further
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reduce potential sample contamination. We colledetd on 17 elements: lithium,
magnesium, calcium, titanium, vanadium, chromiuranganese, cobalt, copper, zinc,
rubidium, strontium, zirconium, cadmium, bariummtlzanum, and lead. However,
only magnesiunf®°Mg), calcium ¢3Ca), manganesé¥n), zinc €°zn), strontium
(®%sr), and barium't®Ba) were consistently above detection limits. itith ("Li) was
often found in concentrations near and occasiorlgw detection limits but was
included in analyses. Samples with measuremeritstbat were not above
background levels were dropped from further anal{E9% temperature experiment,
29% Ba manipulation experiment). Lead was incafeat into vertebrae at levels
exceeding detection limits when specimens wereadjwff Seal Beach, CA. However,
Pb/Ca ratios were not consistently above deteditioits (>4.19umol mol*) while

rays were maintained at HMSC.

Data processing followed procedures described ifeM8: Shanks [42]. To
evaluate instrument drift and daily variation isttument sensitivity, a National
Institute of Standards and Technology (NIST) 6l8sglstandard was run with each
sample slide. Background levels of analyte isatopere measured and subtracted
from values determined during vertebral ablatidean percent relative standard
deviations (%RSD) of the NIST 612 standard weres Bi2%, Mg = 12.6%, Ca =
3.3%, Mn = 4.5%, Zn = 8.3%, Sr = 3.7%, and Ba #6(@ = 21). Time-resolved
software (PlasmalLab®) allowed analyte counts tmteggrated from specific
positions along each vertebral transect. Regionstegration were determined using

image analysis (Image ProExpress, Media Cyberr@}icsVe targeted areas that
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corresponded with the mid-point of the temperaaxgeriment and the final month of
the Ba manipulation experiment for analysis to es#uat adequate vertebral
precipitation had occurred and to avoid samplirgaarassociated with the transition
between experiments (Fig. 2.1c). Count data wermalized by**Ca to adjust for
variability in instrument sensitivity and the amowh ablated material, then
converted to elemental ratios based on measureroktits NIST 612 standard [43,
44]. Elemental ratios are presented in mmolh{tg, Sr) orumol mol™* (Li, Mn, Zn,

Ba).

Water collection and analysis

Dissolved elemental concentrations within and antoesgtments were
evaluated by sampling the water from each tank lyemker the course of both
experiments. Samples were collected in acid-waplastic bottles, filtered with 0.2-
um syringe filters in a Class 100 laminar flow benatidified to <2 pH with ultrapure
HNO;3 (ULTREX, J.T. Baker) and stored refrigerated at ~4ffil analysis. A subset
of samples was analyzed to determine the concemtsadf Li, Mg, Ca, Mn, Zn, Sr,
and Ba during the temperature (n = 11 dates xI&jaand Ba manipulation (n =7
dates x 9 tanks) experiments. Water samples vedeeted to provide increased
representation during the middle of the temperagdperiment (August - October)
and the latter half of the Ba manipulation expent&ebruary - March), the same

time period from which vertebral elemental dataewvargeted.
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Elemental concentrations were determined usingealam-Teledyne
inductively coupled plasma optical emission speungeter (ICP-OES) (Li at 670.8 nm,
Mg at 279.1 nm, Ca at 317.9 nm, Mn at 259.4 nmatZ206.2, Sr at 421.5 nm, and Ba
at 493.4 nm). Filtered, acidified samples weratddl 100x for the determination of
Mg, Ca, and Sr and 25x for Li, Mn, Zn, and Ba. NMamatched standards were
created using SPEX Certiprep Group® certified mxfee materials (CRMs), NIST
liquid standard (1643e), and a sodium chloride (INa@lution. Matrix-matched
NIST standards and HNf®lanks were introduced throughout analysis to atalu
accuracy. Measured Li, Mg, Ca, Mn, Zn, Sr, anc:Bacentrations were within 3%,
2%, 3%, 18%, 8%, 5%, and 3%, respectively, of tedtivalues. A correction factor
was applied to those elements that wes® of known values (Mn, Zn and Sr).
Repeated measurements of the same CRM calibratdodard indicated that precision
was within 1.2% for all elements (n = 7). Elemértancentrations are expressed as
element to calcium ratios (Me/Ca) and presentedritol mol* (Mg, Sr) orumol mofl

(Li, Mn, Zn, Ba).

Satistical analyses

Partition coefficients (R, where the subscript typically indicates a tracgah
(Me) of interest) characterize the relationshipissn the elemental composition of a
solution with that of a solid, actively calcifyirggructure [45]. [ provide a
standardized metric for comparing the effects ofgerature, dissolved elemental

concentration, and growth rates on elemental iraratpn within and among species
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and calcified structures. \ewere calculated for each element by dividing agive
element to calcium ratio (Me/Ca) measured fromvitlial vertebrae by the mean
Me/Ca ratio measured from the water of the corredpg tank [45].

Mean salinity, temperature, Me/Ga, and Me/CawepracWere compared
among treatments using parametric and non-paranagiproaches. Data were
screened for outliers and assessed for normaldyhamogeneity of variance using
Shapiro-Wilk’'s and Levene’s tests, respectively][46emperature and salinity data
did not meet the assumptions of normality followtrensformation and were
examined using non-parametric Kruskal-Wallis analg$ variance by ranks [46].
Water (Me/Caate) and vertebral elemental (Me/@brae Dve) data required log-
transformation to conform to the assumptions oapuatric statistical analysis.

Data collected from the temperature and Ba manijpul@xperiments were
analyzed separately using the same procedures. fifst step, one-way multivariate
analysis of variance (MANOVA) was applied to test differences in mean
Me/Cayaterand Me/Carebrac@mong treatments, where treatment (temperatuBa or
concentration) was a fixed factor and elementabsdlLi/Ca, Mg/Ca, Mn/Ca, Zn/Ca,
Sr/Ca, Ba/Ca) were the response variables. Wiganifisant differences among
treatments were identified, Tukey's Honestly Sigmaift Difference (THSD) tests
were conducted to determine which groups accouotethe observed differences
[47]. Effects of temperature and Ba concentratinrby,e were evaluated in each

experiment by ANOVA with tanks nested within treatms as random variables and
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the corresponding temperature or Ba treatmenffiag@factor. All MANOVAs and

ANOVAs were completed using JMP (Version 8.0) statal software.

Effects of growth and precipitation rates

Somatic growth and vertebral precipitation ratesenketermined to evaluate
their influence on elemental incorporation. Beearss/s were not individually
marked, we assumed that sex-specific size ranks mamtained within each tank
during the experiments and estimated individuaiginarates from these ranks [48].
Somatic growth rates were calculated as the differen body size (DW) between the
start and end of each experiment divided by thebmrmof months that the experiment
was conducted, providing an estimate of growth in B\W month'. Changes in
centrum diameter during each experiment were silyitalculated by subtracting the
vertebral diameter at the beginning of a studyndgated by a fluorescent mark,
from that measured at the end of an experimengusiage Pro Plus® (Media
Cybernetics). Vertebral deposition/precipitatiates were expressed as mm DW
month. Mean monthly growth rates were estimated fotaaiks (n = 9) and
compared among treatments using ANOVA with treatrasra fixed factor.
Regression analyses of,Pagainst somatic growth and vertebral precipitataies

were performed within each treatment.

Classification
The ability to accurately classify individuals bdsen treatment/environmental

history was evaluated with discriminant functioralgsis (DFA) of the vertebral
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Me/Ca data (i.e. Mg, Mn, Sr, Ba) generated fromtemperature and Ba
manipulation experiments. Because Li/Ca measurenvegre not available for all
samples (i.e. below detection limits), Li was matluded in these anlayses. Group
classification accuracy was assessed using a le@@ut jack-knife procedure [49].
We assumed that prior probabilities of group mersitiprwere proportional to group
sample sizes. A chance-corrected classificati@héd’s kappag) was also
calculated to determine if predicted group assigmnmexceeded that of randomly
assigning individuals to groups in proportion teittsample sizes [50]. Aof 0
indicates that no improvement over chance was geavby the DFA andaof 1
signifies that perfect agreement was achieved. T8V Version 12.0) was used for

DFA.

RESULTS
Temperature experiment

Water temperatures differed significantly amongtimeents, as intended
(Kruskal-Wallis, H = 69.96p < 0.001; Table 2.1). Salinity varied during the
experiment but remained equivalent among and witieitments (Kruskal-Wallis: H
=4.79,p=0.09; Table 2.1). Additionally, water elementiosdid not differ in
response to temperature (MANOVA, Pillai’s trace.£3)p = 0.74; Table 2.2). Of the
six elemental ratios measured, Zn/g&displayed the greatest variation (overall

%CV = 47.5) and Sr/Gaerthe least (overall %CV = 1.1).
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We observed significant and varied responses itebml elemental
composition among temperature treatments (MANOVIRai trace = 10.80p <
0.001; Table 2. 2). Vertebral Li/Ca and Sr/Camldd vary among temperatures (Fig.
2.2a, 2.2e). Vertebral incorporation of Mg/Ca &adCa was significantly and
negatively affected by temperature (Fig. 2.2b,)2:2fereas incorporation of Mn/Ca
and Zn/Ca was significantly and positively relatedemperature (Fig. 2.2c, 2.2d).
The significant effect of temperature on both Mglz@racand Mn/CagertebracWas
attributed to differences in the lowest temperatteatment. Mg/CartebracWas
elevated at 15° C (THS,< 0.001 for 15° v. 18° C and 15° v. 24° C), howeve
Mn/Caerebracat 15° C was significantly less than those meabkur®). halleri
maintained 18° and 24° C (THSP= 0.009 for 15° v. 18° C arpl= 0.005 for 15° v.
24° C). Mean Zn/Caepraewas significantly greater at 24° C but did nofetif
between 15 and 18° C treatments (TH,0.001 for 15 v. 24° (i = 0.019 for 18
v. 24° C). Significant variation in Ba/G@enracWas evident across all treatments, with
mean Ba/Cganepracdecreasing with increasing temperature (Fig. ZZBfSD,p < 0.001
for all pair-wise comparisons). Overall mean (@nstard deviation, SD) Ba/Ge@ebrae
was 0.97 +0.12, 0.71 + 0.08, and 0.59 + QuAtbl mol*for 15°, 18°, and 24°C
treatments, respectively.

Varied responses to temperature were also obsamedg the partition
coefficients calculated in this study (Table 2.@).2.3). We detected no effect of
temperature on Li incorporation. Although a sigriaht temperature effect was

associated with Zn/Gaiebrae Dzn indicated no evidence of temperature dependence.
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Ds; values showed a slight decrease with increasmgéeatures, but the observed
trend was statistically insignificant. Temperathesl a significant, negative effect on
Dwmg and B, (Fig. 2.3b, 3f) and positively influenced/R(Fig. 2.3c). Mean Ry
declined with increasing temperature but the oles®pattern was driven by
differences between the 15° C and warmer treatn{étSD,p < 0.001 for 15° v. 18°
C and 15° v. 24° C). A strong, negative effecteshperature on g was detected
across treatments (THSP < 0.001 for all pair-wise comparisons). Fa.D
treatment means (+ SD) were 1.31 £ 0.18, 0.99 2,(athd 0.81 £ 0.13 at 15°, 18°,
and 24°C, respectively. The positive effect of penature demonstrated byPwas
due to increased discrimination of Mn at 15° C @o\Wy, values) compared with 18°

and 24° C (THSDp = 0.017 for 15° v. 18° C armul= 0.001 for 15° v. 24° C).

Ba manipulation experiment

Targeted Ba concentrations of 3x and 6x were sstulgsattained (Tables 4,
5). Mean Ba/Cgyervalues differed significantly among treatmentgy(F2.4b; THSD,
p < 0.01 for all pair-wise comparisons). With theeption of Ba/Cgye; dissolved
elemental composition did not differ among treattaéMANOVA, Pillai’s trace =
0.72,p = 0.03; Table 2.5). Salinity (Kruskal-Wallis, H5=71, p = 0.06) and
temperature (Kruskal-Wallis, H = 1.1)8= 0.56) also did not differ among treatments
(Table 2.4).

Ambient Ba concentration had a positive effect @i(Eertebrac( MANOVA,

Pillai’s trace = 0.95p < 0.001; Table 2.5). Significant differences wknend across
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treatments (Fig. 2.4b; THSP,< 0.001 for all pair-wise comparisons). Mean @S
vertebral Ba/Ca were 0.56 + 0.11, 0.76 + 0.05,@88 + 0.09umol mol* for 1x, 3x,
and 6x treatments, respectively.

Dga decreased significantly with increasing dissolBadconcentrations (Table
2.3, Fig. 2.5b). This negative relationship intiésathat discrimination of Ba increases
(less Ba is incorporated) in response to elevated@amental Ba concentrations.
Mean Oy, differed significantly among treatments (TH3Dx 0.01 for all pair-wise
comparisons). Treatment means (x SD) gfWere 0.81 £ 0.15 at 1x, 0.72 £ 0.05 at

3%, and 0.67 + 0.05 at 6x.

Precipitation and growth rate effects

As anticipated, somatic growth (ANOVA; k= 148.40p < 0.001) and
vertebral precipitation (ANOVA, & = 115.53< 0.001) rates were significantly
affected by temperature. Mean growth rates ine@asth increasing temperatures,
ranging between 1.8—-6.2 mm DW monitrig. 2.6a, Appendix A; S1). Vertebral
deposition rates reflected a similar, positive ogse to temperature (Fig. 2.6b). No
significant relationships were identifed betwegf. Bnd somatic growthr € 0.30,p >
0.10) or vertebral precipitation rates within temgtere treatments € 0.41,p> 0.12)
(Appendix B; S2), indicating that growth rates waot responsible for the variation
in elemental composition observed among treatments.

Somatic growth (ANOVA, ks = 0.32,p = 0.80) and vertebral precipitation

rates (ANOVA, B =1.86,p = 0.23; Fig. 2.6d) did not differ among Ba treattse
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Mean somatic growth rates ranged from 3.3—6.4 mmrmMth® (Fig. 2.6¢) and were
consistently and significantly elevated in one tarnthin each treatment (ANOVA, F
>9.4,p < 0.0006 for all comparisons). Tanks with elevatezhn growth rates in each
treatment represented those that had experienedddabt amount of temperature
change (1° C) between the temperature and Ba mlatigguexperiments. Regression
analyses indicatedApwas negatively correlated with somatic growthwo of the
three Ba treatments (3x, 6x; Appendix B; S2). Hesvethere was no detectable
influence of vertebral precipitation rate og,@r the other [Ye considered in this

study (Appendix A; S1 and Appendix B; S2).

Classification

The multi-elemental composition of vertebrae susftdly distinguishedJ.
halleri based on their environmental (treatment) histdab(e 2.6). Zinc was
excluded from DFA because of the observed incagrsts¢s and potential to vary with
growth rate. Therefore, DFAs were conducted uiing elemental ratios (Mg/Ca,
Mn/Ca, Sr/Ca, and Ba/Ca). For the temperaturerarpet (15°, 18°, 24°C), overall
group classification success was 85%, which wasfggntly better than expected by
chance. Classification of rays based on ambiertti8ary (1x, 3x, 6x average local
values), was accomplished with 96% success overhith was also better than
random chance. Ba/Ca ratios were the dominanaarused to predict group

membership in both DFAs.
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DISCUSSION

We demonstrated that the composition of certairomamd trace metal
elements in elasmobranch vertebrae was relatdetphysical and chemical
properties of the water. Vertebral incorporatioritote of the six elements evaluated
demonstrated significant temperature-dependenbrnsgs, revealing both positive
(Dmn) and negative relationships gpand Os,) with temperature. Vertebral Ba/Ca
ratios inU. halleri were incorporated in proportion to Bal@, supporting their
application as a useful geochemical marker. Eleat@mcorporation of Li, Mg, Mn,
Sr, and Ba did not appear to be mediated by sorgedisth or vertebral precipitation
rates, indicating that individual variation in grilwates are unlikely to be responsible
for observed variation in vertebral elemental cosifpan. Significant relationships
between somatic growth rate and Zn incorporatiorevaentified. However,
correlations between ) and somatic growth rate were inconsistent acressrhents
and between experiments, warranting further ingastbn. Using DFA, we reliably
distinguished the environmental history of indivadlutays based on differences in
vertebral elemental composition. These resultsatd that vertebral elemental

analysis is a promising tool for the study of elabnanch populations.

Vertebral elemental composition and influences on incorporation

In the following, we consider the combined resofteur temperature and Ba
manipulation experiments individually for each eta1) compare these results with

those reported from other calcified structures samer pathways of uptake and
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mechanisms of incorporation, and evaluate thetyioli Li, Mg, Mn, Zn, Sr, and Ba as

reliable indicators of environmental history anatsaly-explicit geochemical tags.

Lithium

The Li/Ca composition df. halleri vertebrae was occasionally below
detection limits, highly variable, and not affectedtemperature. In synthetic
(nonbiogenic) hydroxyapatite, Li has been founditectly substitute for Ca and to
increase proportionately with ambient dissolvedcemrtrations [51]. The sparse
experimental work on temperature effects on Li kpta biogenic calcified structures
provides mixed results. Negative temperature tffetLi/Ca incorporation into
calcite and aragonite have been identified exparially in some foraminifera,
brachiopods, and coral [52, 53] whereas no effastlieen observed in other
foraminifera and coral species [54].

Otolith Li/Ca has been used as a geochemical markezshwater [55],
diadromous [56], and marine teleosts [57], as aglhn elasmobranch [30].
Fleishman et al. [58] determined that lithium*fjléoncentrations in the blood plasma
of elasmobranchs were 5-7 times lower than thandfient seawater. This marked
discrimination against Lireflects the approach elasmobranchs evolved totaiai
internal ionic and osmotic equilibrium (osmoregida). Because concentrations of
NaCl in the plasma of marine elasmobranchs arergiyenaintained below that of
seawater, elasmobranchs experience an osmotia iofiNaCl that must be regulated

[58]. Lithium, like N&, is a monovalent alkali metal that is unlikelyot®
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differentiated from N&during osmoregulation [58]. In elasmobranchsgesd\3,
chloride (CI) and Li" are concentrated in the kidneys and renal gladdeanreted

with urine and other waste [59]. DiscriminationLofs reflected in the partition
coefficients calculated frotd. halleri vertebrae (overall x 0.85 £ 0.21 SD).

However, elemental partitioning may be underestahat our analyses because of the
exclusion of samples that fell below instrumentedaon limits. If we include those

samples as 0 values, the grand mean decreagef.@ + 0.39 SD).

