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Abstract

The use of stable isotopes in studying ecological systems has a wide range ofapplications, from comparing food web interactions to tracing nutrient flow throughan organism or an environment.  Compound specific isotopic analysis of amino acids(AA-CSIA) has recently emerged as a technique which resolves some of theshortcomings of bulk tissue stable isotope analysis, yielding information forestimating trophic position and tracing the δ15N values of baseline nutrients from asingle sample.  However, the application of AA-CSIA to food web studies requires amore in-depth understanding of amino acid isotopic incorporation andfractionation.  This dissertation focuses on the preliminary steps toward globalapplication of AA-CSIA in ecosystem studies.  The research presented here providesmeasurements of some of the first incorporation rates of individual amino acidnitrogen isotopes (Chapter 2) and the largest known dataset of AA-CSIA in marineteleosts for determining fractionation patterns across trophic positions (Chapter 3).The latter portion of the dissertation describes an understudied ecosystem inHawaii, the mesophotic reefs, and uses AA-CSIA to compare the trophic ecology ofthe resident fish population to those in a shallow water coral reef environment(Chapters 4 & 5).  The results of this dissertation provide critical first steps towardfurther developing AA-CSIA as a tool within ecosystem studies and in the processreveal that the biochemical processes controlling isotopic fractionation may bemore elusive than previously believed.
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CHAPTER 1

Introduction
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BackgroundThe study of ecosystems traditionally involves exploring and understanding anumber of organisms within the system and their connections to one another.  Trophicinteractions within a food web often reveal a significant amount of information, not only inecological and behavioral relationships, but also in elucidating flows of energy and carboninto, within, and out of a system.  However, the ability to collect representative samplesfrom all levels of an ecosystem across space and time can be impractical and often nearlyimpossible.  Therefore, it is critical to ecosystem studies that a number of tools beinvestigated and refined in order to give researchers the ability to infer trophic structure incomplex ecosystems.The use of stomach content analyses (SCA) has been historically critical in studyingand understanding food webs.  For years, trophic position estimates have been made byidentifying prey items within the stomach contents of consumers (Hyslop 1980).  Thebenefit of prey identification, however, is balanced by the limited snap-shot of dietaryinformation and differential digestion of items, which may lead to biases in trophic positioncalculations and may not reflect temporal and spatial changes in diet.Stable isotope analysis (SIA) has a long history of application to studies of food webecology.  Incorporating time scales of months to years, results of stable isotope analysis ofnitrogen and carbon can be used both to estimate trophic level and trace food webinteractions.  However, spatial and temporal changes at the base from which organismsdraw nutrients (NO3, NO2 and NH4 or HCO3, CO2 and CO3) can be reflected throughout thefood web, requiring large scale examinations of ecosystems to constrain baseline isotopicvalues (Peterson & Fry 1987, Post 2002).  Still, SIA is of valuable use, especially whencoupled with other tools such as stomach content analysis for trophic studies and electronictagging for understanding migration.Differences in the fractionation of 15N, revealed from compound specific isotopicanalysis of amino acids (AA-CSIA), resulted in two amino acid groups, termed trophic andsource (McClelland & Montoya 2002, McCarthy et al. 2004, Chikaraishi et al. 2007, Popp etal. 2007, Chikaraishi et al. 2009, Hannides et al. 2009, Chikaraishi et al. 2010).  Trophicamino acids (Ala, Glu, Leu, Ile, Met, Pro, Val) are typically enriched in 15N relative to sourceamino acids, due to their trophic associated fractionation, which has been attributed todeamination and transamination during metabolic breakdown (Chikaraishi et al. 2007).
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Source amino acids (Gly, Lys, Phe, Ser, Tyr) have little to no associated isotopic fractionationbetween trophic levels, and largely retain the δ15N values of the food web baseline.  Giventhese two groupings, AA-CSIA has become a useful tool in ecological studies.  Through thedifference between trophic and source amino acids, trophic level can be calculated for singleorganisms; by comparing source amino acid δ15N values, baseline isotopic compositions canbe examined without the need for exhaustive surveys (Popp et al. 2007, Hannides et al.2009, Lorrain et al. 2009, Dale et al. 2011, Choy et al. 2012, Decima et al. 2013).The addition of AA-CSIA to the suite of tools available for use in ecosystemsstudies could greatly enhance the study of trophic relationships.  It is now importantto define the optimal parameters for which AA-CSIA can be applied with increasedefficacy and to identify possible caveats to its use.  The overarching goal of thisdissertation is to address a few of the current gaps in our knowledge of the methodand apply it, with better understanding, to a unique environment.
Amino acid isotope turnoverThe use of AA-CSIA has recently gained tremendous interest and along with it, aneed to identify and define the limitations of the technique.  Although the method has beenwidely used on a variety of marine and terrestrial organisms, little is known of the time ittakes for the 15N composition of each amino acid of a consumer to reflect that of its prey.Typically, trophic position cannot be estimated using SIA if an organism has not reached anisotopic steady state with its food items, e.g., it has recently migrated from one isotopicregime to another, as its isotopic composition reflects both old and new food sources.  UsingAA-CSIA, one can calculate trophic position of migratory organisms, regardless of steadystate, if the trophic and source amino acids being used are incorporated at a similar rate.Therefore, especially for migratory organisms and those who change diets eitherontogenetically or due to external pressures, accurately quantifying rates of incorporationof 15N to specific amino acids are critical to the calculation of trophic position. Throughuse of a long term diet study of a large pelagic endotherm, the first chapter of thisdissertation represents one of the first studies quantifying isotopic turnover of individualamino acids, identifying potential uses of variable incorporation rates in ecosystem studies.
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Amino acid isotope enrichmentThe trophic position calculation from AA-CSIA relies upon the difference in nitrogenisotopic values of trophic and source amino acids in a consumer. This trophic enrichmentfactor (TEF) must be well-defined and consistent for increasing trophic positions.  Valuesfor TEF have been determined for marine organisms ranging from trophic position 2 to 3 ina small number of feeding studies and confirmed with a select sample of organisms fromnatural environments (Chikaraishi et al. 2009).  The currently accepted TEF value is derivedfrom a single trophic and source amino acid, glutamic acid and phenylalanine, respectively.The reliance upon single amino acids may be problematic, leading to errors in data whendifferential fractionation occurs due to differences in amino acid metabolism (McCarthyet al. 2007, Dale et al. 2011, Sherwood et al. 2011, Decima et al. 2013). In an effort to applyAA-CSIA globally, this chapter extends the database of TEF values to a wide range of trophicpositions, using a large dataset of teleosts (47 species), and examines the relationshipbetween trophic fractionation and trophic position across a range of trophic and sourceamino acids.
Application of amino acid isotopesMesophotic coral reef ecosystems (MCEs), defined as scleractinian coral reefs atdepths greater than 30 meters (Hinderstein et al. 2010), provide a unique environment forapplication of AA-CSIA.  Because MCEs tend to be spatially removed from human andadverse environmental impacts, interest has grown in understanding their function, topredict how the ecosystem may respond to future changes in climate, and their ability toserve as refugia for the resident flora and fauna(Lesser et al. 2009).  There is considerableoverlap of the fish assemblages within MCEs compared to euphotic coral reefs in shallowerwater, despite a distinct difference in the diversity and abundance of primaryproducers due to light limitation (Kahng & Kelley 2007, Brokovich et al. 2010, Rooney etal. 2010).  To fully understand the trophic ecology of MCE fish communities, it is firstnecessary to expand on the limited knowledge of the physical forcings in the specific region.AA-CSIA can then be used to assess any differences in the trophic ecology of MCEs andeuphotic coral reefs, by elucidating changes in individual amino acid isotopic compositions,pointing to potential metabolic differences, as well as general trends in trophic position. In
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these two chapters, we describe several physical parameters of the Au’au Channel MCEwhich make it a suitable habitat for coral reefs and their inhabitants, and apply isotopictools to compare the trophic ecology of 17 fish from 6 families with populations in bothmesophotic and euphotic reefs.
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CHAPTER 2