Magnesium

The negative effects of temperature on Mg/Ca ino@ion (and )
observed irJ. halleri have also been reported in marine gastropodsdié@penthic
foraminifera [61]. Among marine fishes, signifitaiffects of temperature on otolith
Mg/Ca ratios have not previously been reportedpefmental investigations of
elemental incorporation into the otoliths of redmr(Sciaenops ocellauts [62]), spot
(Leiostomus xanthurus [16]), gray snappet(tjanus griseus [63]), and Pacific cod
(Gadus macrocephalus [40]) all concluded that otolith Mg/Ca was noteaffed by
temperature. In contrast, Mg/Ca ratios in synthatagonite show a similar inverse
relationship with temperature as observed withimalleri vertebrae [64]. These
results are likely due to underlying differencesha kinetics of mineralization
associated with biogenic aragonite and hydroxysgand differences in ionic

regulation between teleost fishes and elasmobranchs
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Magnesium partition coefficients were expressedsga narrow range (9=
0.32-0.43) and exhibited the strongest discrimarafiowest [e) among the six
elements considered in this investigation (e.g.miag, = 0.38, 0.39, 0.39 for 1x, 3X,
6Xx Ba treatments at 19° C; %CV = 5.6). Magnesisi@an essential micronutrient that
supports cellular metabolism, immune system fum¢tamd skeletal growth, among
other physiological processes. In synthetic hygamatites, Mg ions have been found
to substitute for and compete with Ca and inhibiteralization rates [65, 66].
Therefore, internal concentrations of Mg are likeljpjected to a high degree of
physiological regulation that would be reflectechinomparatively consistent pattern

of incorporation, as was observeddnhalleri.

Manganese

Temperature influences on Mn incorporation intonieeralized structures
have generally been found to be insignificant @4, or negative [38, 68], but
Mn/Caerebrac@nd DBun Were positively affected by temperaturednhalleri. The
effect was not expressed across temperatures Isudriven by significantly lower
incorporation of Mn/Ca within the coldest (15° @dtment. Manganese is an
essential micronutrient that is an important cafaébr many enzymes and supports
metabolism, protein production, cellular signalprgcesses, and the activation of
reproductive hormones. Though Mn/Ca uptake is gntoggnal to Mn/Cgaterin
synthetic hydroxyapatite [69], osmotic regulatidrivin ions would alter this direct

relationship in biogenic hydroxyapatites. Furtherej diet represents the primary
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pathway of Mn uptake in elasmobranchs and othdebeates [70, 71]. Ina
comparative study of radionuclide accumulation telaost and elasmobranch,
Pentreath [72] concluded that uptake of Mn radimiges solely from water was
insufficient to explain internal concentrationstio¢ radionuclide. More recently,
Mathews & Fisher [71] experimentally determinedt th@0% of the Mn accumulated
in the soft tissue of lesser spotted dogfiStyljorinus canicula) was derived from
dietary sources. The contribution of dietary Mraddition to uptake from the
environment at the gills offers an explanationtfa elevated values of Mn/(z&ebrae
in comparison to water Mn/Ca in our experiment (Ri@c).

Considerable variation in\) has been reported within and among species.
Dwmn ranged between 0.10-1.90 in juvenile black breaarthopagrus butcheri
[73]), 0.018-1.02 in grey snhapper [63], and 7.67832n a field-based study of
spotted seatrouCynoscion nebulosus [74]). Strasser et al. [75] identified
ontogenetic differences inylQ between larval (mean = SD: 1.86 + 0.19) and jueeni
softshell clams (mean + SD: 0.88 £ 0.18)a arenaria. Our estimates of
typically exceeded 1.0 (temperature experiment-D&0; Ba manipulation
experiment: 1.36—1.69) but fell within the broadga reported among these other
investigations. Laboratory studies intended t@ssshe factors controlling Mn
incorporation into otoliths have found no evidentea relationship between
Mn/Cayaterand Mn/Caiith (S€€ review by Miller [38]). However, Limburg at [76]
hypothesized that cyclical variation of Mn/&@n ratios were associated with

migrations into deep water hypoxic zones that hezacterized by elevated Mn
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concentrations, providing historic records of hyjaartensity. Further research on
the mechanisms of Mn incorporation is needed tofglthe utility of this element as

as a geospatial tag or indicator environmentabhyst

Zinc

Our analyses of Zn incorporation irtb halleri vertebrae revealed a positive
influence of temperature on Zn/Ganrae NO Significant effect of temperature on,p
and significant influences of somatic growth rada<;,, providing a somewhat
convoluted perspective on the factors influencingriorporation. Few studies have
attempted to experimentally validate Zn incorpaatnto biogenic calcified
structures [65, 66, 77]. Zn is fundamental to\edie array of physiological
processes, including growth, neurotransmission,caficsignaling. It plays a vital
role in protein production, structure, and maintexgg[78]. Though branchial uptake
of Zn is not inconsequential, diet represents timagry source of Zn intake in both
elasmobranch and teleost fishes [69, 70]. Theadjietontribution of Zn in the
elasmobrancls. canicula (>80% [71]) is similar to those experimentallyisstted for
other fishes [79, 80]. Given our use of stand&dlidiets, the observed
inconsistencies may be the result of the high bdiig in Zn/Ca,aer values (Tables
2.1, 2.4). Alternatively, variation in Zn/Gaenradnay be influenced by somatic
growth rate and kinetic effects.

In synthetic hydroxyapatites, Zn substitution fa i€ minimal and the

majority of Zn is incorporated through inclusionannterstitial spaces [81]. Elements
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incorporated into interstitial spaces can be repregive of environmental conditions
[8, 15], but the pathways and mechanisms of Znrpm@tion may differ in biogenic
hydroxyapatite. Miller et al. [81] determined thla¢ majority (40-60%) of Zn
contained in Atlantic cod3adus morhua) otoliths was associated with the protein
matrix rather than the mineralized aragonite stmgcor interstitial spaces. Given the
critical role of Zn identified in more than 300Hiproteins [13], it is likely that much
of the Zn contained in the biogenic hydroxyapatitelasmobranch vertebrae is bound
within the protein matrix as well. Because it isyalent in the protein structure of
otoliths and is assimilated primarily through drgtaources, Miller et al. [81]
concluded that Zn is unlikely to be a reliable prax ambient environmental
conditions. Zn has been reported to be usefulligimguishing shark populations
[28] and movements of sharks between habitats [B@fsed on our results and a
review of available literature, we do not anticgpaertebral Zn/Ca ratios andg,[to be

commonly representative of ambient conditions.

Strontium

Strontium is one of the most commonly studied el@iaenarkers in biogenic
calcified structures. Unlike several of the eletagareviously considered in this
study, a physiological role for Sr has not beemiified in fishes [14]. Sris primarily
derived via branchial uptake in fishes and Sr/Gasaf otoliths are typically
representative of ambient concentrations [83, 84, 8n synthetic hydroxyapatite and

aragonite, Sr is known to compete with and sulistitor Ca [86]. Temperature-
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dependent responses in Sr/Ca incorporation hawedea reliable indicators of
temperature history in corals [87] and fishes [®, Sr incorporation was not
influenced by temperature W. halleri. Temperature-independent patterns of Sr/Ca
incorporation were also reported in juverilexanthurus scales [88], common
cuttlefish statolithsSepia officinalis [36]), and the otoliths of European eedaduilla

anguilla [89]).

Barium

The strong, negative effect of temperature on Barporation inJ. halleri is
similar to the pattern observed by Balter & Lécuj@g®] in laboratory studies of
synthetic hydroxyapatite. Decreases in Ba/Casatith increasing ambient water
temperature have also been found in laboratoryesuwgith synthetic aragonite [64],
cephalopods [36], larval gastropods [67, 91], juleeclams [92], and larval fish [39].
However, positive or no effect of temperature oni@rporation into otoliths has
been much more commonly observed [38]. Studi€kaahcorporation into the
hydroxyapatite of fish scales, bone, and teeth lads@revealed either positive [12] or
no relationship to temperature [88]. Given themsistency in temperature effects on
Ba incorporation reported within the literaturesitikely that species-specific
variation in this temperature response is widesprea

The significant positive relationship between vierée and water Ba/Ca
supports the utility of Ba/Ca ratios as geospatiatkers. However, our observation

of a negative temperature effect on Ba/Ca incotpmrandicates there are likely to be
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interactive effects of temperature and water cotragan on vertebral Ba
incorporation. These effects could confound intetations of field data, particularly
in study areas with sharp gradients in both tenperand Ba/Cas:. For example,
vertebral Ba/Ca of). halleri at 15.4° C and exposed to Ba/@a of 6.3umol mof*
(Ba/Caertebrac= 0.96) would be indistinguishable fradh halleri that had resided in
water averaging 19.7° C with a mean Ba/{zaconcentration of 31.4mol mol*
(Ba/Caertebrac= 0.94). This finding highlights the importanceexiperimental
validation studies, the utility of measuring mukiglemental markers, the value of
temperature data from study areas, and need fdiooaunhen interpreting patterns

from field studies.

Effects of growth and precipitation rates

Variation in growth rates can alter physiologicati&inetic processes that
directly modify patterns and rates of elementatmination and incorporation [45,
68]. For example, growth-mediated effects on elgalencorporation could produce
significant variability among individuals with inrently different growth rates that
occupy the same water madsdeed, growth rates have been found to influehee t
composition of some calcified structures [7, 16, 18 this study, we found no
significant relationships between somatic growtlventebral precipitation rates and
Dwe for any elements except Znlih halleri (Appendix A; S1, Appendix B; S2),
which supports the premise that growth rates dayanerally alter vertebral elemental

composition.
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In contrast to other elementszDindependent of temperature, was
significantly but inconsistently correlated withnsatic growth. The effect of growth
on Dy, was restricted to the 3x and 6x Ba treatments éAgp< A; S1, Appendix B;
S2). Vertebral precipitation ratgsng radius montH), however, were not
significantly correlated with B. Zn/Caervalues displayed the greatest variance
among the six elemental ratios measured in thdysthCV = 47.8). Dissolved Zn
concentrations can be highly variable, elevatingnduperiods of increased river
discharge and runoff [93]. Water changes that meduduring high flow events could
have influenced Zn/Gates ZN/Caertebrae aNd By in SOMe tanks. Trace levels of Zn in
seawater are also highly prone to contaminatioh [&tven broad environmental
variation and the potential for contamination, sampling frequency may not have
been sufficient to adequately characterize thekepsad partitioning of Zn it.
halleri. Further research is needed to clarify the reteatips between Zn/Gaes
Zn/Caertebrae @aNd somatic growth rates, if this element isd¢aibed as a reliable

marker of habitat use or natal origins.

Ecological applications and future directions

Group classification of). halleri based on environmental history within the
controlled laboratory studies was highly succes@rable 2.6). Our results indicate
that geochemical variation in elasmobranch verebem reliably distinguish
individuals based on differences in their environtakhistory or habitat — assuming

differences among those habitats or time periods.e$tudies of vertebral elemental
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chemistry could identify natal origins, biologidabtspots, movement patterns, habitat
use, and population structure of elasmobranchsgandrate critical information for
spatially explicit conservation measures and adednitire research in shark and ray
population dynamics.

The significant temperature effects and the likadidh for interaction between
temperature and ambient concentration on Ba incatiom observed in this study
emphasize the importance of considering multipdeneintal markers when making
spatial and temporal inferences regarding envirortatdnistory. Measurements of
vertebral bulk or compound-specific stable isotammposition [95, 96], mapping of
environmental chemical composition/isoscapes [8F, & molecular analyses [97]
used in conjunction with minor and trace elemeasalays should provide greater
resolution than would be obtained from a singlehndtalone. We anticipate that
studies integrating complementary intrinsic markeitsgenerate corroborative and
more robust conclusions based on field data.

Our results prompt questions regarding the peritydi¢ growth band/increment
deposition within elasmobranch vertebrae. Incramare deposited daily within fish
otoliths and bivalve shells, a phenomenon thatieayet been found in elasmobranchs
[4, 24]. Yet, microscopic examination of elasmalutavertebrae typically reveals other
increments and checks within the pair of annualtitdands [24, 100]. Are growth
bands deposited at finer temporal scales withisnetdoranch vertebrae? The ability to

reconstruct environmental history and assay elemhemdrkers with more refined
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temporal resolution would enhance the utility aéttool in studies of elasmobranch
populations.

Elemental composition of elasmobranch vertebrae moayrovide a useful
record of environmental history for all speciesertébral elemental composition
could differ among species due to species-speaificronmental tolerances [101,
102] or extent of vertebral calcification [24, 103}dditional laboratory or field-based
experiments should be pursued to gain insighttimegootential differences in
elemental incorporation among species. Our vatidagtudy advances the use of
vertebral elemental composition for the study esatobranch populations and

provides a framework for interpreting the resuftéuture field investigations.
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Table 2.1. Temperature experiment. Mean experiaheonditions by tank and treatment. The summacludes the number
of round rays{robatis halleri) per tank (n), their mean size in disc width (D&V}he onset of the study, water temperature
(°C), salinity (parts per thousand, %o), and disedlelement to calcium (Ca) ratios (Me/Ca) for tithi (Li), magnesium (Mg),
manganese (Mn), zinc (Zn), strontium (Sr), andwar{Ba). Values in parenthesis are + standardatien. Untransformed
Me/Ca concentrations are presented below buyp lognsformation of these data was necessary to tme@tssumptions for
parametric statistical analysis.

Treament Mean DW Temperature I—ilcawaler Mg/ca/valer Mn/ca/valer Zn/CaNater Sf/C%ter Balcavaler
Tank  (°C) n (mm) (°C) Salinty (%) (umolmol™)  (mmolmol™)  (umolmol™)  (umolmol™)  (mmolmol®)  (umolmol™)

15 12 1158 (17.4) 15.4(1.2) 31.6(1.6) 11.57(0.26)87452(20.84) 13.64 (0.76) 18.88(7.91) 8.77 (0.09) 1§1352)
15 12 117.5(16.2) 15.0(1.2) 31.6(1.6) 11.54(0.34)63:4®4 (60.88) 13.45(0.52) 19.44 (9.55) 8.74(0.12) 5%1348)
15 11 118.0(20.5) 15.5(1.3) 31.7(1.6) 11.43(0.34)8404 (15.34) 13.45(0.28) 27.42 (17.20) 8.76 (0.09) 14%1.65)
18 11 100.0 (18.0) 18.8(0.9) 32.3(1.2) 11.63(0.27)91482 (18.84) 13.50 (0.24) 24.37 (10.57)  8.79 (0.07) 05%0.95)
18 10 121.3(20.8) 18.5(0.8) 32.2(1.2) 11.70(0.21)90499 (12.31) 13.76 (0.30) 20.51(7.78)  8.79 (0.07)  2%1207)
18 12 115.9(16.6) 18.6(0.7) 32.4(1.2) 11.64(0.47)97484 (18.48) 13.64 (0.54) 22.23(13.27) 8.81(0.08) 39%1.24)
24 12 116.4(19.6) 23.9(0.9) 32.6(1.4) 11.43(0.64)8:B2 (31.65) 14.26(1.08) 24.10(6.13) 8.78(0.14)  7%1352)
24 12 119.7(18.3) 24.3(1.2) 33.0(1.9) 11.42(0.54)87496 (17.37) 13.40(1.28) 24.85(13.90) 8.78 (0.11) 02%1.30)
24 13 115.6 (14.2) 24.1(0.8) 33.2(1.4) 11.44(0.33)8:B4 (13.06) 13.68 (0.79) 28.18(10.71) 8.76 (0.08) 63%1.28)
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Table 2.2.Urobatis halleri; temperature experiment. Univariate results from
multivariate analysis of variance tests to evaltia¢eeffect of temperature (Temp;
15°C, 18°C, and 24°C) on dissolved element to aaldiatios (Me/Ca) in water and
vertebral Me/Ca among treatments. Significant presare indicated by bold font.
Data were logy transformed prior to analysis.

Source Me/Ca Effect DF MSE F p
Water Li Temp 2 <0.001 3.32 0.107
(Tank) 6 <0.001
Mg Temp 2 < 0.001 1.76 0.250
(Tank) 6 <0.001

Mn Temp 2 < 0.001 0.27 0.774
(Tank) 6 0.001

Zn Temp 2 0.005 1.71 0.258
(Tank) 6 0.003

Sr Temp 2 <0.001 2.98 0.126
(Tank) 6 <0.001

Ba Temp 2 0.001 0.46 0.652
(Tank) 6 0.001

Vertebrae Li Temp 2 0.015 1.56 0.284

(Tank) 6 0.010

Mg Temp 2 0.002 49.81 <0.001
(Tank) 6 < 0.001

Mn Temp 2 0.019 8.87 0.016
(Tank) 6 0.002

Zn Temp 2 0.028 12.97  0.007
(Tank) 6 0.002

Sr Temp 2 <0.001 3.15 0.102
(Tank) 6 <0.001

Ba Temp 2 0.118 91.78 <0.001
(Tank) 6 0.001
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Table 2.3.Urobatis halleri; temperature and barium manipulation experiments.
Results of nested analysis of variance to evaligteffect of temperature (Temp;
15°C, 18°C, and 24°C) and barium ([Ba]; 1x, 3x, &mcaverage ambient values)
treatments on mean partition coefficients;{P Significant p-values are indicated by
bold font. Data were lggtransformed prior to analysis.