Amino Acid Isotope Incorporation and Enrichment Factors in PacificBluefin Tuna, Thunnus orientalis

with D. J. Madigan, B.A. Block, B.N. Popp
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AbstractCompound specific isotopic analysis (CSIA) of amino acids has received increasing attentionin ecological studies in recent years due to its ability to evaluate trophic positions andelucidate baseline nutrient sources.  However, the incorporation rates of individual aminoacids into protein and specific trophic discrimination factors (TDFs) are largely unknown,limiting the application of CSIA to trophic studies. We determined nitrogen turnover ratesof individual amino acids from a long-term (up to 2914 days) laboratory experiment usingcaptive Pacific bluefin tuna, Thunnus orientalis (PBFT), a large endothermic pelagic fish feda controlled diet.  Small PBFT (white muscle δ15N ~ 11.5‰) were collected in San Diego, CAand transported to the Tuna Research and Conservation Center (TRCC) where they were feda controlled diet of high δ15N values relative to PBFT white muscle (diet δ15N ~ 13.9‰).Half-lives of trophic and source amino acids ranged from 28.6 to 305.4 days and 67.5 to136.2 days, respectively. The TDF for the weighted mean values of amino acids was 3.0 ‰,ranging from 2.2 to 15.8 ‰ for individual combinations of 6 trophic and 5 source aminoacids. Changes in the δ15N values of amino acids across trophic levels are the underlyingdrivers of the trophic 15N enrichment.  Nearly all amino acids δ15N values in this experimentchanged exponentially and could be described by a single compartment model.  Significantdifferences in the rate of 15N incorporation were found for source and trophic amino acidsboth within and between these groups. Varying half-lives of individual amino acids can beapplied to migratory organisms as isotopic clocks, determining the length of time anindividual has spent in a new environment.  These results greatly enhance the ability tointerpret compound specific isotope analyses in trophic studies.
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IntroductionThere are a number of novel tools available to trace nutrient movement throughfood webs or ecosystems.  Stable isotope analysis has gained favor for its ability to detectthe integration of dietary information over space and time (Peterson & Fry 1987, Post 2002,Layman et al. 2007).  Compound specific isotopic analysis (CSIA), specifically of amino acids,has shown distinct potential in elucidating information about both nutrient sources andtrophic interactions from a single organism (McClelland & Montoya 2002, Chikaraishi et al.2007, Popp et al. 2007, Chikaraishi et al. 2009, Hannides et al. 2009, Lorrain et al. 2009).Calculations of trophic position from isotopic analysis of bulk tissue require knowledge ofbaseline isotopic values to correct for spatial and temporal variations in the values ofcompounds such as NO3, NO2, NH4, HCO3, CO2 and CO3, which are propagated up food webs.The approach of CSIA allows information about ecosystem interactions to be gathered fromdiscrete samples of targeted species without the need for exhaustive surveys typicallyassociated with the use of bulk isotopic and gut content analyses.Through the application of CSIA, one can reveal and compare both the sources ofnutrients and how those nutrients are utilized within each system. CSIA uses the ratio of15N/14N (δ15N) and 13C/12C (δ13C) in specific compounds within tissues to reveal informationabout trophic and ecological relationships. Nitrogen isotopic values of amino acids obtainedfrom CSIA have revealed several amino acids that retain the same δ15N values acrossmultiple trophic steps (McClelland & Montoya 2002, Popp et al. 2007), termed “source”amino acids.  “Trophic” amino acids fractionate consistently with each trophic step due to de

novo synthesis or transamination and deamination during assimilation, yielding 15Ncontents enriched compared to source amino acids (McClelland & Montoya 2002, Popp et al.2007). Evaluating a range of organisms from photoautotrophs to secondary consumers,Chikaraishi et al. (Chikaraishi et al. 2009) confirmed the enrichment in 15N from food sourceto consumer in trophic amino acids and little change in source amino acids (McClelland &Montoya 2002, McClelland et al. 2003, Chikaraishi et al. 2007, McCarthy et al. 2007,Chikaraishi et al. 2009).  The CSIA method allows not only the calculation of trophicposition, but also comparisons of source δ15N values between similar organisms to evaluatefood web and migratory dynamics (Chikaraishi et al. 2007, Popp et al. 2007, Chikaraishi etal. 2009, Hannides et al. 2009).
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The rate of incorporation of a new isotopic composition into the tissues of anorganism determines how long an immigrant to a region will be distinguishable from along-term resident (Herzka 2005).  Isotopic incorporation is thought to relate to tissueturnover; tissues with higher protein turnover rates tend to incorporate changes in dietmore quickly than slower growing tissues (Cerling et al. 2007, Guelinckx et al. 2007, Vollaireet al. 2007, Carleton et al. 2008, Carleton & Rio 2010).  Following a change in diet, twoprocesses dominate the shifts of the isotopic compositions of tissues: (1) metabolicturnover through the breakdown of older tissues and replacement with newly synthesizedones and (2) growth of new tissue post diet shift (Herzka et al. 2001, Bosley et al. 2002,Buchheister & Latour 2010).As the magnitude of isotopic enrichment in amino acids has been shown to begoverned by biochemical processes at the tissue level (Chikaraishi et al. 2009), it is likelythat rates of isotopic turnover in amino acids are similarly controlled.  Controlled dietexperiments that track shifts in nitrogen isotopic values during uptake or consumption andsubsequent assimilation can be used to measure turnover rates and trophic discriminationfactors (TDFs).  These values are critical to accurately interpreting stable isotope data inecological studies.  While it remains important to look at bulk tissue isotopic values todetermine the roles of the rates of growth and metabolism, it is not known how, if at all,these impact the turnover at the level of specific amino acids.  Therefore, in order to modeltrophic interactions using stable isotope analysis of specific compounds, it is crucial tobetter understand the incorporation rates of specific amino acids into tissues, coupling thiswith bulk tissue information and tissue biochemistry.Pacific bluefin tuna, Thunnus orientalis, (PBFT) used in this study were obtainedfrom the Tuna Research and Conservation Center (TRCC) and Monterey Bay Aquarium(MBA), which had been held in captivity from 1 to 2914 days (Madigan et al. 2012b).  Thisprovided the opportunity for long-term tracking of changes in isotopic composition ofamino acids in muscle tissue following an isotopic change in diet, from a wild to a controlleddiet.   The dataset is the longest available for a large pelagic fish fed a controlled diet.  Thegoals of this study were to calculate turnover rates of individual amino acids in whitemuscle tissue of PBFT, determining the relative contributions of growth and metabolism toturnover.  Additionally, TDFs were calculated for amino acids from individuals that hadreached steady state with the controlled diet.  The use of individual amino acid turnover
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rates to develop an isotopic clock, along with TDF values, can be used to more preciselystudy the migration and ecology of PBFT.
Methods