Experiment Due Effect DF MSE F p
Temperature Dy Temp 2 0.017 2.32 0.180
(Tank) 6 0.007
Dwg Temp 2 0.001 47.86 <0.001
(Tank) 6 <0.001
Dwn Temp 2 0.016 5.90 0.038
(Tank) 6 0.003
Dz, Temp 2 <0.001 0.17 0.850
(Tank) 6 0.004
Ds: Temp 2 <0.001 3.09 0.119
(Tank) 6 <0.001
Dz, Temp 2 0.191 31.77 <0.001
(Tank) 6 0.006
Barium Dy [Ba] 2 0.003 1.50 0.297
manipulation (Tank) 6 0.002
Dug [Ba] 2 <0.001 1.69 0.261
(Tank) 6 <0.001
Dun [Ba] 2 0.002 1.96 0.221
(Tank) 6 0.001
Dz, [Ba] 2 0.137 0.61 0.575
(Tank) 6 0.023
Dg, [Ba] 2 <0.001 0.27 0.769
(Tank) 6 0.001
Dga [Ba] 2 0.015 20.44  0.002
(Tank) 6 0.001




Table 2.4. Barium manipulation experiment. Megpegimental conditions by tank and treatment. neats reflect
ambient (1x) barium concentrations and targete@@atnations of three (3x) and six (6x) times themambient value. The
summary includes the number of round rdysopatis halleri) per tank (n), their mean size in disc width (D&Y}he onset of
the barium manipulation experiment, water tempeeatC), salinity (parts per thousand, %), and @ligsd element to
calcium (Ca) ratios (Me/Ca) for lithium (Li), magiem (Mg), manganese (Mn), zinc (Zn), strontium)(&nd barium (Ba).
Values in parenthesis are + standard deviationtddsformed Me/Ca concentrations are presented dalovog o

transformation of these data was necessary to tmeetssumptions for parametric statistical analysis

Mean DW Temperature Lilcawater Mg/cavi\rcller Mn/CaNaler Zn/cawaler Sr/cavaler Balc%ter
Tank Treament n (mm) (°C) Salinty (%) (umolmol™)  (mmolmol®)  (umolmol™)  (umolmol™)  (mmolmol™)  (umolmol™)
2 1x 12 162.1(14.0) 19.8(0.2) 30.0(0.7) 11.59(0.28) 87488 (8.79) 14.18 (0.74) 44.54 (13.22) 8.76 (0.05)  840652)
6 1x 12 131.8(15.5) 19.6(0.4) 30.7(0.6) 11.87 (0.42)8499 (10.96) 13.77 (0.57) 24.34(6.56) 8.76 (0.07)  540B60)
7 1x 12 1435(12.6) 19.5(0.2) 29.9(0.7) 12.06(0.64)0091 (32.94) 13.24 (0.67) 27.08(9.37) 8.80(0.12)  64M50)
3 3x 11  132.3(15.9) 19.8(0.4) 29.5(1.0) 11.74(0.35)95485 (26.14) 13.95(0.78) 23.12(4.72) 8.78(0.13) 21(7.83)
4 3x 10 146.6 (15.4) 19.5(0.4) 29.8(0.9) 11.73(0.30)85495 (16.09) 14.54 (1.28) 25.08 (11.05) 8.76 (0.09) .94614.11)
9 3x 12 165.5(7.7) 19.4(0.3) 29.8(1.0) 11.55(0.37) 6498 (16.71) 14.67 (0.56) 48.99 (20.95) 8.76 (0.07) 1848.30)
1 6X 11 1482 (9.5) 19.4(0.3) 29.8(0.7) 11.89(0.79) 508 (39.14) 14.86 (1.37) 47.85(22.22) 8.74(0.07) 98121.58)
5 6X 7 167.4(9.5) 19.8(0.2) 29.7(0.8) 11.81(0.25) 498718.94) 14.80 (1.91) 3590 (21.38) 8.78 (0.11)  2487)
8 6X 11 136.5(17.9) 19.7(0.4) 29.8(1.0) 11.73(0.22)93:88 (34.20) 13.89 (0.59) 36.10 (15.18) 8.79 (0.12) .73119.23)

LS
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Table 2.5.Urobatis halleri; barium manipulation experiment. Univariate resfiom
multivariate analysis of variance tests to evaltlageeffect of barium concentration
([Ba]; 1x, 3x, and 6x local ambient values) on diged element to calcium ratios
(Me/Ca) in water and vertebral Me/Ca among treatmeS8ignificant p-values are
indicated by bold font. Data were lgdgransformed prior to analysis.

Source Me/Ca Effect DF MSE F p
Water Li [Ba] 2 <0.001 1.49 0.299
(Tank) 6 <0.001
Mg [Ba] 2 <0.001 0.70 0.534
(Tank) 6 <0.001

Mn [Ba] 2 0.001 5.08 0.051
(Tank) 6 <0.001

Zn [Ba] 2 0.016 0.91 0.451
(Tank) 6 0.017

Sr [Ba] 2 <0.001 1.08 0.398
(Tank) 6 <0.001

Ba [Ba] 2 0.424 28.19 <0.001
(Tank) 6 0.015

Vertebrae Li [Ba] 2 0.004 1.14 0.382

(Tank) 6 0.004

Mg [Ba] 2 <0.001 0.92 0.447
(Tank) 6 <0.001

Mn [Ba] 2 <0.001 0.16 0.858
(Tank) 6 0.002

Zn [Ba] 2 0.004 0.83 0.480
(Tank) 6 0.002

Sr [Ba] 2 <0.001 0.19 0.829
(Tank) 6 <0.001

Ba [Ba] 2 0.145 99.59 <0.001
(Tank’ 6 0.001




Table 2.6.Urobatis halleri. Group classification success determined frorarohisnant function analysis of vertebral
elemental composition of magnesium, manganesejtgtne, and barium (expressed as element to calcativs). Jack-knife
classification success among groups based on krnowatrolled temperature and dissolved barium camagaon histories.
Overall percent classification success of grougkdrance-corrected classificatiat) ¢ approximate standard error (ASE)
represent independent measures of group classfcaérformance.

Overall % Overal %
Temperature % Correctly Classification % Correctly Classification
Treatment (°C) Classified Success  « (x ASE) [Ba] Treatment Classified Success  « (x ASE)

15 91 85 0.77 (0.09) 1x 100 96 0.94 (0.08)
18 86 3x 97
24 76 6X 91

6G
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Figure 2.1. Depiction of a (a) whole and (b) tkectioned vertebral centra and (c)
the barium to calcium ratio (Ba/Ca) profile coliedtalong a representative laser
transect. The birth mark (BM) provides an intrngference and fluorescent markers
injected into round raydJfobatis halleri) at the beginning of the temperature and
barium manipulation experiments provided visuatrefces for identifying specific
regions deposited during this study. T repres@deginning of the temperature
experiment (indicated by an oxytetracycline marRa represents the beginning of the
barium manipulation experiment which was identiligaby a calcein mark. The
dashed line in (b) exemplifies the transect pathussd for laser ablation. Grey
vertical bars within (c) depict the regions intdgchafor analysis. The example in (c)
characterizes the variation in vertebral Ba/Ca afumd ray that was maintained at
18° C and 6x ambient Ba concentration during theperature and barium
manipulation experiments, respectively.
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Figure 2.2.Urobatis halleri; temperature experiment. Mean * standard error of
element to calcium ratios (Me/Ca) for water andefanal samples at 15° @) 18° C
(o), and 24° C ) treatments. (@) lithium, (b) magnesium, (c) namese, (d) zinc,
(e) strontium, and (f) barium. Me/Ca ratios wieg ¢-transformed. Significant
temperature effects are indicated by (*).
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Figure 2.3.Urobatis halleri; temperature experiment. Mean * standard error of
partition coefficients (Qe) for (a) lithium, (b) magnesium, (c) manganeségz{dc, (e)
strontium, and (f) barium by treatment and meak tamperature. Symbols represent
15° C (@), 18° C ), and 24° C ) treatments. Significant responses gD
temperature are indicated by (*).
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Figure 2.4Urobatis halleri; barium manipulation experiment. Mean + standardr
of barium to calcium ratios for water and vertelsanples from 1xe(), 3x (), and
6x (O) barium treatments. Element to calcium ratioseNeg ¢-transformed.
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Figure 2.5Urobatis halleri; barium manipulation experiment. Mean + standardr
of partition coefficients for barium @) by barium treatment. Experimental barium
concentrations were 1), 3x (2), and 6x Q) that of average local values.
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Figure 2.6.Urobatis halleri; temperature and barium manipulation experiments.
Mean (a, c) somatic growth and (b, d) vertebratipigation rates by tank, treatment,
and experiment (x standard error). (a, b) Tempesdteatments 15° @], 18° C

(@), and 24° C Q). (c, d) Experimental barium concentrations wetde), 3x (2),

and 6x Q) that of average local values. Temperatures wguoévalent among
treatments (19° C) during the barium manipulatiepeziment.
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CHAPTER 3

DISTINGUISHING NATAL ORIGINSAND CONNECTIVITY WITH
VERTEBRAL ELEMENTAL SIGNATURESIN SHARKS

Wade D. Smith

ABSTRACT

Knowledge of movement patterns, habitat use andghaal structure of
populations is essential for effective managemadta@nservation of wide ranging
marine species. The chemical composition of calditructures, such as otoliths and
statoliths, has been used to distinguish natalr@jglispersal patterns, and population
structure of many marine organisms. Because thefudiscrete nursery areas is
common among elasmobranchs, distinctive chemiceatensa may be incorporated
into the vertebrae of individuals as they occumsthareas for the first months or
years of their lives. The objective of this invgation is to determine if elemental
signatures incorporated into the vertebrae of yealrtlpe-year elasmobranchs provide
discrete markers of natal origin. Vertebrae weléected from artisanal fishery
landings at six sites along the Pacific coast okigle and Costa Rica in 2007-2009 to
assess patterns of spatial and temporal variatietemental composition. The
composition of vertebral elemental signatures (reatd edge) was measured using
laser ablation-inductively coupled plasma masstspeetry. A protracted pupping
period was confirmed fds. lewini, with newborn pups present in fisheries samples

from May through mid-October. Natal elemental sigmes varied significantly
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among putative nursery areas. All element-to-oaiciatios included in these
analyses (Li/Ca, Mg/Ca, V/Ca, Cr/Ca, Mn/Ca, Rb/&dCa, Ba/Ca, Pb/Ca) were
useful for the discerning natal origins of shatk®wever, Ba, Sr, Mn, and Mg ratios
most consistently generated the greatest discriop@ower based on step-wise
discriminant function analyses. All classificatiaccuracies exceeded chance
expectations and successfully discriminated amdageg ef capture, with overall
success rates of 39-100%. Classification accui@pytative nursery areas (natal
signature) and location of capture (edge signaiorpjoved from low to high when
data were expressed with greater spatial and teahpesgolution (e.g. early season,
month of capture). Though significant differenaesatal elemental signatures were
detected across years, pair-wise analysis revéladedignatures were similar between
2007 and 2009, indicating some consistency inspegific natal signatures. Our
results confirmed that vertebral elemental markarsbe used to distinguish
individuals across small (5s km), moderate (100% lamd large spatial scales (>1000
km). The potential for intra-annual variationnatal signatures within a year-class,
however, highlights the importance of cohort-spe@halyses and the development of
a spatial atlas of natal vertebral elemental sigestfor studies of natal origin and
population connectivity. Analyses of vertebral wh&try offer a promising new tool

for the study of highly mobile shark populations.
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INTRODUCTION

Movements of individuals define their interactiomish the environment and
within communities, thereby having profound consetes on individual fithess as
well as population dynamics and distributions (Gmeeod 1980, Sinclair 1988,
Hastings and Botsford 2006). Tracing movemertepas, distinguishing natal
origins of individuals, and quantifying the degrdeexchange among subpopulations
or habitats are fundamental aspects of appliedbggolInsight into dispersal
pathways and population connectivity promotes enetbpment of effective
conservation and management practices at spatiaieamporal scales that are relevant
to a population (Fogarty and Botsford 2007, Clapledaml. 2008). Our ability to
observe and identify movements of marine speci@seher, is complicated by the
concealing nature of the environment, wide distidruof individuals, and complexity
and vastness of potential habitat.

The majority of marine fishes possess a bipaiifieclycle with a dispersive
pelagic larval phase and relatively sedentary gohdise. In contrast, the life history
of sharks and rays (elasmobranchs) is generalifiggdy a highly mobile adult stage
and more restricted, localized movement as juveri@arrier et al. 2004). Studies of
connectivity and movement patterns in shark andgogulations are frequently
complicated because of their high mobility, bropdtel distributions, and tendency
to segregate by size and sex (Speed et al. 20déhyat al. 2011). Individuals may

undertake large- (>1000 km) and small-scale movésn@nl0 km) in response to
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reproductive and foraging needs, which influencpypation dynamics and
community interactions across broad temporal aatiascales (Kohler and Turner
2001, Heupel et al. 2012). Because many sharkangdopulations are facing
unprecedented population declines (Stevens e0@0,Ferretti et al. 2010) and have
limited potential for rapid population recovery (fmet al. 1998), new methods to
improve our understanding of dispersal pathwayétssh habitat use, and population
connectivity in elasmobranchs could advance spgiiplicit management and
conservation practices.

Established methods for evaluating population stinecand connectivity of
marine organisms on ecological time scales foagelg on tagging and tracking
individuals. These investigations are difficultimaplement for wide ranging marine
species and may be expensive, time-consuming,iiaied in duration or area
because of technological limitations (e.g. battdey (Kohler and Turner 2001, Speed
et al. 2010). Recapture success is typically lod/though valuable insight has been
gained from satellite tracking and biologging, thegpensive tags remain prone to
failure (Hays et al. 2007, Musyl et al. 2011) aestricted sample sizes.

The analysis of intrinsic elemental markers degaosimh the hard (calcified)
structures of fishes and other animals provideal@nmnative and comparatively rapid
and inexpensive technique for identifying populatstructure and determining
movement patterns on ecological time scales (Camp@80, Campana and Thorrold

2001). Elemental markers (also known as elemeigahtures or fingerprints) have
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proven to be useful in ecological studies of baslds, providing insight into
migratory patterns (Campana et al. 2007), popuiataucture (Gillanders 2002), and
dispersal (Miller and Shanks 2004). Naturally adng elements are assimilated into
actively calcifying structures as a byproduct cfjrieation and feeding (Campana and
Thorrold 2001). A suite of physical and biologioa¢échanisms can influence
elemental incorporation into a calcified struct(@@mpana 1999). If the structure is
metabolically inert and reflects, to some degree relative concentration of elements
within the environment, then permanent geochemexadrds of environmental history
may be preserved over the lifetime of an individuAécause the otoliths of bony
fishes are metabolically inactive, grow throughldiet and are deposited in distinctive
alternating bands from which ages can be determowtsiderable attention has been
directed toward extracting these chemical chronebktp identify intrinsic geospatial
tags and trace movement and habitat use of tdisbst (Elsdon et al. 2008).
Elemental markers/tags confer an additional adggntaver their extrinsic
counterparts (floy tags, satellite tags) in thatythre naturally occurring within all
individuals within a population.

Sharks lack the calcified structures, known asithi®lthat are typically used
for studies of dispersal and natal origin in boisyés based on elemental markers.
However, the vertebrae of sharks continue to glowughout the lifetime of
individuals and available data suggest that elesn@eposited into the vertebrae of

sharks and rays are stable and not reworked (Cleb®92, Ashurst 2004).
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Additionally, Smith et al. (2013) confirmed thatleast some trace elements are
detectable in elasmobranch vertebrae in relatispgation to their concentration in
the environment. Tillet et al. (2011) found thaettebral elemental markers reflected
patterns of age-specific habitat use in two shpdcis. Initial results from this
emerging field indicate that the chemical composif vertebrae can serve as
valuable records of environmental history for slsaakd rays over a lifetime.
Analyses of naturally-occurring geochemical markenrsighly mobile shark
populations could provide a much needed alternaipproach for identifying
movement patterns and population structure, engithia identification and
delineation of movements and habitat use at spatales that are ecologically
relevant to populations.

In this study, we investigated the utility of vdrtal elemental signatures to
discern the natal origins of young-of-the-year leged hammerhead sharl&hyrna
lewini. As a first step toward assessing natal origim$ connectivity in this
population, we sought to determine if vertebrahedatal composition differed among
sharks within their putative nursery areas andstiagial and temporal scales over
which this variation occurred. Our objectives wirel) examine patterns in natal
vertebral chemistry across multiple spatial scaliisin years; 2) assess the extent of
temporal variation in elemental signatures withid among individuals at the same
sites within and among years; and 3) to deternfinatal signatures can be used to

accurately link individuals to their putative nurnggrounds.



72

METHODS
Species selection and sample collection

Scalloped hammerhead sharks are a highly migrafmeygies that occur in
warm temperate and tropical estuarine, coastalpatadjic marine habitats throughout
the world (Compagno et al. 2005). Like many mafisiees,S. lewini use relatively
shallow nearshore habitats as birthing and nuraexgs (Clarke 1971, Simpfendorfer
and Milward 1993). In addition to the resulting@genetic shifts in habitat us®,
lewini also exhibit spatial segregation by size and Bér(ey 1987). Off the coast
of Sinaloa, Mexico, juvenile hammerheads frequeagigregate at the mouths of
rivers and near sand bars (Carvallo 1967). Tagambacoustic telemetry studies
have found that young-of-the-year scalloped hamesath typically aggregate,
display fidelity to core areas of activity, and nraynain within nursery areas for a
year or more (Holland et al. 1993, Duncan and Halla006). This pattern of
restricted movement and extended residence witivienjle habitats suggests tisat
lewini may be a good candidate for incorporating distiecbhatal geochemical
signatures. Additionally, young-of-the-year hamhsad sharks are a common
component of small-scale fishery landings througmouch of the eastern Pacific
(Peréz-Jiminéz et al. 2005, Bizzarro et al. 20Gthella et al. 2009), providing an
existing framework for sample collection from a &dageographic area.