Captive Husbandry of TunasJuvenile Pacific bluefin tuna, Thunnus orientalis, were collected by hook and line offthe coast of San Diego, CA, and held in tanks at the Tuna Research and Conservation Center(TRCC) in Pacific Grove, CA.  Additionally, a number of bluefin tuna, ranging in age from 1 –2 years, were caught by hook and line and samples of dorsal muscle tissue wereimmediately collected.  Curved fork length (CFL) was measured at the time of collectionand, for captive reared fish, time of death, either by natural mortality or having beensacrificed for experiments.  A detailed description of handling and rearing methods can befound in Madigan et al (Madigan et al. 2012b).  Tunas in captivity were fed a consistentmixture of sardine, squid, and gelatin (by mass: 70%, 21%, and 9%, respectively) with bulkweighted mean δ15N values (13.88 ± 0.65 ‰) higher than white muscle (WM) tissues(11.80 ± 0.24 ‰) of juvenile year class one and two (YC1 and YC2) PBFT captured offsouthern California.Captive and wild PBFT were sampled for bulk WM tissue and results can be found inMadigan et al (2012).  CSIA of amino acids were measured for 13 separate individualsranging in time in captivity from 11-1054 days and for 8 wild PBFT ranging in age from 489to 876 days.  Wild PBFT were aligned with captive fish by estimating their residency time inthe California Current Large Marine Ecosystem (CCLME) using fish size (Bayliff et al. 1991),where the smallest sampled individual (61.6 cm) represented an approximate starting valuefor t (t = 0 days).
Amino Acid Isotope analysisWhite muscle (WM) tissue was collected from the hypaxial musculature of PBFTunder the first dorsal fin and ~10 cm below the skin.  Of the captive feed, a section of dorsalWM was taken from sardines, and a section of mantle was taken from squid, removing theouter membrane (n = 2 for each feed item).  Tissues were frozen at -80°C and subsequentlylyophilized and ground to a homogenous powder for isotope analysis.
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Muscle tissue samples were hydrolyzed and amino acids were derivatized prior tonitrogen isotope analysis using established methods (Popp et al. 2007, Hannides et al.2009). Dried, ground tissue was hydrolyzed (6N HCl) at 150°C for 70 minutes (Cowie &Hedges 1992). Acid hydrolysis under these conditions converts glutamate and aspartate toglutamic and aspartic acid, and destroy tryptophan and cystine.  Samples were redissolvedin 0.01N HCl, and purified by passage through a 0.45 μm hydrophilic filter and amino acidswere further purified using cation-exchange chromatography (Dowex 50WX8-400)following the recommendation of Metges et al (1996). Amino acids were esterified byheating at 110°C for 60 minutes in 4:1 isopropanol : acetyl chloride.  Followingesterification, amino acids were acylated by heating samples at 100°C for 15 minutes in 3:1methylene chloride:trifluoracetic anhydride.  Samples were further purified by solventextraction (Ueda et al. 1989) using 2:1 P-buffer : chloroform mix (P-buffer: KH2PO4 +Na2HPO4 in Milli-Q water, pH 7).  A final acylation step was repeated to complete thederivatization process.  Samples were stored at -20°C in 3:1 methylene chloride:TFAA forup to 6 months before isotope analysis.The δ15N values of derivatized samples were determined using a Delta V massspectrometer interfaced to a Trace GC gas chromatograph through a GC-C III combustionfurnace (980 °C), reduction furnace (650 °C), and liquid nitrogen cold trap via a GC-C IIIinterface.  Samples were injected (split/splitless injector in splitless mode) onto a forteBPx5 capillary column (60 m × 0.32 mm × 1.0 μm film thickness) at an injector temperatureof 180 °C with a constant helium flow rate of 1.4 ml min–1.  The column was initially held at50 °C for 2 min and then increased to 190 °C at a rate of 8 °C min–1.  Once at 190 °C, thetemperature was increased at a rate of 10 °C min–1 to 300 °C where it was held for 7.5 min.All samples were analyzed at least in triplicate and measured δ15N values were normalizedto the known nitrogen isotopic composition of internal references norleucine andaminoadipic acid co-injected with each sample.  The standard deviation of δ15N valuesderived from multiple analyses averaged 0.52‰ and ranged from 0.03‰ to 1.2‰.Isotopic compositions of sixteen amino acids were obtained using this method. Nitrogenisotope ratios are described by:
15 ( / 1) 1000,sample standardN R R    (1)
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where Rsample is the ratio 15N:14N within the sample, and Rstandard is the isotope standard Air.Isotope values are reported as permil (‰).
Turnover estimationWe used two models to estimate amino acid turnover and calculate the half-life ofeach amino acid in muscle tissue. An exponential fit model as used previously (Fry & Arnold1982, Tieszen et al. 1983, Hobson & Clark 1992, Podlesak et al. 2005, Madigan et al. 2012b)is given by the equation:

      ,t
t ae c   (2)

where δt is the isotope value of the amino acid changing with time t and λ is a data-derivedfirst-order rate constant.  Parameters a and c represent the difference between initial andfinal steady-state δ15N values and the data-derived final isotope steady-state δ15N value,respectively (Tieszen et al. 1983).Additionally, we modeled amino acid turnover using the reaction progress variableas described in (Cerling et al. 2007):
 1 ,

t eq
tA A

init eq
A A

R R
e F

R R


  


(3)
where the nitrogen isotopic composition of a specific amino acid is RAt at any given time, t,
RAeq at the data-derived equilibrium, or RAinit at the initiation of the experiment.  F= 0 at thebeginning of the experiment and F approaches 1 as the animal reaches an isotopic steadystate with the new diet (Cerling et al. 2007).  The use of multiple tissue compartments tomodel incorporation of isotopes into tissue often more accurately describes the dynamics ofturnover than the first-order kinetics of a single compartment model (del Rio and Carleton2012). The reaction progress variable is used here to evaluate the appropriateness of eithera single or multi-compartment model to describe the nitrogen isotopic turnover ofindividual amino acids in PBFT white muscle tissue.  A single compartment model for
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isotopic turnover is described by a linear fit of ln(1-F) versus time, where the slope is equalto -λ. The amino acid isotope-specific half-life (t0.5) is then calculated:
 0.5     2 /  ,t ln  (4)

for different λ values derived for δ15N in each amino acid.  For a given percentage (α) ofcomplete turnover, the time needed was calculated using a modified equation from(Buchheister & Latour) (2010):
 /100     1 /100 / ,t ln    (5)

where tα/100 is the time needed to attain α% turnover and λ is the data-derived first-orderrate constant.We compared the turnover rates of trophic and source groupings of amino acids toderive the best combination for use in interpreting trophic ecology of PBFT.    Discussion ofturnover results focus on the first approximately three years of an eight year study, utilizingonly the time period during which measured growth of PBFT was linear.  The change in therate of tuna growth after three years corresponded to movement of the tuna to larger tanksat the Monterey Bay Aquarium and a possibly less controlled diet, which lead to an increasein growth rate.  Nevertheless, this limited time selection was sufficient to achieve 95%turnover of 8 of the 9 amino acids; threonine reached steady state ~30d after the finalselected time point.
Trophic Discrimination and Enrichment Factors (TDF and TEF)TDF values (ΔAA) are calculated for each amino acid according to the equation:

 Δ        – 
AA AAAA pred preymean   , (6)

where ΔAA represents the amino acid-specific TDF, is the nitrogen isotope value of aspecific amino acid for each animal that reached steady-state with diet, and is a
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weighted mean nitrogen isotope value, by proportional mass of each food item (squid,sardine, and gelatin) of the control diet.  Steady-state was determined from the time afterwhich an individual amino acid achieved 95% turnover (t0.95).  Food items were sampledperiodically throughout 2008-2010 to ensure consistency of food isotopic compositions.Error was propagated using the uncertainty in each trophic or source amino acid betweensamplings, as well as the measured reproducibility of sample injections.Trophic enrichment factors (TEFs) were calculated from the equation:
    Δ – Δ ,Tr SrTEF  (7)

where ΔTr and ΔSr are the TDFs of a single or weighted mean trophic amino acid and sourceamino acid, respectively.  Combinations of five trophic (Ala, Glu, Leu, Pro, Val) and sixsource amino acids (Gly, Lys, Phe, Ser, Thr, Tyr) were used for calculations as well as theweighted mean of each group.We compared our experimentally-derived TEFs to those found in Chikaraishi et al.(2009) for application in estimating trophic position (TP) from the equation:
        –  /   1  ,Tr SrTP TEF     (8)

where δTr and δSr are the nitrogen isotopic compositions of one or a mean of trophic andsource amino acids, respectively, and β is the difference between trophic and source aminoacids in primary producers (Chikaraishi et al. 2009).  Appropriate values of β for eachcombination of trophic and source amino acids were calculated from results in Chikaraishiet al. (2007, 2009, 2010).
Effects of growthFrom Hesslein et al. (1993) we can describe the first-order growth rate constant, λ,as:

 '   ,k m   (9)



15

where k' is the growth rate constant derived from the relationship of relative growth (WR),or the relative gain in mass, with time in captivity, as described in Madigan et al. (2012).  WRwas calculated as the ratio of final to initial mass of the experimental organism (Madigan etal. 2012b).Applying eq. 2 to the change in isotopic composition of individual amino acids withWR, we calculate the relative growth needed to achieve α percent turnover (Buchheister andLatour 2010):
  /100   1 , –  /100 /  G exp ln   (10)

where λ is the data-derived rate constant.
ResultsOf the sixteen amino acids which are retrievable using the CSIA method outlinedabove, twelve were measured reliably in all samples (Table 1).  Those twelve are alanine(Ala), glycine (Gly), threonine (Thr), serine (Ser), valine (Val), leucine (Leu), aspartic acid(Asp), proline (Pro), glutamic acid (Glu), phenylalanine (Phe), lysine (Lys), and tyrosine(Tyr). Histidine (His) was measured in all but one sample, and isoleucine (Ile), methionine(Met), and arginine (Arg) were measured in fewer than 50% of samples.The δ15N values of trophic amino acids had greater variation among components(squid, sardine, and gelatin) of the captive feed (greatest σ = 6.0‰ in Pro) than in sourceamino acids (greatest σ = 4.5‰ in Ser; Table 2).  The smallest variation was found in thesource amino acid lysine (σ = 0.3‰). The mass-weighted mean of the feed wasconsiderably enriched in 15N compared to initial PBFT (day 11) in eight of the twelve aminoacids, as much as 12.9‰ in Thr. Aspartic acid in feed was depleted in 15N relative to initialPBFT but there was no detectable difference in the 15N contents of Phe, Glu and Tyr (Table2).  The lack of difference in δ15N values between initial PBFT white muscle and the mass-weighted mean of the feed meant that only four trophic amino acids (Ala, Leu, Pro, and Val)and four source amino acids (Gly, Lys, Ser, and Thr) could be incorporated in models.Glutamic acid was also included despite this lack of difference in δ15N values due to itssignificant metabolic fractionation.
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Table 2.1. Mean δ15N values of amino acids and time in captivity for Pacific bluefin tuna (Thunnus orientalis).
Time in

captivity
(d)