We opportunistically collected thoracic vertebrd@eonate and young-of-the-

year scalloped hammerhead sharks from artisarredrifdandings along the Pacific
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coast of Mexico and Costa Rica (Fig. 3.1a). Mbent40 locations were surveyed
during July-November, 2007-09 but a minimum nundfesamplesr{> 8) was
ultimately obtained from six sites, spanning >3@@0of coastline (Fig. 3.1a). Survey
locations encompassed areas of contrasting gealogjypceanographic circulation
patterns (Castro et al. 2000, Tapia-Garcia etG)7®, thus creating the potential for
distinctive geochemical gradients to occur withia tegion of study. To evaluate
intra-annual variability in elemental signatureshin nursery areas, monthly surveys
were undertaken at three locations in Sinaloa, beketween August-November,
2007-09 (Fig. 3.1b). Additional samples colleatediside of our focal sampling
period were provided by fishermen from June, 209&0d December, 2008.
Samples (5-15 centra/individual) were stored frozBacausé&. lewini is a live-
bearing species with placental connections to #mioryos, the extent to which an
individual’'s umbilical scar is healed can be usedpgproximate age (in weeks) and
identify new-born sharks (Duncan and Holland 2006)enever possible, the
location of capture, sex, total length (cm), tetaight (kg), and status of the umbilical
scar (opened/healed) were recorded from landedsh&or the remaining sharks,
size was estimated using the relationship betweeebral centrum diameter (CD,
mm) and total length (TL, cm) determined from camgples:

TL=9.26*CD +5.41 (n = 173%°=0.92)
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Sample preparation

Vertebrae from young-of-the-ye&rlewini were brought to Oregon State
University for preparation and analysis. Clearang processing procedures followed
those detailed in Smith et al. (2013). Individoahtra were separated from vertebral
segments, cleaned of tissue, and neural and haeoteds were removed using non-
metallic, acid-washed (10% OmniTrace UlfaHNO;, VWR™) dissecting tools.
Centra were cleaned ultrasonically, dried, and eldbé in polyester resin. The
casting resin was infused with a spike of indiunprtovide a chemical reference of the
centrum-resin interface for laser transects. @ewgre thin-sectioned (~0.4 mm)
using a low speed precision saw, mounted to acghea glass slides, and polished
with lapping film (3M™: 30, 12, 5, 3, im). Polished centra were cleaned
ultrasonically (45 min), triple rinsed, dried, aafifixed to acid-washed petrographic
slides (5-15/slide). Sample arrangements and gngapvere randomized to prevent
systematic bias. Nanopure® (18 M Ohm, Barnstetatrational) water was used
during all cleaning stages. Sample preparationdayidg procedures were completed
in a Class 100 laminar flow work station. We vieWwaounted vertebral sections
under a dissecting scope and etched identifyindgsnarthe resin adjacent to the birth
mark to establish the transect position for elemleartalysis (Fig. 3.2a). A distinctive
change in angle of the intermedialia and a tramslituband within the vertebrae are
commonly associated with the transition from uterio post-partum life history

(Callliet and Goldman 2004). Sample slides weeattinsed with ultrapure 1% nitric
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acid, cleaned ultrasonically, triple rinsed, driadd stored in plastic bags. Duplicate
vertebral samples were prepared fronS1lEewini to test the repeatability and

consistency of elemental signatures within indiaigu

Elemental analysis

We quantified the elemental composition of youndka-yearS. lewini
vertebrae using laser ablation-inductively cougledma mass spectrometry (LA-
ICPMS). Analyses were completed at Oregon Statedusity’'s WM Keck
Collaboratory for Plasma Spectrometry using a VGBEXQell ICPMS coupled with a
DUV193 excimer laser (New Wave Research). The lass set with an ablation spot
size of 80um at a pulse rate of 5 Hz and translated acrossaimple at im s™.

Laser transects were positioned within the cor@lsaceum and targeted the area of
vertebral deposition immediately following the hirhark to characterize natal
elemental signatures for all samples (Fig. 3.Zbyo additional laser transects were
made within a subset of these samples to assestethental composition at different
periods in the life history of individual shark9:the area associated with pre-natal
vertebral deposition (n = 47) and 2) the outer-nealgte, which represented the
vertebral elemental signature at the time of capfar= 272). All transects were pre-
ablated (10Qum spot size, 2 Hz, 100m s%) to further reduce potential sample

contamination.
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We collected data on 14 elements: lithium (Li), megjum (Mg), calcium
(Ca), titanium (Ti), vanadium (V), chromium (Cr)amganese (Mn), cobalt (Co),
rubidium (Rb), strontium (Sr), cadmium (Cd), bari@@a), lanthanum (La), and lead
(Pb). Zinc (Zn) was purposely excluded as a pakntarker due to evidence from
lab validation studies that this element is mdkelyi to reflect growth and
physiological development than environmental coadg (Miller et al. 2006, Smith et
al. 2013). To evaluate instrument drift and dagyiation in instrument sensitivity, a
National Institute of Standards and Technology (NI612 glass standard was run at
the beginning and end of analysis for each santiple. sBackground levels of
analytes were measured for 45 s prior to ablattmhsaibtracted from those
determined from counts obtained from the standaddvartebral samples. Estimates
of precision (percent relative standard deviatddRSD) for the NIST 612 standard
and detection limits (DL, 3 x SD of the blank) aresented in Table 3.1. Analyte
counts of vertebral transects were integrated aadhged using time-resolved
software (PlasmaLab®). CobalfCo), cadmium'*Cd), and lanthanunt¥La)
counts were consistently below detection limits esede therefore excluded from
analyses. Negative and subdetection level couets accasionally obtained for V (n
=10, 3%) and Rb (n =42, 11%). These samplesetierywere retained for analyses
and assigned equivalent replacement values (L) 50 as not to lose potentially
relevant spatial or temporal information (Gefferake2011). Measurements of

titanium ¢'Ti) were highly variable within the standard andomm samples and were
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therefore excluded from analyses. THus, Mg, >V, *°Cr, >>Mn, ®°Rb, >°Sr, 1**Ba,
and?*®Pb were ultimately examined in our study. Counéadeere normalized b{’Ca
to adjust for variability in instrument sensitivisjd the amount of ablated material
and converted to elemental ratios (e.g. Ba/Ca)dbasemeasurements of the NIST
612 standard (Dove et al. 1996, Kent and Unger@6R0Elemental ratios are

presented in mmol mdl(Mg, Sr) orumol mol* (Li, V, Cr, Mn, Rb, Ba, Pb).

Satistical analyses

Elemental ratios were screened for outliers, assefss normality, and tested
for homogeneity of variances using univariate anttinariate techniques. Elemental
ratio data were log transformed using the genexdlrocedure presented by McCune
and Grace (2002). This approach can be partiguteheficial when working with
low fractional values because it reduces the cosswa of data points that frequently
result from transformation while maintaining thégaral order of magnitudes.

Outliers were then identified and removed followingual inspection of frequency
distributions and calculation of Euclidean distaic&hose sample units whose mean
distance to other sample units exceeded 3 SD gfrtdred mean of distances were
excluded from analyses (McCune and Grace 2002nsformation improved all
distributional assumptions, however, univariatenmality was not achieved for all
elements (Shapiro-Wilk test) and multivariate dlgttions were negatively skewed in

all three years (quantile-quantile plots). Varesevere found to be equivalent for the
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majority of elemental ratios in each year, with gua variances detected among V/Ca
and Mn/Ca in 2007, V/Ca in 2008, and Cr/Ca, Sré&da, Pb/Ca in 2009 (Levene’s

test).

Individual variation

Growth rates and ontogenetic changes can influelereental incorporation
into calcified structures, potentially confoundiefforts to discern spatial differences
in elemental signatures (Campana 2005, Miller 200%)erefore, we examined the
relationships of each elemental ratio with TL téedmine if differences in vertebral
elemental composition were related to size. Cati@is were evaluated by site,
within month and year.

Initially, we characterized the consistency in gbral elemental composition
within individuals from a randomly selected subsfesharks (n = 15). For elemental
signatures to serve as effective markers in caltistructures, elements should be
deposited in a consistent fashion and elementaposition should reflect
exposure/environmental history (Campana 2005, Blsd@l. 2008). We therefore
considered two hypotheses regarding elementalti@arial) natal elemental ratios are
equivalent between vertebrae within individual €saPR) elemental composition
within the portion of vertebrae deposited whileutero differs from post-partum

elemental composition, because the environmerteoftother is assumed to be
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different from that of the free-living offspring §ble 3.2). These null hypotheses

were both test using paired t-tests (Zar 1996).

Spatial variation

Variation in natal elemental signatures among sit@s evaluated in three
separate steps. First, one-way multivariate amsabfsvzariance (MANOVA) was
applied to test for differences in natal geochemianong putative nursery areas
using site as a fixed factor and elemental ratsotha response variables (Table 3.2).
Because it is more robust in the case of smallumedjual samples sizes and to
departures from parametric assumptions, Pillaéisdrwas used as the test statistic
(Tabachnick and Fidell 2007). Second, we assebseability of vertebral
geochemical signatures to classify young-of-the-yebewini to their putative natal
origins using forward step-wise discriminant funatanalysis (DFA). This
multivariate technique was applied to evaluatesit®iracy of group classification
from elemental signatures and to identify thosenelats that contribute most to group
separation (McGarigal et al. 2000). Step-wisecigle removes variables that may be
uninformative for distinguishing groups and seek®ptimal subset of discriminating
variables. Thus, each DFA considered all nine eldal ratios but final
classifications were based on a subset of theseeels. Group classification
accuracy was assessed using a leave-one-out j&eldtocedure with the prior

probabilities of group membership assumed to bwmi(White and Ruttenberg
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2007). Both MANOVA and DFA are robust to departuf@m multivariate normality
when the violation is the result of skewness rathan the influence of outliers
(Tabchnick and Fidell 2007). Third, a chance-otted classificationTau) was
calculated to determine if group assignments ptediby DFA exceeded that of
randomly assigning individuals to groups (Kleck&QP A maximum value fofau

of 1.0 signifies perfect agreement antlaa of O indicates no improvement over
chance. JMP (Version 8.0) was used for MANOVAs Bxitd\s were conducted using

SYSTAT (Version 12.0).

Temporal Variation

Variation in vertebral elemental signatures with@ar and within site was
evaluated with a blocked variation of the multipesse permutation procedure
(MRPP) with data from our primary sample locatio@sspita, Mazatlan, and Tecapan
(Table 3.2). MRPP calculates the average mulataristance withia priori
groupings and determines whether the average wiftdnp distance is significantly
smaller than those obtained from randomly assigimdiyiduals to each group
(McCune and Grace 2002, Mielke and Berry 2007)is filbn-parametric technique is
not constrained by the distributional assumptidwas are often difficult to satisfy with
ecological and environmental data. We used blodkRé&P to test the null hypothesis
of no difference in elemental composition betwdenratal signature and that of the

outer-most vertebral edge within year and montbapfture. Like parametric paired or
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repeated measure tests, blocked MRPP is appropriege samples are not
independent (Mielke and Berry 2007). MRPP genertiteee measures for evaluating
distances among groups: the test statiSlic-value, and a chance-corrected measure
of within-group agreemenfj. Separation between groups is characterize lyth
more negative values indicating greater separdt@ween groups. Within-group
homogeneity is summarized Bywhich provides a descriptor of effect size. If
elemental signatures within a group were identigalould be equal to 1.0. When
heterogeneity within groups equals expectationiance, thel = 0. We used
Euclidean distance to determine average within4{gistances and performed MRPP
using PC-ORD. Test statistics were compared teaaden Type Il distribution with
mean, variance and skewness calculated from pedndatasets (McCune and Grace
2002).

If the chemical properties of vertebrae reflectséme degree, the physical and
chemical properties of the water mass they inh#et) the elemental composition of
vertebral edges should be indicative of ambientit@mms at the time of capture. We
therefore assessed changes in edge vertebral ¢hewmiihin each site across months
as a measure of consistency in elemental compositithhin each year. Correlations
(r) between the elemental composition of the outestnaertebral edge and date of
capture were evaluated for individual element/Gasa

Inter-annual variation in natal geochemical signeduwvas examined using data

from our primary sample locations (Table 3.2).sEia one-way MANOVA using
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year as a fixed factor was conducted. Finally, wltiata were available, we assessed
variation in elemental signatures within site antbag years using standard MRPP

(not blocked).

RESULTS

We sampled 1074 young-of-the-y&atewini from artisanal fishery landings
at seven locations during 2007-2009 (Fig. 3.1). rdétricted our analyses to samples
that represented discrete periods of capture wéhoh month and were separated by a
minimum of two weeks between months. LA-ICP-MSlgs@s were completed using
the vertebrae of 440 sharks. Of these, 8 samplesrgted extremely lofiCa counts
and were excluded from analysis. A total of 46 glemwere identified as single or
multi-elemental outliers and removed, reducingttital sample size in our study to
386 young-of-the-yed®. lewini (Table 3.3).

Open umbilical wounds indicative of recent birtbrev present on some of the
S lewini collected between May and mid-October of each gear121). Within our
study area, therefore, parturition was protractest at least a six month period. All
sharks were captured in nearshore coastal habiiatsestuarine) at depths of 15-35
m. Sharks ranged from 43.5-96.5 cm TL (Table B@fhendix C). Elemental ratios

were not significantly related to shark length=(0.10, p > 0.06).
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Individual variation

The composition of natal elemental signatures diddiffer between vertebrae
within individuals (paired t-test;>t 0.55, p> 0.14, n = 15). This result provides
support for the assumpation that elements are pocated consistently within
individuals and vertebrae.

Paired comparisons between vertebral regions épaésented pre-natal and
post-partum deposition revealed significant vasiatlemental composition. Ratios
of V/Ca (paired t-test; t = 3.37, p = 0.001, n 3,AMn/Ca (paired t-test; t = 2.74, p =
0.013, n =47) and Sr/Ca (t = 8.12, p <0.001, M xwlere elevated within areas of the
vertebrae that were deposited following birth weempared to the average elemental

ratios measured within the pre-natal region ofsi@e sample.

Spatial variation

Differences in natal elemental signatures wereatietitamong the three
putative nursery areas surveyed in 2007 (Fig.lANOVA,; Pillai’s trace = 0.33,
Foo7 =2.22, p = 0.006). DFA of all 2007 data geredladn overall jackknifed
classification success of 54% (Table 3.4). Grasgiggnment was most successful for
the northernmost site, Cospita. Mn/Ca and Sr/@asraccounted for 98% of the total
variation among sites. Classification based osdliscriminating variables achieved

37% fewer errors than would be expected by randesigament succes$du = 0.37).
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Spatial variation in natal elemental signatures axadent among the five
locations examined in 2008 (Fig. 3.3; MANOVA,; Piltatrace = 0.74, Ir117=2.71, p
< 0.001). Site-specific classification success tighly variable, ranging from 39-
80% with the lowest and highest classificationsaterived from Tecapan and
Tarcoles, respectively (Table 3.4). Step-wisedigle of variables indicated that
optimal group separation could be achieved using & the nine elements: Ba/Ca,
V/Ca, Pb/Ca, and Mn/Ca ratios. These elementalsrabmbined accounted for 100%
of the observed dispersion among groups. Ovexellknifed classification success
was 47% among 2008 samples, representing an immeaveover random assignment
to sites Tau = 0.33).

We also found highly significant differences inadaglemental signatures
among the five sites assessed in 2009 (Fig. 3.3NMXA,; Pillai’s trace = 0.84, £118
=2.71, p <0.001). DFA results for 2009 reveateatierate classification success of
samples pooled across months (Table 3.4). An twaasification rate of 67% was
calculated with site-specific values ranging fro@%&(Tecapan) to 76% (Cospita).
Sr/Ca ratios provided by far the largest discrirtomapower with Mg/Ca and Cr/Ca
ranking as the second and third most importantbées for group assignments based
on F-to-remove statistics. Group classificatiomdastrated an improvement over
random assignmentéu = 0.58).

If vertebral elemental composition is reflectiveamhbient environmental

conditions then the outer-most edge of the vertebhmuld be representative of the
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most recent environmental conditions and providesainguishable site-specific
signature where environmental differences existragriocations. Filtering of data
reduced the overall sample size and available datesalysis but revealed the
potential for high classification success amon@ine coastal nursery areas (Table
3.5, Figs. 3.4, 3.5). Overall classification a@mywas high, ranging from 83-100%
with predictions consistently exceeding chance etgtions Tau = 0.67-1.0).

Annual site-specific edge classification rangeafre0-100%. Sphyrna lewini from

the coast of Sinaloa (Cospita, Mazatlan, Tecap&mg wonsistently distinguished

from the distant southern site of Puerto Maderd i20% accuracy (Figs. 3.4a, c,
3.5¢). Sharks collected from Cospita and Mazailére classified to their respective
sites of capture with high accuracy in all yedBs/Ca, Sr/Ca, and Mg/Ca were also
consistently identified as key discriminators whesmg the elemental composition of
vertebral edge elemental. Li/Ca ratios were noluished in all analyses because these
data were not available for all of the 2007 sampldewever, Li/Ca data were
available from all sharks for analyses using veekedge chemistry and ranked as the
primary contributor to group distinction in Octol#808 and the second most
important contributor in the September and OctoP@d9 groupings. The elemental
signatures of vertebral edges were successfuli$orichinating among sites at scales

of 10s, 100s, 1000 km.
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Temporal variation

We observed significant intra-annual variation @&tah elemental signatures
within each of the primary study sites (Table 3.Bpwever, this variation was not
consistent. In 2007, we did not detect signifiadifferences across months (August
September, October) within the site of Tecapamaiannual differences in natal
elemental signatures were, however, identified ficgoapan in the following year
(August, November, December). Given the inconsistef site-specific natal
signatures, we re-examined classification accubgdyinning samples collected early
(June-August) and those collected late (Octobereiter) in each year into separate
groups. Classification success was mixed and géyp@noderate when sharks were
grouped into early and late season cohorts withah gutative nursery area (Table
3.7). Among early season 2007 samples, classditaiccuracy ranged from 64-83%
within sites, showing marked improvement in thdigbio identify discrete natal
signatures among sites using samples obtaine@eerlihe season. Mn/Ca ratios
were the primary discriminator among sites in 288jardless of whether the data
were pooled o r binned into early and late designat Classification accuracy based
on the late season 2008 designation was low (38%Jmparison to the initial results
based on samples pooled across months (Table Balyever, assignment of sharks
to the most distant sites, Puerto Madero and Tés¢cah 2008 was high to moderate;
80% and 64%, respectively. Ba/Ca ratios ranketi@sost useful identifier of

groups in all three scenarios evaluated for 2068009, discrimination of natal
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elemental signatures among the late grouping (#&s)more successful than that
predicted for the early designation (63%). Thetdgbutions of elements to group
discrimination differed among Early and Late deaigims within the 2009 data set.
Mg/Ca and Sr/Ca were the most important variabbesributing to group
discrimination based on early natal signaturesMnfCa and Mg/Ca ranked as the
principal variables used to discern groups withia late season designation. With the
exception of 2008, classification performance invgbfrom low to moderate levels
when groups within each site were granted moreifspéemporal designations (i.e.
month of capture rather than season of capture).

Similarity between natal elemental signatures atgeehemical composition
generally decreased across months within a sitgjesting a change in vertebral
chemistry over time (Appendix D). The duration owdich natal and edge elemental
signatures were similar varied among sites andsyeAmong sharks landed near
Mazatlan in 2007, natal and outer edge vertebgalesures were equivalent through
August (MRPP, A =0.12, p = 0.23) and September PARA = 0.02, p = 0.06) but
significantly differed in the following two monthsAverage within-group Euclidean
distances of both natal and edge signatures argnoveating that little variation in
elemental composition exists within these groupse-specific elemental signatures,
however, tend to become less similar as the yeayresses (as measured by A).

Natal elemental signatures differed within sited gears (Table 3.5, Fig. 3.6).

To determine which elements were associated with-smnual variation, we
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examined the relationships between each elemecdtondm ratio and the date of
capture based on the elemental composition of wetedges (Appendix E). With
the exception of Pb/Ca, element-to-calcium ratispldyed significant variation
across months within at least one site and yeay/Cldl, Sr/Ca, and Ba/Ca exhibited
the most frequent variation. Mg/Ca, Sr/Ca, andXBakpically increased within
vertebral edges with increasing dates of capture.

Natal elemental signatures were not consistentinvgharks collected from
Cospita (MANOVA, Pillai’s trace = 1.30,2/,= 12.77, p < 0.001), Mazatlan
MANOVA,; Pillai’s trace = 1.14, kg = 10.01, p < 0.001), or Tecapan (MANOVA;
Pillai’s trace = 1.01, £46=5.14, p < 0.001) across consecutive years. izesp
significant inter-annual variability in natal elemal signatures, pair-wise MRPP
revealed similar monthly patterns in the natal atgres of sharks in 2007 and 2009
(Table 3.8). Vertebral multi-elemental signatusésharks collected in 2008,
however, differed significantly from the 2007 ar@D2 natal signatures from the same

sites.

DISCUSSION

The use of intrinsic elemental markers to distisguamong groups of fish that
have occupied different environments requires itiedsureable, characteristic
differences exist among sites (Campana 2005). e¥eat elemental composition

showed significant variation among sites in eadr ypé our study. Classification
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accuracy to putative nursery areas (natal signpsune location of capture (edge
signature) improved from low to high when data weemalyzed with greater spatial
and temporal resolution (Fig. 3.7). Our resulticate that vertebral elemental
signatures can be applied to distingusshewini across small (5s km), moderate (100s

km), and large spatial scales (>1000 km) with matdeto high classification success.

Distinguishing groups using vertebral elemental signatures

The birthing period oS&. lewini is reported to occur from late July—October in
the eastern Pacific (Madrid et al. 1997). Howewer,0bserved neonates as early as
May. Harry et al. (2011) documented birthsSoffewini throughout the year in
Australia. Similarly, Clarke (1971) documented m&i@s in Kaneohe Bay, Hawaii
throughout the year but found a peak in parturiianing the summer months. It is
therefore possible that that the extent of thénbigt period in our study area could be
more protracted than we observed. Sharks puppeditethe year have the potential
to be introduced into an environment that diffenggcally and chemically from that
which was experienced by those born at the sanaitéoconly a few months earlier.
Although environmental conditions were not measuwvidin these study sites (e.qg.
salinity, temperature), we would not expect thegitgl and chemical properties of
this coastal environment to be static across asith period. Concentrations of
elements in seawater are influenced by many phyainchbiological processes

including discharge from rivers, oceanographicuation, local geology,
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biogeochemical cycles, wind, and anthropogenictimpypollutants (Bruland and
Lohan 2003). Indeed, in our study area the paidarperiod is punctuated by the
region’s maximum rainfall between July and Septembieicreased freshwater input
into coastal areas during these months would sétkmity, temperature, and water
chemistry (Elsdon and Gillanders 2006). Salirfity,example, can have significant
positive effects on Sr incorporation into the dtaiof some marine fishes (Martin et
al. 2004, Martin and Wuenschel 2006). Several efgn) including Sr/Ca, were found
to increase over the course of each year withirpauanary study sites (Fig. 3.6). Site-
specific elemental variation in vertebral chemigiver time could be more explicitly
examined by profile analysis based on laser alatomducted from the birth mark
across the entire length of the corpus calcareusu@a et al. 2008, Smith et al. 2013).
The inclusion of basic physical data (i.e. watenperature, salinity) would be highly
informative additions to future studies of eleméntarkers in elasmobranch
populations.

Within-site variation in natal signatures has bdeaumented among other
species with extended spawning/birthing periodeok)2011) also reported
diminished classification accuracy for a mariné fidypsypops rubicundus) when
data were pooled among sites across the entire thoaith spawning season.
However, otolith elemental signatures were foundeeffective indicators of natal
origin when data were analyzed in two week binsofC2011). Our assessment of

vertebral edges (Tables 3.5, 3.7) suggests thathtyantervals provide the best
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resolution for discerning natal sourcesSimewini. Among species with life history
strategies that include a protracted birthing @vapng duration, sampling and
analysis should occur on time scales that encontpasscale of variation within as
well as among sites.

Behavioral and ecological processes can also dihmithie potential to detect
characteristic elemental signatures within a siteacking studies of the young-of-the
yearS. lewini within nursery grounds in Hawaii indicate extendesidence times of
3-4 months before juveniles depart estuaries angenmio oceanic habitat (Duncan
and Holland 2006). However, movements of younghhefyearS. lewini along a
coastal area that is comprised of largely homogeihabitat may be quite different
than that observed within a remote island archgeelaFurthermore, individuals born
earlier in the season may expand their home ramgeisperse from natal sites,
mixing with sharks that were born elsewhere. Héapal. (2003) found that tagged
blacktip sharks@archarhinus limbatus) residing within nursery grounds in Florida
estuaries responded to sharp drops in baromeggspre associated with tropical
storms and hurricanes by leaving their nursery ggsiand moving into deeper water.
If a similar response occurs in scalloped hammetisbarks, the potential for mixing
among nursery grounds would increase during ared &fipical storms or cyclones
which affected the study area annually. Such m@&rgmatterns could produce a
mixture of natal elemental signatures occurring magngoung-of-the-year within a site,

particularly as the season progresses.
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DFA assumes that all potential sources are reptedeavithin a data set
(McGarigal et al. 2000, White et al. 2008). Thegance of sharks derived from
unknown but chemically distinctive natal sourcethwi our study sites, therefore,
could reduce classification accuracy. We did rtt@napt to sample all potential
source populations and it may not be feasible tealm studies of broadly distributed
species or those with protracted spawning perigésthe scalloped hammerhead.
Because DFA has been commonly applied in studiesotith chemistry, we adopted
this classification technique to to better faciBtaomparison with previous studies.
However, a variety of alternative models are bémgeasingly used to estimate the
proportion of individuals derived from differentigoes within a mixed population
based on otolith chemistry. Maximum likelihood (M¢hand Ruttenberg 2007),
Markov Chain Monte Carlo (White et al. 2008), oryBsian approaches (Munch and
Clark 2008) address population mixture and shoseldgplied in directed studies of
natal origin, movement, or population structurengsiertebral elemental signatures.

The protracted duration of parturition introduce@siounding temporal and
biological factors that did not mal&lewini an optimal model species for discerning
natal origins from vertebral chemistry. Given #negcumstances, it is perhaps
noteworthy that overall classification success was not lower than determined in
this study when samples were combined with yeBtasmobranchs exhibit a wide
array of reproductive strategies, including eggrgylive birth, pulsed and protracted

birthing durations. Extended parturition periods aot therefore representative of
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elasmobranchs and are not necessarily typicalh&r@harks within the hammerhead
family (Stevens and Lyle 1989). Given the elevatetential for mixing among natal
sites and temporal shifts in site-specific natghatures, it is perhaps surprising that
classification success could be established athosgerate, and high accuracies
depending on the degree of temporal partitioninthefdata. Other highly mobile
elasmobranchs, including spiny dogfiSgalus suckleyi; Tribuzio et al. 2005),
blacktip sharks@arharhinus limbatus; Castro 1996), and bat raydyliobatis
californica; Martin and Cailliet 1988) exhibit much more dister parturition periods
(1-2 months) within estuaries, embayments, andtabasvironments. Our approach
may be particularly well-suited for inferring thatal origins of species with similarly

discrete parturition periods.

Spatial variation

Our results confirm that spatial differences intgbral geochemistry can
provide intrinsic natural markers of natal origman elasmobranch. All
classifications exceeded chance expectations.sifitation accuracy, however,
ranged from low to moderate depending on the degfrepatial and temporal
refinement of our data set (Fig. 3.7). Group ideation and assignment based on
otolith elemental signatures among marine fishe#en highly variable in their
success rates and highlight the variety of spatiales at which significant

geochemical variation can occur (Gillanders 2002 gBnius et al. 2005, Miller 2007,



94

Ruttenberg et al. 2008). Miller and Shanks (20@éasured the otolith edge
elemental signatures of black rockfiskelfastes melanops) recruits over 120 km with
classification successes averages of 67 to 81%nileBj moderate classification rates
were reported for bluefin tun@hunnus thynnus (Rooker et al. 2003). Site-specific
classification accuracy based on Early and Lataibgof our data produced overall
successes of 39-73% (Table 3.4), falling withinrduwege of classification success that
has been observed for marine teleosts (Pattersain204, Brown 2006, Ruttenberg
and Warner 2006). The degree of spatial and teahpefinement that was applied to
our data set (e.g. all collection dates combinedlyEvss. Late) had strong influence on
classification success (Fig. 3.7). Though samgiless were low, our analyses of
vertebral edge chemistry based on precise locatindsiates of capture generated the
highest classification accuracies in our study

Multivariate analyses revealed spatial variatioth@ vertebral elemental
signatures of young-of-the-ye&rlewini at large (1000s km), moderate (100s km),
and relatively fine (5 to 10 km) spatial scalesaridtion in vertebral elemental
signatures at multiple spatial scales presentspertunity to address a broad range
of research questions. For example, Dorval €R80D5) used otolith chemistry to
discern habitat use of juvenile spotted seatrGyndgscion nebulosus) of specific
seagrass beds at spatial scales of 15 km. Cohyeiae scales of variation in
elemental signatures can inhibit the ability te¢&@atterns of connectivity and

complicate interpretations of elemental data (Mi#l807, Ruttenberg et al. 2008). On
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the scale of 10s-110 km, Fodrie and Levin (2008gessfully applied otolith
chemistry to determine ontogenetic movements a@ddiative contributions of four
coastal nursery habitats to adult California halif®aralichthys californica)
populations. Our analyses of vertebral edge eléahsignatures successfully
discriminated between hammerhead sharks capturde iGulf of Tehuantepec (P.
Madero) and those from the entrance to the GuBadifornia off Sinaloa, regions
separated by >1300 km, with 100% accuracy (TabeRgs. 3.4, 3.5¢). This strong
geographic separation suggests differentiation éetwthese water masses that could
be useful to trace migration patterns over a hfietior discern natal origins at a
regional scale. Bluefin tundtjunnus thynnus) from distinct nursery areas separated
by 100s-1000 km within the Mediterranean Sea weeatified from otolith chemistry
(Rooker et al. 2003). Spatially coarse, regiosakasments based on vertebral
elemental signatures may prove to be particulafigrmative for delineating the
movements and population structure of highly moggecies.

All element-to-calcium ratios included in this sputbntributed to the
assignment of natal origins of scalloped hammeriséadks. The elements most
consistently identified as principal discriminatarsong groups through step-wise
DFA were Ba/Ca, Mn/Ca, and Sr/Ca. These elemeatials have generally proven to
be the most useful discriminators in studies ofydajon structure and natal origin
using fish otoliths (Thresher 1999, Campana 1988é)smuid statoliths (Warner et al.

2009). Validation studies in fish and an elasmobhasupport the assumption that
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Ba/Ca is incorporated into otoliths (Martin et2004) and vertebrae (Smith et al.
2013) in proportion to concentrations in the watBa incorporation into vertebrae,
however, can also be affected by temperature Sehigth (2013). Considerations of
the interactive effects of ambient elemental cotre¢ions and physical environmental
conditions (i.e. salinity, temperature) on elemkimeorporation are key to consider in
reconstructions of environmental history. Furth@rdation studies of elemental
incorporation into elasmobranch vertebrae are reeemelarify relationships between
elemental markers and the physiochemical envirobmmen

The opportunistic use of fishery-derived specima@m®rtunately did not allow
sampling of sharks from the exact same locatiohiwia site over time. As a result,
our samples were derived from general fishing aasasciated with a landing site
rather than discrete locations (i.e. reef, riveuthd. Though fishing behavior at all
locations changed across seasons and with mafisbisag effort out of Tecapan
covered a broader spatial scale (~70 linear knr) Was recorded from Cospita or
Mazatlan during our surveys (Fig. 3.1b). Clasaiiien success in our study was also
consistently lowest within the site of Tecapan.e Potential for sampling
unaccounted source groups or mixing of groups adylgreater among sharks
sampled from this fishery. Alternatively, enviroantal conditions at this location
may have not been sufficiently distinctive from M#an or Cospita to generate a

reliable degree of elemental variation among sites.
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Temporal variation

Temporal differences in elemental signatures cacute patterns of spatial
variation. Although temporal stability of elemdmndggnatures (and by extension the
environment) within a site would improve and sirfpthe identification of
geochemical markers in calcified structures, @nsunrealistic expectation in the
dynamic marine environment. We detected both-rana inter-annual variation in
natal elemental signatures within our study sitdewever, vertebral geochemistry
was not found to differ significantly between 200 2009 (Table 3.5). The extent
of temporal variation in our study may have beeaggerated by relatively low
sample sizes and unequal representation among manthsites.

Relatively few studies have examined geochemicaatran on intra-annual
scales, but short-term variation in natal elemesitalatures has been documented on
the order of weeks, months, and season (Hamer 20@8, Cook 2011, Tanner et al.
2012). Annual variation in elemental signatures lb@en more frequently
documented and even where inter-annual variatisrbkan shown to be minimal,
improvements in group classification accuracy weported when cohorts were
examined by each year separately (Brown 2006).al®xmany species, includiSg
lewini, exhibit extended spawning/birthing/recruitmentigpes, care should be given
to identify and collect distinct “chemical cohortiat occur within a year-class in
addition to evaluating inter-annual variation amgegr-classes (Gillanders 2002).

This approach would generate a reference colleciaertebral elemental signatures
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from which the most appropriate spatial and tempwale could be identified for
analyses (Gillanders 2002, Warner et al. 2009)e scale of temporal variation
within a site could initially be evaluated by calleng and analyzing water samples.
Mapping water chemistry data should provide a useference for the range of
temporal variation within a site from which a robaad inclusive sampling program
could be developed and potentially offer insights irelationships between water
masses and the chemistry of calcified structurésd({ih et al. 2008).

During 2008, logistic constraints limited restri¢teur early sampling efforts
(August, September), greatly skewing the represientaf samples toward later
months (October, November). Because few neonamerieaheads were observed
within the fishery by mid-October of each year, péen during these later dates have
a higher potential to reflect mixed and unknownugp® thereby increasing the
likelihood of misclassification in DFA. Classifitan accuracy within the 2008

dataset was consistently the poorest among the fle@'s surveyed.

Recommendations and future directions

We suggest three methodological considerationsithatant evaluation and
may improve the discriminatory power of assignmeatsites of natal origin. First,
given the potential for individual variation in gvth and temporal shifts in site-
specific elemental signatures, the spot size qfrBQused for laser transects in this

study may have been insufficient to adequatelywaptimilar periods of deposition
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among all young-of-the-year sharks. Second, tage@xpenses and maximize the
number of samples analyzed in a day, we conduagddmtal transects near the birth
mark and vertebral edge (Fig. 3.2). However, elgalgrofiles collected along the
entire length of the corpus calcaerum (e.g. Sniidd.€2013) may provide greater
flexibility and opportunities for analysis becaubke resulting data encompass the
entire life history of an individual rather thar@aef time interval. This approach
requires a greater investment of time while runrsagples and when processing
elemental data because the resulting elementalgeaire related to specific vertebral
positions with the aid of measurement and imagéyaisa Finally, greater
consistency among natal signatures within sites naag been achieved using a
smoothing function when processing elemental cdatd. Smoothing approaches can
eliminate noise from transects that occur at toe 6f a scale to contribute to more
generalized site-specific elemental signaturesc{&iinet al. 1998, Tillett et al. 2011).
Trace elements have often been used in combinaitbrstable isotopic
analysis as intrinsic tracers of movement and habge in aquatic environments (Best
and Schell 1996, Graham et al. 2010). WaltherTwatrold (2008), for example,
developed an atlas of elemental signatures thatded strontium¥Sr°Sr) and
stable oxygend{®0) isotopes to reliably distinguish the natal arigof American
shad Alosa sapidissima). Stable carborst°C) and oxygen isotopes have also been
used to infer natal origins and population strueiarmarine fishes (Ashford and

Jones 2007, Rooker et al. 2008). Analyses ofstednbon and nitrogen isotope ratios



100

within the vertebrae of elasmobranchs have primaelen used to identify
ontogenetic dietary shifts (MacNeil et al. 2005tr&da et al. 2006, Kerr et al. 2006).
The extension of stable isotope studies beyondlgttrophic inquiries has only
recently been pursued for elasmobranchs (Werrl 8041, Carlisle et al. 2012). We
encourage the combined anlaysis of trace elemedtstable isotopes in vertebrae as
a method to generate more robust details on theakdgnamics and environmental
history of shark and ray populations.

How much time is required for ambient environmegtaiditions to be
recorded in the vertebrae of an elasmobranch? hSxndl. (2013) confirmed that
vertebral chemical composition, of at least soneenehnts, is indicative of
environmental history in round raydrobatis halleri. However, numerous factors,
including temperature and water chemistry, inflleeatemental incorporation and
composition of calcified structures (Campana 1%1ijth et al. 2013). Daily growth
increments, evident in otoliths during the earlg history of fishes, do not appear to
be present in elasmobranch vertebrae (Campanalardold 2001, Cailliet and
Goldman 2004) and restrict the chronological redoyth which environmental
history can be inferred. Changes in vertebral ¢eegynin response to external
changes in the ambient environment were reportedc¢ar within weeks in captive
bull sharks Carcharnius leucas, Werry et al. 2010). However, rapid somatic gtowt
and associated rates of vertebral mineralizatiomduhe early juvenile stage is likely

to generate records of environmental history oiner temporal scale than that of
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weeks. Elemental incorporation studies directeeatd understanding response times
associated with elemental uptake are needed tonindmd guide future research.

The caveats and conclusions of our investigatighlight the need for
assessing relevant spatial and temporal scaleari@tion in vertebral elemental
signatures and the importance of cohort-specifadyees in studies of natal origin.
These considerations and conclusions are not unagsieidies of elasmobranch
vertebral geochemistry (Gillanders 2002, Ruttenlegrg). 2008, Elsdon et al. 2008).
As studies of vertebral elemental composition aselobranchs are extended from
exploratory research to directed investigationspatial ecology, researchers have the
benefit of guidance from decades of work on otatitlemistry. Our findings, when
considered in combination with two recent publiocas on vertebral chemistry (Tillett
et al. 2011, Smith et al. 2013) indicate that stadif elemental composition are a
promising new tool that can be applied indepengemntin conjunction with genetic
(Miller et al. 2005), stable isotopic (Thorroldadt 1998), or essential amino acid
(McMahon et al. 2011) techniques to advance andaugour understanding of

connectivity, movement, and habitat use in shackray populations.