Trophic Amino Acids Source Amino Acids

Ala (SD) Asp
(SD)

Glu
(SD)

Leu
(SD)† Pro

(SD)
Val

(SD)† Gly (SD) Lys
(SD)† Phe

(SD)
Ser

(SD)
Thr

(SD)† Tyr
(SD)11 24.2(0.8) 23.2(0.4) 24.0(0.5) 21.2(0.8) 16.8(0.9) 19.3(0.6) -3.2(0.9) 3.9(0.4) 8.4(0.2) 0.4(0.5) -21.9(0.5) 11.2(0.5)52 27.6(0.2) 26.6(0.6) 26.9(0.4) 25.6(0.4) 23.3(0.8) 21.9(0.3) -2.4(0.4) 6.0(0.4) 7.0(0.7) 3.0(0.5) -23.8(0.9) 9.3 (1.0)58 28.1(0.5) 26.8(0.2) 25.6(0.3) 25.1(0.7) 23.4(0.1) 24.9(0.9) 0.3 (0.3) 5.9(0.8) 7.4(0.4) 6.3(0.7) -21.1(0.7) 14.7(0.1)95 25.9(0.7) 22.8(0.4) 26.0(0.6) 25.1(0.7) 20.6(0.2) 24.7(0.7) -3.3(0.1) 5.0(0.5) 9.9(0.3) 3.5(0.9) -22.4(0.6) 14.3(0.5)141 28.8(0.3) 27.3(0.2) 26.2(0.2) 25.3(0.1) 25.3(0.4) 22.6(0.4) 0.6 (0.4) 6.5(0.6) 7.2(0.7) 5.4(0.5) -22.8(0.7) 10.9(0.3)219 29.8(0.4) 27.4(0.3) 27.1(0.3) 26.7(0.3) 24.6(0.2) 26.3(0.8) 2.7 (0.2) 7.2(0.3) 9.5(0.7) 5.8(0.7) -22.2(0.6) 12.5(0.4)231 26.9(1.0) 23.3(0.3) 26.6(0.3) 25.5(0.9) 23.9(0.9) 22.8(0.6) 2.7 (0.3) 6.9(0.4) 8.5(0.5) 6.4(0.8) -21.2(0.9) 13.4(0.3)388 31.4(0.3) 30.1(0.4) 21.2(0.1) 28.4(0.2) 26.2(0.3) 27.1(0.6) 4.4 (0.6) 8.9(0.5) 9.2(0.2) 10.0(0.3) -17.5(0.5) 14.6(0.1)416 32.3(0.6) 29.8(0.2) 29.2(0.4) 28.5(0.3) 25.0(0.6) 28.6(1.0) 4.4 (0.6) 8.6(0.5) 11.1(0.3) 8.3(0.9) -18.7(0.4) 14.2(0.6)481 29.6(0.4) 27.5(0.5) 27.8(0.3) 27.4(0.4) 26.0(0.7) 23.1(0.6) 2.0 (0.2) 8.0(0.3) 10(0.1) 7.7(0.9) -18.0(0.9) 12.0(0.7)572 29.6(0.6) 25.2(0.8) 26.2(0.5) 26.2(0.7) 24.6(0.7) 24.1(0.8) 6.8 (0.4) 7.2(0.5) 6.9(0.1) 5.6(0.7) -20.0(0.9) 11.3(0.6)723 31.0(0.2) 30.4(0.5) 29.1(0.1) 27.6(0.3) 26.0(0.2) 24.7(0.4) 3.4 (0.2) 9.0(0.1) 9.7(0.1) 7.1(0.2) -19.8(0.7) 13.6(0.1)1054 34.3(0.9) 29.1(0.2) 31.2(0.2) 30.7(0.7) 26.1(0.3) 25.6(0.4) 8.4 (0.2) 8.7(0.8) 7.9(0.6) 9.5(0.6) -17.4(1.2) 15.1(0.4)Standard deviations are calculated as the propagated error of sample injections and are given in parentheses.  All values are shownin ‰. Essential amino acids are indicated by †.
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Table 2.2. Average δ15N values of amino acids in individual parts of the PBFT captive diet.
Trophic Amino Acids Source Amino Acids

Ala
(SD)

Asp
(SD)

Glu
(SD)

Leu
(SD)† Pro

(SD)
Val

(SD)† Gly
(SD)

Lys
(SD)† Phe

(SD)
Ser

(SD)
Thr

(SD)† Tyr
(SD)