102

ACKNOWLEDGEMENTS

Funding for this study was provided by the NatiocBelence Foundation Small Grants
for Exploratory Research (#0840860), Mamie MarkiResearch Award, and the
PADI Project AWARE Foundation. We thank Randalaiz, Joe Bizzarro, Allan
Bolafos, “Chato” Ortega Casillas, Leonardo Cas@kniz, Ricardo Rojas Peraza,
Sandra R. Soriano Velasquez, and Javier Tovar Aeiléheir generous time and
effort in the field. We are grateful to the mamhermen who cooperated and
coordinated with our sampling. Adam Kent and Akthgerer provided invaluable
support and training in the W.M. Keck Collaboratéoy Plasma Spectrometry.
Thanks to Katie Borgen, Roger Johnson, Alexis Halhka Sanders, Christine Sislak,
Joshua Kai Smith, and Scott Walters for their #&aste with sample preparation and

processing.

LITERATURE CITED

Ashford, J.R., and Jones, C. 2007. Oxygen and oastable isotopes in otoliths
record spatial isolation of Patagonian toothfiBinsgosti chus el eginoides).
Geochimica et Cosmochimica Acta 71: 87-94.

Ashurst, D.E. 2004. The cartilaginous skeletonroéasmobranch fish does not heal.
Matrix Biology 23: 15-22.

Beregenius, M.A.J., Mapstone, B.D., Begg, G.A., khadchie, C.D. 2005. The use of
otolith chemistry to determine stock structurelokt epinepheline serranid coral
reef fishes on the Great Barrier Reef, Australiah&ries Research 72: 253-270.

Best, P.B., and Schell, D.M. 1996. Stable isotopesuthern right whaleeubalaena
australis) baleen as indicators of seasonal movements,fgedtid growth. Marine
Biology124: 483-494.



103

Bizzarro, J.J., Smith, W.D., Marquez-Farias, Jlminski, J., and Hueter, R.E. 2009.
Temporal variation in the artisanal elasmobranshdry of Sonora, Mexico.
Fisheries Research 97:103-117.

Brown, J.A. 2006. Classification of juvenile flatfies to estuarine and coastal habitats
based on elemental composition of otoliths. Estga@ioastal and Shelf Science
66: 594-611.

Bruland, K.W., and Lohan, M.C. 2003. Controls aac& metals in seawater. Pages:
23-47.in H. Elderfield, editor. The oceans and marine geaastry, Treatise on
Geochemistry Vol 6. Elsevier-Pergamon, Oxford.

Carlisle, A.B., Kim, S.L., Semmens, B.X., Madigén,)., Jorgensen, S.L., Perle, C.R.,
Anderson, S.D., Chapple, T.K., Kanive, P.E., Bld8l4. 2012. Using stable
isotope analysis to understand the migration amghic ecology of northeastern
Pacific white sharksGarcharodon carcharias). PLoS One 7(2):e30492.

Campana, S.E. 1999. Chemistry and compositiorsbfdtoliths: pathways,
mechanisms and applications. Marine Ecology Pregéesies 188:263-297.

Campana, S.E. and Thorrold, S.R. 2001. Otolitigeiments, and elements: keys to a
comprehensive understanding of fish populationg?a@ian Journal of Fisheries
and Aquatic Sciences 58: 30-38.

Campana, S.E. 2005. Otolith elemental compositea aatural marker in fish stocks.
Pages 227-24m: S.X. Cadrin, K.D. Friedlander, and J.R. Waldmedfifors.
Stock identification methods: Applications in fishecience. Elsevier Academic
Press, New York.

Campana, S.E., Valentin, A., Sévigny, J.M., and &oW. 2007. Tracking seasonal
migrations of redfishSebastes spp.) in and around the Gulf of St. Lawrence using
otolith elemental fingerprints. Canadian JournaFisheries and Aquatic Sciences
64:6-18.

Cailliet, G.M., and Goldman, K.J. 2004. Age deteration and validation in
chondrichthyan fishes. Pages 399-447].C. Carrier, J.A. Musick JA, and M.R.
Heithaus, editors. Biology of sharks and thdatrees. CRC Press, Boca Raton.

Carrier, J.C., Pratt Jr., H.L., and Castro, J.020Pages 269-286: J.C. Carrier, J.A.
Musick JA, and M.R. Heithaus, editors. Biology basks and their relatives. CRC
Press, Boca Raton.

Castro, R., Mascarenhas, A.S., Durzo, R., andi&0IC.A. 2000. Seasonal variation
of the temperature and salinity at the entrandbedGulf of California, Mexico.
Ciencias Marinas 26(4): 561-583.

Castro, J.I. 1996. Biology of the blacktip shatkycharhinus limbatus, off the
southeastern United States. Bulletin of Marine 5me59(3): 508-522.



104

Carvallo, A.H. 1967. Observations on the hammerlsbaaks fohyrna) in waters
near Mazatlan, Sinaloa, Mexico. Pages 79r83.W. Gilbert, R.F. Mathewson,
and D.P. Rall, editors. Sharks, skates, and rays.Jbhns Hopkins Press,
Baltimore, MD.

Clarke, T.A. 1971. The ecology of the scalloped trearhead shark§phyrna lewini,
in Hawai'i. Pacific Science 25:133-144.

Clapham, P.J., Aguilar, A., and Hatch, L.T. 2008tédmining spatial and temporal
scales for management: lessons from whaling. Maviammal Science 24(1):
183-201.

Clement, J.G. 1992. Re-examination of the finecstme of endoskeletal
mineralization in Chondrichthyans: implications fwowth, ageing and calcium
homeostasis. Marine and Freshwater Research 431857

Compagno, L.J.V., Dando, M. and Fowler, S. 2003li&oField Guide: Sharks of the
World. Harper Collins, London.Cook, G.S. 2011. Qs in otolith
microchemistry over a protracted spawning seasfueimce assignment of natal
origin. Marine Ecology Progress Series 423: 197-209

Dorval, E., Jones, C.M., Hannigan, R. and van Mang, J. 2005. Can otolith
chemistry be used for identifying essential seaghabitats for juvenile seatrout,
Cynoscion nebulosus, in Chesapeake Bay? Marine and Freshwater Resgérch
645-653.

Dove, S.G., Gillanders, G.M., and Kingsford, M.996. An investigation of
chronological differences in the deposition of &&cetals in the otoliths of two
temperate reef fishes. Journal of Experimental MaBiology and Ecology
205:15-33.

Duncan, K.M., and Holland, K.N. 2006. Habitat ugewth rates and dispersal
patterns of juvenile scalloped hammerhead sh@skgrna lewini in a nursery
habitat. Marine Ecology Progress Series 312: 2111.-22

Elsdon, T.S., and Gillanders, B.M. 2003. Relatigpsietween water and otolith
elemental concentrations in juvenile black brestanthopagrus butcheri. Marine
Ecology Progress Series 260: 263-272.

Estrada, J.A., Rice, A.N., Natanson, L.J., and SKp@.B. 2006. Use of isotopic
analysis of vertebrae in reconstructing ontogerfetding ecology in white
sharks. Ecology 87(4): 829-834.

Elsdon, T.S., Wells, B.K., Campana, S.E., Gillasgd&:M., Jones, C.M., Limburg,
K.E., Secor, D.H., Thorrold, S.R., and Walther, B2D08. Otolith chemistry to
describe movements and life-history parametergshés: hypotheses,



105

assumptions, limitations, and inferences. Oceaptgrand Marine Biology
46:297-330.

Ferretti, F., Worm, B., Britten, G.L., Heithaus,R4, and Lotze, H.K. 2010. Patterns
and ecosystem consequences of shark declines ot#a®. Ecology Letters
13:1055-1071.

Fodrie, F.J. and Levin, L.A. 2008. Linking juveniiabitat utilization to population
dynamics of California halibut. Limnology and Ocegraphy 53(2): 799-812.

Fogarty, M.J., and Botsford, L.W. 2007. Populati@nnectivity and spatial
management of marine fisheries. Oceanography 20{2}123.

Geffen, A.J., Nash, R.D., and Dickey-Collas, M. 20Characterization of herring
populations west of the British Isles: an invedimaof mixing based on otolith
microchemistry. ICES Journal of Marine Science $8(447-1458.

Gillanders, B.M. 2002. Temporal and spatial vatigbin elemental composition of
otoliths: implications for determining stock iddgtand connectivity of
populations. Canadian Journal of Fisheries and Bgj&xziences 59: 669-679.

Gillanders, B. M. 2005. Using elemental chemistirjish otoliths to determine
connectivity between estuarine and coastal habEstsiarine, Coastal and Shelf
Science 64: 47-57.

Graham, B.S., Koch, P.L., Newsome, S.D., McMahoiyKand Aurioles, D. 2010.
Using isoscapes to trace the movements and fordgihgvior of top predators in
oceanic systems. Pages 299-#18.B. West, G.J. Bowen, T.E. Dawson, K.P. Tu,
editors. Isoscapes: Understanding movement, padachprocess. Springer
Science+Business Media, Inc., New York.

Greenwood, P.J. 1980. Mating systems, philopatdycaspersal in birds and
mammals. Animal Behavior 28: 1140-1162.

Hamer, P.A., Jenkins, G.P., and Gillanders, B.M2@®tolith chemistry of juvenile
shappelPagrus auratus in Victorian waters: natural chemical tags andrthe
temporal variation. Marine Ecology Progress Se2i&% 261-273.

Harry, A.V., Macbeth, W.G., Gutteridge, A.N., anenpfendorfer, C.A. 2011. The
life histories of endangered hammerheads (Carahifwhines, Sphyrnidae) from
the east coast of Australia. Journal of Fish Bigl@§: 2026-2051.

Hastings, A., and L.W. Botsford. 2006. Persistenicgpatial populations depends on
returning home. Proceedings of the National Acadefr§ciences 103: 6067-
6072.



106

Hays, G.C., Bradshaw, C.J.A., James, M.C., Lo®|land Sims, D.W. 2007. Why do
Argos satellite tags deployed on marine animalg semsmitting? Journal of
Experimental Marine Biology and Ecology 349(1):32-6

Heupel, M.R., Simpfendorfer, C.A. and Hueter, R&03. Running before the storm:
blacktip sharks respond to falling barometric puessssociated with Tropical
Storm Gabrielle. Journal of Fish Biology 63: 135363.

Heupel, M.R., Simpfendorfer, C.A., Olsen, E.M., adlen, E. 2012. Consistent
movement traits indicative of innate behavior iom&te sharks. Journal of
Experimental Marine Biology and Ecology 432-433111387.

Holland, K.N., Wetherbee, B.M., Peterson, J.D., hoge, C.G. 1993. Movements
and distribution of hammerhead shark pups on tredil grounds. Copeia 2:495—
502.

Jacoby, D.M.P., Croft, D.P., and Sims, D.W. 201&i8l behavior in sharks and rays:
analysis, patterns and implications for conservatibsh and Fisheries 13: 399-
417.

Kent, A., and Ungerer, C. 2006. Analysis of ligthhdphile elements (Li, Be, B) by
laser ablation ICP-MS: comparison between magsettor and quadrupole ICP-
MS. American Mineralogist 91:1401-1411.

Kerr, L.A., Andrews, A.H., Calilliet, G.M., Brown,.A., and Coale, K.A. 2006.
Investigations of\**C, §'°C, and3™N in vertebrae of white sharlCércharodon
carcharias) from the eastern North Pacific Ocean. EnvironrakeBiology of
Fishes 77: 337-353.

Kerr, L.A., Secor, D.H., and Kraus, R.T. 2007. $&abotope §*C ands'®0) and
Sr/Ca composition of otoliths as proxies for enmimeental salinity experienced by
an estuarine fish. Marine Ecology Progress Sedés 345-253.

Klecka, W.R. 1980. Discrminant analysis. Quanti@t\pplications in the social
sciences, Series No. 07-0109. Sage Publishing,rBedédls and London.

Klimley, A.P. 1987. The determinants of sexual sggtion in the scalloped
hammerhead sharkphyrna lewini. Environmental Biology of Fishes 18: 27-40.

Kohler, N.E., Turner, P.A. 2001. Shark tagginge@ew of conventional methods and
studies. Environmental Biology of Fishes 60:191-223

MacNeil, M.A., Skomal, G.B., Fisk, A.T. 2005. Stab$otopes from multiple tissues
reveal diet switching in sharks. Marine Ecologyd?ess Series 302:199-206.

Madrid, J., Sanchez, P. and Ruiz, A.A. 2007. Divgi@nd abundance of a tropical
fishery on the Pacific shelf of Michoacan, Méxi&stuarine and Coastal Shelf
Science 45: 485-495.



107

Martin, G.B., and Wuenschel, M. J. 2006. Effecteshperature and salinity on
otolith element incorporation in juvenile gray spapLutjanus griseus. Marine
Ecology Progress Series 324: 229-239.

Martin, L.K. and Cailliet, G.M. 1988. Aspects oktheproduction of the bat ray,
Myliobatis californica, in central California. Copeia: 754-762.

Martin, G. B., Thorrold, S. R., and Jones, C. M020Temperature and salinity effects
on strontium incorporation in otoliths of larvaladglLei ostomus xanthurus).
Canadian Journal of Fisheries and Aquatic Scie6te84-42.

McCune, B., and Grace, J.G. 2002. Analysis of egiod communities. MjM
Software Design, Gleneden Beach: Oregon.

McGarigal, K., Cushman, S., Stafford, S. 2000. Maltate statistics for wildlife and
ecology research. Springer Science+Business Mittig,New York.

McMahon, K.W., Berumen, M.L., Mateo, |., ElsdonST,.and Thorrold, S.R. 2011.
Carbon isotopes in otolith amino acids identifyideacy of juvenile snapper
(Family: Lutjanidae) in coastal nurseries. CoraefRe80: 1135-1145.

Mielke Jr., P.W., and Berry, K.J. 2007. Permutatibethods: A distance function
approach. Springer Series in Statistics, New York.

Miller, J.A. 2007. Scales of variation in otoliglemental chemistry of juvenile
staghorn sculpinLeptocottus armatus) in three Pacific estuaries. Marine Biology
151: 483-494.

Miller, J.A. 2009. The effects of temperature aratev concentration on the otolith
incorporation of barium and manganese in blackfrslekSebastes melanops.
Journal of Fish Biology 75:39-60.

Miller, J.A., Banks, M.A., Gomez-Uchida, D. and 8ks, A.L. 2005. A comparison
of population structure in black rockfisBepastes melanops) as determined with
otolith microchemistry and microsatellite DNA. Caien Journal of Fisheries and
Aquatic Sciences 62(10): 2189-2198.

Miller, J.A., and Shanks, A.L. 2004. Evidence fionited dispersal in black rockfish
(Sebastes melanops): implications for population structure and marneserve
design. Canadian Journal of Fisheries and Aq&atiences 61: 1723-1735.

Miller, M.B., Clough, A.M., Batson, J.N., and Va¢hBR.W. 2006. Transition metal
binding in cod otolith proteins. Journal of Expeeimtal Marine Biology and
Ecology 329: 135-143.

Munch, S.B., and Clarke, L.M. 2008. A Bayesian apph to identifying mixtures
from otolith chemistry data. Canadian Journal shEries and Aquatic Sciences
65: 2742-2751.



108

Musyl, M.K., Domeier, M.L., Nasby-Lucas, Brill, R. WMcNaughton, L.M.,
Swimmer, J.Y., Lutcavage, M.S., Wilson, S.G., GadiaB., and Liddle, J.B.
2011. Performance of pop-up satellite archival tddgrine Ecology Progress
Series 433:,1-28.

Patterson, H.M., Kingsford, M.J., and McCulloch,TM2004. Elemental signatures of
Pomacentrus coelestis otoliths at multiple spatial scales on the GreatiBaReef,
Australia Marine Ecology Progress Series 270: 229-2

Pérez-Jiménez, J.C., Sosa-Nishizaki, O., Furloriga#s, E., Corro-Espinosa, D.,
Venegas-Herrera, A., and Barragan-Cuencas, O.\b.20@isanal Shark Fishery
at "Tres Marias" Islands and Isabel Island in tle@t@al Mexican Pacific. Journal
of Northwest Atlantic Science 35: 333-343.

Rooker, J.R., Secor, D.H., DeMetrio, G., Kaufman].ABelamonte Rios, A., and
Ticina, V. 2008. Evidence of trans-Atlantic movernand natal homing of bluefin
tuna from stable isotopes in otoliths. Marine Eggi®rogress Series 368: 231-
239.

Rooker, J.R., Secor, D.H., Zdanowicz, V.S., De Mef., and Relini, L.O. 2003.
Identification of Atlantic bluefin tuna (Thunnusytimus) stocks from putative
nurseries using otolith chemistry. Fisheries Ocgaayuhy 12(2): 75-84.

Ruttenberg B.I., and Warner R.R. 2006. Spatialatem in the chemical composition
of natal otoliths from a reef fish in the Galapat¢giands. Marine Ecology-
Progress Series 328:225-236.

Ruttenberg, B.1., Hamilton, S.L., and Warner, R2B08. Spatial and temporal
variation in the natal otolith chemistry of a Haiaaireef fish: prospects for
measuring population connectivity. Canadian Jouph&lisheries and Aquatic
Sciences 65: 1181-1192.

Secor, D.H., Rooker, J.R., Zlokovitz, E., Zdanowi¢zS. 2001. Identification of
riverine, estuarine, and coastal contingents ofg¢dndRiver striped bass based
upon otolith elemental fingerprints. Marine Ecoldeppgress Series 211: 245-253.

Simpfendorfer, C.A. and Milward, N.E. 1993. Utiligmn of a tropical bay as a nursery
area by sharks of the families Carcharhinidae gid/@idae. Environmental
Biology of Fishes 37: 337-345.

Sinclair, D.J., Kinsley, L.P.J., McCulloch, M.T.98. High resolution analysis of
trace elements in corals by laser ablation ICP-@&ochimica et Cosmochimica
Acta 62(11): 1889-1901.

Sinclair, M. 1988. Marine populations: an essayopulation regulation and
speciation. University of Washington Press, Seattle



109

Smith, S. E., Au, D. W., and Show, C. 1998. Intiknmrebound potentials of 26 species
of Pacific sharks. Marine and Freshwater Resed@(7)): 663—678.

Smith, W.D., Heppell, S.S., and Miller, J.A. 20E3emental markers in
elasmobranchs: effects of environmental history gnoavth on vertebral
chemistry. PLoS ONE

Speed, C.W., Field, I.C., Meekan, M.G., and BradsiaA.J. 2010. Complexities of
coastal shark movements and their implicationgifanagement. Marine Ecology
Progress Series 408: 275-293.

Springer, S. 1967. Social organization of sharkuytaimpns. Pages 149-17d P.W.
Gilbert, R.F. Mathewson, and D.P. Rall, editorsai®h, skates, and rays. The
Johns Hopkins Press, Baltimore, MD.

Stevens, J. D., Bonfil, R., Dulvy, N.K., and WalkBtA. 2000. The effects of fishing
on sharks, rays, and chimaeras (chondrichthyand)thee implications for marine
ecosystems. ICES Journal of Marine Science 57:4976-

Stevens, J.D., and J.M. Lyle. 1989. The biologthote hammerhead sharks
(Eusphyrna blochii, Sphyrna mokarran andsS. lewini) from Northern Australia.
Australian Journal of Marine and Freshwater Re$ed@c 129-146.

Sturrock, Trueman, C.N., Darnaude, A.N., and HyrEef012. Can otolith elemental
chemistry retrospectively track migrations in futharine fishes? Journal of Fish
Biology 81: 766—795.

Swearer, S.E., Caselle, J.E., Lea, D.W., and WaR&. 1999. Larval retention and
recruitment in an island population of a coral-riggi. Nature 402: 799-802.

Tabachnick, B.G., and Fidell, L.S. 2007. Using nvaltiate statistics. Pearson
Education Inc., Boston, MA.

Tanner, S.E., Reis-Santos, P., Vasconcelos, RaAc&r S. Thorrold, S.R., and Cabral,
H.N. 2012. Otolith geochemistry discriminates amestuarine nursery areas of
Solea solea andS. senegalensis over time. Marine Ecology Progress Series 452:
193-203.

Tapia-Garcia, M., Garcia-Abad, M.C., Carranza-EdisaA. and Vazquez-Guitierrez,
F. 2007. Environmental characterization of the rmmttal shelf of the Gulf of
Tehuantepec, Mexico. Geofisica Internacional 48-240.

Thorrold, S.R., Jones, C.M., Swart, P.K., and TaygeE. 1998. Accurate
classification of juvenile weakfish Cynoscion ragab estuarine nursery areas
based on chemical signatures in otoliths. Marineldyy Progress Series 173:
253-265.



110

Thorrold, S.R., C. Latkoczy, P.K. Swart, and C.Mdnds. 2001. Natal homing in a
marine fish metapopulation.Science 291: 297-299.

Thresher, R.E. 1999. Elemental composition of titelas a stock delineator in fishes.
Fisheries Research 43: 165-204.

Tillett, B.J., Meekan, M.G., Parry, D., Munksgaa, Field, I.C., Thorburn, D., and
Bradshaw, C.J.A. 2011. Decoding fingerprints: eletakecomposition of vertebrae
correlates to age-related habitat use in two mdgghcally similar sharks. Marine
Ecology Progress Series 434: 133-142.

Tribuzio, C.A., Gallucci, V.F., and Bargmann, G080 Timing of parturition and
management of spiny dogfish in Washington. Pag&slB3in G.H. Kruse I,
V.F. Gallucci, D.E. Hay, R.l. Perry, R.l, R.M. Bahan, T.C. Shirley, P.D.
Spencer, B. Wilson, and D. Woodby, editors. Figreeassessment and
management in data-limited situations. Alaska Seat3ollege Program,
University of Alaska, Fairbanks.

Walther, B.D., and Thorrold, S.R. 2008. Contineistzdle variation in otolith
geochemistry of juvenile American shadldsa sapidissima). Canadian Journal of
Fisheries and Aquatic Sciences 65: 2623—2635.

Warner, R.R., Hamilton, S.L., Sheehy, M.S., Zeidbé&rD., Brady, B.C., Caselle,
J.E. 2009. Geographic variation in natal and darlyal trace-elemental signatures
in the statoliths of the market squiaryteuthis (formerly Loligo) opal escens.

Marine Ecology Progress Series 379:109-121.

Warner, R.R., Swearer, S.E., Caselle, J.E., Shé¢hwynd Paradis, G. 2005. Natal
trace-elmental signatures in the otoliths of amepeast fish. Limnology and
Oceanography 50: 1529-1542.

Werry, J.M., Lee, S.Y., Otway, N.M., Hu, Y., andr§oton, W. 2011. A multi-faceted
approach for quantifying the estuarine—nearshagsttion in the life cycle of the
bull shark,Carcharhinus leucas. Marine and Freshwater Research 62(12): 1421-
1431.

White, J.W., and Ruttenberg, B.l. 2007. Discrimitfamction analysis in marine
ecology: some oversights and their solutions. MaEoology Progress Series 329:
301-305.

White, J.W., Standish, J.D., Thorrold, S.R., andh&g R.R. 2008. Markov chain
Monte Carlo methods for assigning larvae to natassising natural geochemical
tags. Ecological Applications 18(8): 1901-1913.

Zanella, |., Lopez, A. and R. Arauz. 2009. Carazssion de la pesca del tiburon
matrtilla, Sphyrna lewini, en la parte externa del Golfo de Nicoya, CostaRi
Revista Ciencias Marinas y Costeras 1: 175-195.



111

Zar, J.H. 1996. Biostatistical analysis. 3rd ecrfice Hall, NJ.



112

Table 3.1. Estimates of precision for laser ablatnductively coupled plasma mass
spectrometry and limits of detection for specifiotopes. Values for %RSD (percent
relative standard deviation) are dimensionlessvegr@ derived from measurements of
a National Institute of Standards and Technologs{ glass standard (612). Units

for detection limits are presented as mmol f@dllg, Sr) andumol mol* for all other
elements.

NIST Limits of
Isotope %RSD Detection
i 5.9 0.037
Mg 13.8 0.125
i 17.5 0.011
>ly 5.7 0.005
Cr 5.1 0.004
>>Mn 5.1 0.008
>°Co 5.3 0.012
*Rb 6.2 0.008
sy 4.4 0.018
O7r 7.7 0.027
Hicd 14.4 0.013
13883 6.0 0.002
¥ a 6.0 0.007

208py, 8.5 0.004




Table 3.2. Summary of the primary hypotheses, sdfalequiry, and analytical approaches appliechis tnvestigation.
Region assayed refers to the location along thieleal centra from which element-to-calcium rat&adwere determined.
MANOVA = multivariate analysis of variance, DFA ptavise discrminant function analysis, MRPP = mtdsponse
permutation procedure, P = parametric statisticgthiod, NP = nonparametric statistical method. MRR&yses included

standard and blocked designs.

Hypothesis

Scale of inquiry Region assayed Method fAlloee

Consistency in natal signatures within
individuals

Differences in pre- and post-partum
elemental composition

Natal signatures differ among sites

Characteristic site-specific elemental
signatures

Stability in elemental signatures within
sites within year

Stability in elemental signatures within
sites among years

Individual

Individual

Spatial

Spatial

Intra-annual

Inter-annual

Natal Paired-t P
Natal, Pre-natal Echir P
Natal MANMO P
DFA P
Edge MRPP NP
DFA P
Natal, Edge MANOVA P
MRPP NP
Natal MANOVA P
MRPP NP

zTT



Table 3.3. Summary of survey and collection effbgtdocation and date. Sites are presented inetheling order from the
northern- to the southern-most. Distance from ipreysite indicates an approximate linear distarMenths from which
samples were collected and incorporated into aealgse identified with an “x”. n represents thenber of individuals from
a site that were included in analyses. The aveia@gelength (TL) £ standard deviation (cm) of yguof-the-year scalloped
hammerhead sharkSphyrna lewini) included in analyses are presented by site.

Distance from Month of collection
Year Location previous site (km) May Jun Jul Aug Sep Oct Noec n Mean TL (cm)
2007 Cospita X X X X 33 65.6 £ 10.6
Mazatlan 120 X X X X 38 60.6 + 10.3
Tecapan 66 X X X 27 64.4+£8.1
2008 Cospita X 15 65.0£9.2
Mazatlan 120 X X X X X a7 58.6 + 8.7
Tecapan 66 X X X X 33 74.3+£11.9
P. Madero 1643 X 10 61.5+5.1
Tarcoles 1268 X 11 74.0+£6.7
2009 Cospita X X X X 49 66.8 £ 9.8
Mazatlan 120 X X 10 62.4 +10.9
Tecapan 66 X X 24 55.0+ 3.5
San Blas 88 X 7 52.3+29
P. Madero 1302 X X 24 53.8+3.7

vTT
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Table 3.4. Cross-validated classification accui@eyof step-wise discriminant
function analysis to putative natal origins by yegamples were pooled across months
within each year. Tau is a measure of improvenrealassification accuracy over
chance (1.0 = no errors in prediction, 0 no improget over random chance).

Overal %
Classificaiton % Correctly
Year Success Tau Site n Classified
2007 54 0.37 Cospita 33 70
Mazatlan 38 61
Tecapan 27 26
2008 47 0.33 Cospita 15 47
Mazatlan a7 43
Tecapan 33 39
P. Madero 10 67
Tarcoles 11 80
2009 67 0.58 Cospita 49 76
Mazatlan 10 60
Tecapan 24 50
San Blas 7 57

P. Madero 24 71
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Table 3.5. Multi-response permutation procedurtstesdifference in natal elemental
signatures by month and year. Pair-wise compasisbdsignificance were identified
using Bonferroni-corrected p-values. P-valuesgmtd in bold identify significant
differences in multi-elemental composition withisite between years.

Location Month n Years T p A
Cospita Aug 22 2007 vs. 2009 0.29 0.524 -0.01

Nov 42 2007 vs. 2008 -9.37 <0.001 0.16
2007 vs. 2009 -2.38 0.030 0.04

2008 vs. 2009 -8.36 <0.001 0.14

Mazatlan Aug 35 2007 vs. 2008 -9.06 <0.001 0.22
2007 vs. 2009 -2.30 0.036 0.06

2008 vs. 2009 -9.17 <0.001 0.21

Oct 34 2007 vs. 2008 -6.99 <0.001 0.09
2007 vs. 2009 -2.94 0.080 0.01

2008 vs. 2009 -7.44 <0.001 0.11

Tecapan Aug 27 2007 vs. 2008 -5.07 0.002 0.15
2007 vs. 2009 0.92 0.924 -0.02

2008 vs. 2009 -5.00 0.002 0.11
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Table 3.6. Results of one-way multivariate analg$igariance (MANOVA) to
examine intra-annual variation in natal elemenghaures within site and year. P-
values presented in bold identify significant temgbalifferences in multi-elemental
composition.

Site Year Factor Months Analyzed Pillai's Tracc F df p

Cospita 2007 Month Aug, Sep, Nov 0.952 2.269 2, 80.018
2009 Month Aug, Sep, Oct, Nov 0.816 1.702 3, 70.027

Mazatlan 2007 Month Aug, Sep, Oct, Nov 1.192 1.746 3, ®.044
2008 Month  Jun, Jul, Aug, Oct, Nov 1.258 1.937 4, 70.003
2009 Month Aug, Oct 1.401 4.059 1,7 0.039

Tecapan 2007 Month Aug, Sep, Oct 0.689 1.183 2,6 0.326
2008 Month Aug, Nov, Dec 1.058 2.745 2,7 0.003

2009 Month Jun, Aug 1.645 2559 1,7 0.056




Table 3.7. Cross-validated classification accui@syof step-wise discriminant function analysigptdative natal origins
based on Early (July-August) and Late (October-Muwver) season groupings by year and site. Taunsasure of

improvement in classification accuracy over chafic@ = no errors in prediction, 0 no improvemengrorandom chance).

Overall % Overall %
Year/ Classificaitor % Correctly  Year/ Classificaitor % Correctly
Period  Success Tau Site n classified Period Success Tau Site n  Classified
2007 73 0.62 Cospita 11 64 2007 63 0.48 Cospita 17 71
Early Mazatlan 13 83 Late Mazatlan 22 59
Tecapan 11 70 Tecapan 10 60
2008 70 0.39  Mazatlan 21 72 2008 39 0.24 Cospita 15 27
Early Tecapan 12 63 Late Mazatlan 23 13
Tecapan 25 39
P. Madero 10 80
Tércoles 11 64
2009 63 0.51 Cospita 31 72 2009 71 0.49 Cospita 21 71
Early Mazatlan 10 60 Late Mazatlan 7 43
Tecapan 24 58 P. Madero 15 85
San Blas 7 45
P. Madero 12 71

3TT
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Table 3.8. Cross-validated classification accui@eyof step-wise discriminant
function analysis to collection locations basedtmelemental signatures of vertebral
edges and discrete temporal and spatial group rekegdms within each site. Samples
were drawn from a select subset of sharks that eagpeured on the same date, at
known locations. Tau is a measure of improvemeistassification accuracy over
chance (1.0 = no errors in prediction, 0 no improgat over random chance). Note
that sample availability allowed us to comparedl@nental signatures of vertebral
edges between sharks captured at two differentitotawithin the broader Mazatlan
fishery in October, 2008 (Mazatlan A, Mazatlan B).

Overall %
Classificaiton % Correctly
Year Month Success Tau Site n Classified
2007 August 94 0.89 Cospita 11 91
Mazatlan 6 100
2008 October 83 0.67  MazatddA 7 86
Mazatian B 11 82
November 86 0.68 Cospita 15 93
Tecapan 6 50
P. Madero 7 100
2009 August 72 0.72 Cospita 11 64
Mazatlan 6 83
Tecapan 8 75
September 100 1.00 Tecapan 10 100
P. Madero 13 100
October 89 0.84 Cospita 7 71
Mazatlan 5 100
P. Madero 7 100

! Elemental variation between two groups capturetifegrent locations within the fishery off Mazatla
Mazatlan A (Marmol) is approximately 7 km northtbé site designated as Mazatlan B.
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Figure 3.1. Collection sites for young-of-the-ysaalloped hammerhead sharks,
Spohryna lewini, 2007-2009. (a) The region contained in the regimindicates the
three sampling locations from which regular monsdynpling was conducted. (b)
Areas of fishing activity associated with the thpeenary landing sites surveyed in
this study (grey bars).
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Figure 3.2. Sagittal section of young-of-the-yse@mppoped hammerhedgpliryna lewini) vertebrae. (a) Examples of a
whole, thin-sectiononed vertebra and (b) the regsmiected for laser ablation in this study.
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Figure 3.3. Average (£ SE) element/calcium ratib&) lithium, (b) magnesium, (c) vanadium, (djarhium, (e) manganese,
(f) rubidium, (g) strontium, (h) barium, and (ile observed within sites by year. Sites are ag@figgm north to south and
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Madero (PM), and Tarcoles (Tar). Black bars = 2@@7te = 2008, grey = 2009. Note that measuremaits were only
available from a subset of samples in 2007.
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Figure 3.4. Canonical function plots of step-wisgdminant function analyses based
on the elemental signatures of vertebral edgeslaudete temporal and spatial group
designations by site, month, and year of capta)eCospita, Tecapan, and Puerto
Madero (P. Madero), November, 2008; b) Cospita, &lan, and Tecapan, August,
2009; and c) Cospita, Mazatlan, and Puerto Madectober, 2009.
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Figure 3.5. Jittered dot density plots of canonfaaktion 1 resulting from step-wise
discriminant function analyses of vertebral edgasraintal signatures and discrete
temporal and spatial group designations by siteytm@and year of capture. a)
Cospita, Mazatlan, August, 2007; b) two sites restithin Mazatlan, Mazatlan A,
Mazatlan B, October, 2008; and c) Cospita, Puerddlédo (P. Madero), September,
2009.
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Figure 3.6. Intra-annual variation in selectedredat/calcium ratios by site. Lithium
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vertebral edges of specimens captured within eamfittm Shaded circles represent
the year of collection: black = 2007, white = 2088d grey = 2009.
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Figure 3.7. Cross-validated classification accur@éy of step-wise discriminant

function analysis to putative natal origins/sitésapture by site, year, and category of

analysis. Analyses of natal elemental signatarepresented as Combined, Early,
and Late. Combined indicates analyses in whichlmd&mental signatures were

pooled across months of collection. Early (July-Asiy and Late (October-

November) designates analyses that were restiictgeneralized dates of collection

within each year. Vertebral edge elemental sigeatwere based on discrete temporal
and spatial group designations by site, month,yaaa of capture. Circle size

represents overall classification success. Vaghesented within the circles are site-
specific classification accuracies as determinethfdiscriminant function analysis.
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CHAPTER 4

CONCLUSIONS

Population connectivity is fundamental to the Etesice and maintenance of
species with patchy distributions (Hastings andsBotl 2006, Kritzer and Sale 2006).
Studies of connectivity in marine ecosystems hacemtly been invigorated by
advances in elemental analysis of fish otolithsoffbld et al. 2007). The use of
intrinsic chemical markers to trace dispersal axchange of individuals among
discrete habitats or subpopulations invites a nogtalation perspective of ecology
and conservation of threatened species, which raasbential for their long-term
persistence. In marine ecosystems, the conceptridtapopulation has evolved to be
more generally viewed as a system of discrete lpopulations that are connected, to
some degree, by the exchange of individuals thraligpersal processes (Sale et al.
2006). This exchange or connectivity may havegaitant influence on population
demographics, as many of the dispersal events dmm species are directed
ontogenetic shifts where habitat needs are lifgestpecific. Habitat-specific survival
rates, source and sink dynamics, and the extesglbfecruitment represent important
areas of directed geochemical research for mang&nessms with larval early life
history stages (Levin 2006, Cowen et al. 2007).

Despite a tendency for broad-scale movements, wibhin and across life
history stages, shark and ray populations are dfiginly structured and segregated

among discrete habitats. However, metapopulatyorawchics of sharks and rays have
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rarely been considered or discussed. The tendencpmplex, spatially-segregated
population structure connected via adult-mediatatther than larval, dispersal lends
itself to the metapopulation perspective. Intridjby attempts to trace sources,
patterns, and distances of larval dispersal udemental markers in calcified
structures, | began to consider the utility of clehtools to studies of elasmobranch
metapopulations. However, | was quickly confronteth basic but essential
guestions about elemental incorporation into aginlous vertebrae and the
assumption that these calcium phosphate structondd even provide reliable
records of environmental history. Thus, a prootaficept approach and test of
primary assumptions was necessary before diretiielies of connectivity could be
supported. The results of this dissertation resesepresent the first inquiry into the
potential application of multi-elemental analysisvertebrae to studies of natal origin
and population connectivity in elasmobranch fishes.