Squid 29.7(0.4) 19.5(1.9) 24.3(0.3) 24.6(0.3) 24.0(1.4) 23.2(0.9) 4.0(0.1) 8.8(0.4) 5.8(0.2) 15.0(1.4) -11.3(0.3) 14.0(1.0)Sardine 25.7(1.6) 17.6(0.7) 22.9(0.1) 23.2(1.3) 19.7(0.4) 24.1(2.0) 6.9(2.1) 8.6(0.1) 8.1(2.9) 8.5(0.6) -5.3(3.3) 10.1(3.0)Gelatin 18.3(0.5) 15.2(0.6) 18.5(0.3) 18.5(0.4) 12.1(0.3) 17.4(0.7) 5.7(0.7) 8.2(0.1) 7.4(0.8) 6.4(0.1) -5.2(0.7) 12.8(0.6)StandardDeviation (σ) 5.8 2.2 3.0 3.2 6.0 3.6 1.5 0.3 1.2 4.5 3.5 2.0
Mass Balance 27.4(1.7) 18.6(2.1) 23.3(0.4) 23.6(1.4) 21.6(1.5) 22.9(2.3) 5.1(2.3) 8.7(0.4) 6.7(1.0) 12.2(1.6) -8.9(3.4) 12.7(3.2)FeedEnrichment 3.2(1.9) -4.6(2.1) -0.6(0.6) 2.4(1.5) 4.8(1.7) 3.6(2.3) 8.2(2.4) 4.7(0.5) -1.7(1.0) 11.8(1.6) 12.9(3.3) 1.4(3.3)

Weighted mean of the diet was calculated from the weight percent contribution of the components [ = 0.6 ∗ +(0.31 ∗ ) + (0.09 ∗ )].  Feed enrichment reflects the change in nitrogen isotopic composition of amino acidsbetween feed and 11d captive PBFT. Standard deviations (SD) for each amino acid are given in parentheses, calculated from the errorbetween diet samples and experimental error.  The standard deviation of all diet components is given as σ.  All values are shown in ‰.Essential amino acids are indicated by †.
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Time- and growth-based TurnoverTurnover was evident within the first 800 days in trophic and source amino acids,after which asymptotic values (steady-state) were approached (Fig. 1).  Despite differencesin initial values, source amino acid δ15N values converged at steady-state to within 1.1‰ ofeach other, with the exception of Thr which was depleted in 15N relative to the other sourceamino acids.  Other than Ala, trophic amino acids which had similar starting δ15N values(initial PBFT δ15N) approached similar asymptotic values.  Overall, exponential modelsdescribed amino acid incorporation reasonably well, with only Val returning a relativelypoor fit (r2= 0.44, Table 3). Turnover rates varied over an order of magnitude within bothtrophic and source amino acids, with calculated half-lives ranging from less than twomonths (Pro, Val) to over one year (Glu, Thr). The fastest turnover times were found in twotrophic amino acids (t0.5Val=50d and t0.5Pro=55d), while the slowest turnover was in Thr(t0.5=425d), a source amino acid.  No consistent trends were obvious between groupings oftrophic versus source or essential versus nonessential amino acids.Assuming steady state after 95% turnover was achieved in isotopic composition, themajority of amino acids, both trophic and source, required at least 3.5 years to reachisotopic steady-state with the diet.  All amino acids except Thr reached steady-state withinestimated confidence intervals (CIs) by the final time point analyzed here (1054 d).

Essential amino acids are indicated by †.

AA λ (95% CI) r2 t0.5 (95% CI) t0.95 (95% CI)
Trophic Ala 0.0023 (0.0011, 0.0036) 0.63 297 (195, 622) 1283 (843, 2687)Glu 0.0018 (0.0001, 0.0035) 0.60 387 (199, 6533) 1671 (861, 28235)Leu† 0.0019 (0.0008, 0.0030) 0.67 369 (234, 863) 1593 (1013, 3731)Pro 0.0126 (0.0038, 0.0214) 0.70 55 (32, 182) 238 (140, 786)Val† 0.0140 (0.0018, 0.0263) 0.44 50 (26, 395) 214 (114, 1709)
Source Gly 0.0023 (0.0012, 0.0033) 0.78 307 (212, 558) 1326 (915, 2410)Lys† 0.0053 (0.0009, 0.0096) 0.81 131 (72, 734) 567 (311, 3171)Ser 0.0048 (0.0016, 0.0081) 0.57 143 (86, 433) 619 (371, 1874)Thr† 0.0113 (0.0003, 0.0223) 0.56 425 (248, 1463) 1836 (1073, 6324)

Table 2.3. Time-based δ15N amino acid incorporation rate, half-life (t0.5) and steady state (t0.95)estimates, in days, with 95% confidence intervals calculated from an exponential fit model forPacific bluefin tuna (Thunnus orientalis).
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Figure 2.1.  Change in amino acid δ15N in white muscle in captive Pacific bluefin tuna (Thunnus
orientalis). Isotopic change over time following a diet shift in A) four source amino acids - glycine (), lysine ( ), serine ( ), threonine ( ), and B) five trophic amino acids -alanine ( ), glutamic acid ( ), leucine ( ), proline ( ), and valine ( ) inPacific bluefin tuna white muscle tissue. Lines represent best fit lines for an exponential fit model.
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Growth-based turnover for nitrogen in amino acids followed similar patterns to time-basedmodels. Trophic amino acids Pro and Val and source amino acids Lys and Ser had theshortest growth-based half-lives (G0.5), although Pro and Val were not well described by theexponential fit model (Table 4).  Generally, trophic amino acids took longer to approachisotopic steady state with the diet than did source amino acids (Fig. 2) and given growthalone, none did within the time of the experiment.  Unlike time-based models, Ala, a trophicamino acid, required the most growth (120%), while Glu and Thr needed only 60% and50% mass increase, respectively, for 50% turnover.
Reaction-Progress VariableA log transformation of the data to calculate the reaction progress variable resultedin the majority of amino acids being best described by a linear function of ln(1- F)decreasing with increasing time, and therefore a single compartment model (Fig. 3).  Thegoodness of fit of log transformed results versus time for Pro and Ser were improved usingan exponential fit (r2 = 0.72 and 0.59, respectively), and were therefore improved by amulti-compartment model fitted to the untransformed data (Fig. 4).  Val was not describedwell by either fit and the intercept of the fit was much less than zero.  Reaction-progressderived half-lives of amino acids were different than those derived from time-basedexponential model fits (Table 5), generally resulting in longer turnover times for all aminoacids.  Compared to the exponential model, the linear model yielded a much shorterturnover times for Leu and Thr (t0.5 = 180d and 260d, respectively) and longer turnover