The identification of nursery areas for threatesledrk populations has been a
frequently recommended conservation measure (Braestl990, Applegate et al.
1993, Heupel et al. 2007). Recent evidence suggeat adult females of many
species may return to their site of natal origiatéhfidelity, philopatry) (Keeney et al.
2003, Hueter et al. 2005). If natal site fidelgya widespread adaptation, specific
nursery areas would essentially be “selected fecaoise they were successfully
contributing reproductive adults to the populatidrertebral geochemistry could be
applied to quantify the extent of connectivity afigpersal among populations and

identify sites (or regions) that contribute theajest proportions to overall population
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productivity (Beck et al. 2001, Gillanders 2002 hiymen et al. 2006). Identifying and
protecting nursery areas that contribute dispraogoately to the adult segment of the
population could have significant benefits for tomservation and recovery of
elasmobranchs. While recognizing that protectibnursery grounds affects a limited
portion of the population (Kinney and Simpfendor2€09), | view nursery areas as
destination points that act as a nexus in spatsadtyregated populations. As such,
nursery areas represent more than depositoriexdfgpring or sites for possible
protection of early life history stages. The deéition of nursery grounds provides
critical reference points from which population aabsystem connectivity can be
evaluated.

Effective management strategies for highly mobllark and ray populations
will require the recognition and consideration afltiple spatial and temporal scales.
Effort should be directed toward not only identifgisites of natal fidelity but those of
breeding and feeding fidelity as well. Identificat of sites of fidelity or
biological/diversity hotspots will require multi-n@nal effort and evaluation on the
scales of region and large marine ecosystem faetspecies that regularly traverse
geopolitical boundaries (Myers and Worm 2005, Walat al. 2010, Lucifora et al.
2011). In many cases, these sites will benefitentban a single species (Speed et al.
2010). Recently, shark sanctuaries that includnge of habitats and protect
different life history stages have been adopted hymber of nations, including Palau
and Honduras. Spatial closures, such as marirteqteal areas, need not be the only

spatially-explicit management technique consideredndella and Allen (2008), for
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example, found that gear restrictions (gill net)baay have been critical to the
recovery of several over-exploited, long-lived gpsoff the coast of California,
including the tope sharkzaleorhinus galeus. Temporal restrictions on fishing effort
could also be implemented in areas known for seddweeding or birthing
aggregations.

Although the concept of connectivity is perhapsthammmonly associated
with the exchange of individuals among populationgther fields of ecology the
term is also applied to describe the exchangea@tgonary, community, and
individual scales (Sheaves et al. 2009, Bostroal.€t011). Connectivity between
habitats has a variety of consequences on commdwyitgmics through trophic
interactions and energy transfer. Additionallyneectivity can be evaluated at finer
spatial and temporal scales to determine the ubalmtat within a nursery area, for
example, or identify ontogenetic movements betwastal and offshore habitats.
Habitat use at these scales has been examinedtakngetry (Papastamatiou et al.
2009, Chin et al. 2013) but elemental profile aradyof vertebrae could also be used
to quantify age-specific habitat use among indiglduo gain insight into connectivity
on the scale of a seascape.

Discerning patterns of connectivity, habitat usenatal origin from elemental
markers is based on the assumption that elemeimseoést are incorporated into
calcified structures in relation to their concetimain the water. Certain elements are
thought to be incorporated into otoliths througbhtitution for calcium ions

(Campana 1999), but environmental variables sut¢araperature and salinity can
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influence elemental incorporation (De Vries et28l05, Martin and Wuenschel 2006).
To determine the extent to which vertebral elemaat#os reflect the ambient
environment, | manipulated water temperature amir@mmental concentrations of
barium (Ba) in an experimental setting using rostuwdgray (Jrobatis halleri) as a
model species (Chapter 2). | tested several hgsethrelated to the validity of
elemental signatures as a means to identify enwiesral history/habitats for
elasmobranchs.

Like other laboratory validation studies of elet@imcorporation to date, my
results indicate that vertebral elemental compmsiteflects the physical and chemical
environment, albeit with significant physiologigalgulation and element-specific
temperature dependence. Despite the lack of aistmpdirect relationship between
vertebral and environmental chemistry, the combiabdratory experiments
confirmed that changes in environments experiebhgadund rays were temporally
matched by changes in vertebral chemistry. Thesdtseshow great promise for
application to studies of elasmobranch populatibdemonstrated that the
composition of certain minor and trace metal eleim@nelasmobranch vertebrae was
related to the physical and chemical propertiesater. Vertebral incorporation of
three (Mg, Mn, Ba) of the six elements evaluatechaestrated significant
temperature-dependent responses, revealing thetamge of abiotic factors, other
than water chemistry, in regulating elemental ipooation. Vertebral Ba/Ca ratios in
U. halleri were incorporated in proportion to Bala@, though the relative uptake of

Ba decreased with increasing environmental conatoirs. These observations
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confirm that elemental incorporation into elasmaoistavertebrae is a complex, multi-
causal process that influences each element ierdift ways. These interactive
effects do not negate the ability of elemental atgres to distinguish among
individuals that have occupied different environsdout rather provide a basis for
interpreting patterns of variation in specific elams from field studies. For example,
classifications to putative natal origins basedarCa ratios as the primary
discriminating factor could be the result of difaces in water temperature (same
[Ba]) between sites or differences in Ba concemnafsimilar temperature) between
the water masses.

Elemental incorporation of Li, Mg, Mn, Sr, and Bi@ not appear to be
mediated by somatic growth or vertebral precipitatiates, indicating that individual
variation in somatic growth is unlikely to be respible for observed variation in
vertebral elemental composition, even during periodrapid juvenile growth.
Although some evidence of a possible growth rdecebn zinc incorporation was
detected, this evidence was inconclusive and Idaumcorrelations between growth
or precipitation rates on the incorporation of atlyer elements in the study.

These experiments represent the first to assegwg$anfluencing elemental
incorporation into elasmobranch vertebrae and fedus the effects of temperature,
growth/precipitation rates, and dissolved Ba cotregions on elemental incorporation
of one species. Further studies on the influefeeater chemistry, temperature, and
salinity on elemental incorporation in other spe@ee needed to advance the

ecological application of elemental markers tomlalsranch populations. If
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predictive relationships between the physical dmehucal properties of water (i.e.
elemental concentration, temperature, salinity) \ertebral chemistry are better
understood, analyses of water from areas of intemadd serve as a proxy for
vertebral chemistry of some elements, expeditingmarisons and evaluations of
source populations. However, correlations betwsetith chemistry and water
chemistry have proven to be elusive (Warner 2@05), redirecting efforts toward
the development of atlases of elemental signatveesd on the species of interest
rather than the environment (e.g. Rutteberg €2G06).

The elemental composition of scalloped hammerl{8atad/rna lewini)
vertebrae revealed significant spatial variatioroas small (5s km), moderate (100s
km), and large spatial scales (>1000 km). Resiltke field study confirmed that
vertebral elemental signatures can distinguishkshimom different nursery areas.
However, classification accuracy was constraingtliwiand among years by the
likelihood of intra-annual environmental variatibmater chemistry, temperature, and
salinity) within sites, possible mixing of individls among sites, broad areas
associated with fishery-derived samples withinssitsnd incomplete sampling of
potential source populations. Classification aacyrto putative nursery areas (natal
signature) and location of capture (edge signatorpjoved from low to high when
data were expressed with greater spatial and teahpegolution. Though significant
differences in natal elemental signatures werectitieacross years, pair-wise analysis
revealed that signatures were consistent betwe@n &0d 2009, indicating some

consistency in site-specific natal signatures. sehabservations confirm the
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importance of cohort-specific analyses and the ldgweent of annual spatial atlases
of natal vertebral elemental signatures for studfesatal origin and population
connectivity.

The protracted duration of parturition introdu@ahfounding temporal and
biological factors that did not lerfél lewini as an optimal model species for
distinguishing natal origins from vertebral chemjistHowever, given the potential
for environmental variation across months durirgy¢burse of the pupping season
and sampling efforts that were directed at broskirfig locations rather than discrete
sites, the classification success determined sigtudy can be interpreted as quite
successful. Notably, the caveats, challengesregc@mmendations for future work
based on the results of this study are not uniqukd application of elemental
analyses to an elasmobranch. Similar confoundintpfs and conclusions have
frequently been reported in studies of marine wléshes (Gillanders 2002, Cook
2011). Future field studies should consider tfeeHistory of the species (including
the birthing period and extent of movement), Idoadrology, and local oceanographic
patterns to develop effective survey designs.

Although spatial variation in elemental signatucaa be useful without
knowledge of incorporation mechanisms, controlbsblratory studies provide a
valuable platform for interpreting observed patseand assessing those elements that
are most likely to serve as useful spatial indiatd&trontium, manganese,
magnesium, lithium, and barium were most commaténtified as key discriminators

among putative nursery areas in the field studgdiflonal elements, not considered
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in these lab and field studies, may also be us#émental markers, including:
bromine (Br), molybdenum (Mo), and uranium (U).

The combined use of intrinsic (chemical and gejetnd external electronic
tags/markers is likely the most effective way tadst connectivity in wide-ranging
marine species. Measurements of vertebral bullompound-specific stable isotopic
composition, mapping of environmental chemical cosifion/isoscapes, or molecular
analyses used in conjunction with studies of veailethemistry should provide
greater resolution of movements population strigctban would be obtained from a
single method alone. Otoliths are paired strustared offer relatively few
opportunities for multiple analyses because oftkghisample material. However,
many vertebrae are typically collected from shankd rays, enhancing the
opportunity for integrative analyses. New insighigy therefore be gained from
archived samples of vertebrae, extending the vailsample material beyond that of

age and growth studies.
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APPENDIX A. Temperature experiment: Influence of growth rate on elemental incor por ation.

Supporting Information 1. Correlations petween partition coefficients (), somatic growth rates (mm disc width motjth
and vertebral precipitation ratas{ radius montH) for the temperature (T) experiment. The numbeoond rays (n,
Urobatis halleri) included in growth rate estimates, observed rarigedividual somatic growth, and vertebral prezpon
rates are reported for each treatment. Signifipardlues are indicated by bold font.

Somatic growth rate Precipitation rate
Treatment Due r p Treatment Dwue r p
T=15°C Li 0.288 0.162 T=15°C Li 0.041 0.970
n=232 Mg 0.035 0.849 n=28 Mg 0.408 0.213
Range: 0.5-3.3 mm morith  Mn 0.269  0.174 Range: 5.5-31.2m month®  Mn 0.017  0.960
Zn 0.119 0.545 Zn 0.323 0.333
Sr 0.296 0.127 Sr 0.297 0.324
Ba 0.051 0.779 Ba 0.275 0.388
T=18°C Li 0.289 0.181 T=18°C Li 0.219 0.472
n=33 Mg 0.298 0.103 n =30 Mg 0.193 0.473
Range: 1.4-4.5 mm morith  Mn 0.173 0.369 Range: 12.8-49.6m montd®  Mn 0.245 0.379
Zn 0.280 0.128 Zn 0.320 0.226
Sr 0.184 0.323 Sr 0.337 0.202
Ba 0.029 0.889 Ba 0.283 0.307
T=24°C Li 0.248 0.215 T=24°C Li 0.023 0.919
n=33 Mg 0.208 0.246 n =30 Mg 0.117 0.552
Range: 3.6-8.0 mm morith  Mn 0.202 0.272 Range: 36.7-101.0m month®  Mn 0.037 0.855
Zn 0.139 0.465 Zn 0.318 0.121
Sr 0.193 0.282 Sr 0.089 0.653
Ba 0.264 0.166 Ba 0.109 0.603
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APPENDI X B. Barium experiment: Influence of growth rate on elemental incorporation.

Supporting Information 2. Correlations petween partition coefficients (), somatic growth rates (mm disc width motjth
and vertebral precipitation ratge radius montH) for the barium manipulation ([Ba]) experimentheTnumber of round
rays (n,Urobatis halleri) included in growth rate estimates, observed rarigedividual somatic growth, and vertebral
precipitation rates are reported for each treatm8mgnificant p-values are indicated by bold font.

Somatic growth rate Precipitation rate
Treatment Duve r p Treatment Dye r p
[Ba] = 1x Li 0.163 0.479 [Ba] = 1x Li 0.421 0.105
n=34 Mg 0.089 0.628 n=30 Mg 0.006 0.979
Range: 1.8-7.8 mm month  Mn 0.210 0.265 Range: 7.3-80.im month* Mn 0.258 0.259
Zn 0.327 0.083 Zn 0.043 0.854
Sr 0.175 0.338 Sr 0.076 0.723
Ba 0.012 0.953 Ba 0.337 0.146
[Ba] = 3x Li 0.101 0.622 [Ba] = 3x Li 0.172 0.525
n=34 Mg 0.003 0.960 n=29 Mg 0.167 0.471
Range: 2.0-6.5 mm morith  Mn 0.209 0.260 Range: 7.4-69.Fm month! Mn 0.016 0.949
Zn 0.462 0.013 Zn 0.103 0.684
Sr 0.176 0.320 Sr 0.157 0.496
Ba 0.087 0.635 Ba 0.050 0.835
[Ba] = 6x Li 0.022 0.932 [Ba] = 6x Li 0.039 0.900
n=29 Mg 0.197 0.297 n=28 Mg 0.173 0.454
Range: 2.0-7.3 mm month  Mn 0.126 0.522 Range: 7.3-73.4m month* Mn 0.228 0.334
Zn 0.498 0.010 Zn 0.097 0.296
Sr 0.086 0.665 Sr 0.253 0.296
Ba 0.244 0.229 Ba 0.428 0.076

5GT



APPENDIX C. Size frequency distribution of scalloped hammerhead sharks (Sphyrna lewini).

Length frequency distributions (total length, cmiiatatus of the umbilical opening of young-of-year scalloped
hammerhead sharkSahyrna lewini) included in our analyses by site and year ofecbibn. Samples are presented for the
three primary sampling locations in Sinaloa, Mexi®&lack bars = open umbilical scars, light greysbaclosed umbilical
scars, and dark grey bars = unknown umbilical status.
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APPENDIX D. Intra-annual variation in elemental signatures.

Blocked multi-response permutation procedure (MRieBts of differences in the
elemental composition of vertebral natal and edgeasures by year, site and month.
Average Euclidean distances are presented as aireazEglispersion in multi-
elemental signatures within each group. Smallalifle@an distances indicate greater
similarity within a group. P-values presented itdhidentify significant differences in
multi-elemental composition within a site betweeans.

Average Within

Group Differences
Year Location Month n Natal Edge T p A
2007 Cospita August 10 1.916 1414 -4.23 0.005 0.20

November 13 0.818 0.828 -7.75 <0.001 0.52
Mazatlan August 8 1.764 1.668 -2.90 0.016 0.13

September 5 1.583 1.629 -3.08 0.015 0.42

October 6 0.895 1.816 -3.84 0.008 0.53

November 9 1.238 1.151 -5.85 0.001 0.59

Tecapéan August 6 1.325 1.425 -2.36 0.031 0.19

September 8 1.020 1.195 -4.09 0.006 0.38
October 9 1.235 1.284 -5.80 0.002 0.56

2008 Cospita November 14 0.618 2.233 -9.44<0.001 0.81

Mazatlan June 6 0.791 7.493 -1.13 0.129 0.14
July 8 5.138 7.140 -1.00 0.159 0.06

August 11 1.403 4.666 -6.71 0.001 0.76

October 17 1.396 3.902 -11.51 <0.001 0.80

November 5 1.356 0.873 -2.45 0.029 0.92

Tecapan August 12 3.159 5.037 -3.87 0.008 0.43
November 12 1.141 0.953 -8.12 <0.001 0.93
December 12 1.080 3.174 -8.05 <0.001 0.85

2009 Cospita August 6 2.311 1.721 -7.37 <0.001 0.70
September 8 1.106 1.426 -13.07 <0.001 0.91
October 7 1.028 2.024 -4.58 0.004 0.91
November 14 0.971 0.902 -9.54 <0.001 0.93

Mazatlan August 11 4.639 4.830 -1.9179 0.054 0.17
October 7 1.100 1.032 -4.58 0.004 0.92

Tecapéan August 10 2.953 2.053 -6.00 0.001 0.74




APPENDIX E. Corrélations of Element/Calcium Ratios by month and year.

Correlations ) of element/calcium ratios across months by locasind year. The
number of sharks included in analyses is indicate(h) and p-values in bold font
identify element-to-calcium ratios that differedrsificantly across months of
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collection.
Cospita Mazatlan Tecapan
Year Element/Ca n r p n r p n r p
2007 Li 26 0.082 0.208 28 0.245 0.001 19 0.185 0.527
Mg 0.000 0.961 0.153 0.134 0.093 0.709
\% 0.018 0.517 0.280  0.043 0.214 0.380
Cr 0.035 0.361 0.200 0.083 0.371 0.118
Mn 0.073 0.182 0.154 0.133 0.169 0.490
Rb 0.304  0.004 0.280  0.035 0.266 0.271
Sr 0.176  0.033 0.436  0.005 0.389 0.100
Ba 0.071 0.197 0.768 <0.001 0.462 0.054
Pb 0.114 0.091 0.262 0.061 0.134 0.585
2008 Li 12 0.042 0.523 42 0.267 0.087 32 0.019 0.922
Mg 0.039 0.537 0.367 0.307 0.426 0.015
\% 0.050 0.485 0.199 0.206 0.509 0.003
Cr 0.093 0.363 0.262 0.093 0.162 0.376
Mn 0.030 0.306 0.268 0.086 0.251 0.166
Rb 0.123 0.264 0.309 0.051 0.094 0.616
Sr 0.123 0.263 0.309 0.046 0.472  0.006
Ba 0.148 0.216 0.495 0.010 0.350  0.049
Pb 0.026 0.634 0.162 0.634 0.079 0.668
2009 Li 53  0.193 0.171 16  0.495 0.001 20 0134 0573
Mg 0.338  0.013 0.392 0.134 0.548 0,010
\% 0.266 0.056 0.529 0.043 0.009  0.970
Cr 0.228 0.099 0.447 0.083 0.478  0.028
Mn 0.383  0.005 0.393 0.133 0.394  0.077
Rb 0.186 0.191 0.530 0.035 0.281 0.244
Sr 0.142 0.310 0.660  0.005 0535 0013
Ba 0.363  0.008 0.876  <0.001 0.347 0.134
Pb 0.104 0.469 0.512 0.061 0324  0.164

! Lica data were not avaiable for all samplesif2 Cospita = 22; Mazatlan = 21; Tecapan = 14.