AA λ (95% CI) r2 G0.5 (95% CI)
Trophic Ala 0.31 (0.19, 0.43) 0.55 3.2 (4.6, 2.6)Glu 0.44 (0.12, 0.75) 0.62 2.6 (6.6, 1.9)Leu† 0.34 (0.24, 0.43) 0.60 3.1 (3.9, 2.6)Pro 0.64 (0.37, 0.92) 0.36 2.1 (2.9, 1.8)Val† 0.67 (0.25, 1.08) 0.21 2.0 (3.7, 1.6)
Source Gly 0.38 (0.24, 0.52) 0.62 2.8 (2.3, 3.9)Lys† 0.71 (0.48, 0.94) 0.57 2.0 (1.7, 2.4)Ser 0.54 (0.37, 0.71) 0.50 2.3 (2.0, 2.9)Thr† 0.47 (0.30, 0.63) 0.54 2.5 (2.1, 3.3)

Table 2.4.  Amino acid δ15N incorporation rates and growth-based half-life (G0.5) estimates for exponential fit models ofrelative growth (WR) with 95% confidence intervals in Pacificbluefin tuna (Thunnus orientalis).

Essential amino acids are indicated by †.
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Figure 2.2. Growth based changes in amino acid isotopic composition in captive Pacific bluefin
tuna (Thunnus orientalis). Incorporation of δ15N into amino acids of white muscle tissue as afunction of relative growth (WR).  A) Four source amino acids, glycine ( ), lysine ( ),serine ( ), threonine ( ), and B) five trophic amino acids - alanine ( ), glutamic acid( ), leucine ( ), proline ( ), and valine ( ) are given. Lines represent best fitlines for an exponential fit model.
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Figure 2.3. Reaction-progress variables for isotopic changes of amino acids in captive Pacific
bluefin tuna (Thunnus orientalis). Changes in isotopic composition over time of A) four sourceamino acids, glycine ( ), lysine ( ), serine ( ), threonine ( ), and B) fivetrophic amino acids - alanine ( ), glutamic acid ( ), leucine ( ), proline ( ),and valine ( ).  Lines represent best fit for a linear fit model, with additional exponential fitmodels for proline and serine.
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Figure 2.4.  Multi-compartment exponential fit model of amino acid isotopic composition of
Pacific bluefin tuna (Thunnus orientalis). Changes of δ15N of proline ( ), a trophic amino acid,and serine ( ), a source amino acid in white muscle tissue of Pacific bluefin tuna as a function oftime.  Solid lines represent the single compartment exponential fit model and dashed lines include asecond compartment within the model as described by Cerling et al. (2006).

Table 2.5. Parameters with 95% confidence intervals for a linear fit model of the reaction-progressvariable for individual amino acids.
AA m b r2 t0.5

Trophic Ala -0.002 (-0.004, 0.001) -0.3 (-0.8, 0.1) 0.72 287Glu -0.001 (-0.003, 0.000) -0.5 (-0.9, 0.0) 0.31 571Leu† -0.004 (0.006, -0.002) -0.5 (-1.2, 0.2) 0.73 180Pro -0.004 (-0.008, -0.001) -0.8 (-1.8, 0.1) 0.62 160Val† -0.001 (-0.005, 0.004) -1.5 (-3.2, 0.2) 0.03 815
Source Gly -0.002 (-0.003, -0.001) -0.1 (-0.5, 0.3) 0.57 384Lys† -0.004 (-0.007, -0.001) -0.3 (-1.1, 0.6) 0.49 194Ser -0.002 (-0.003, 0.000) -0.5 (-1.0, 0.0) 0.43 443Thr† -0.003 (-0.006, 0.001) 0.5 (0.3, 0.6) 0.20 260Essential amino acids are indicated by †.
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times in Glu and Lys (t0.5 = 571d and 194d, respectively).  Estimated half-lives of Pro and Serwere approximately 3 times longer.
Amino Acid Specific TDFTDF values for nine amino acids were calculated using fish that had reached isotopicsteady-state with their diet (Table 6).  Because phenylalanine did not change between diets,as evidenced by the lack of isotopic change between initial PBFT and diet, it was assumed tobe in steady-state with both the natural and experimental diet and therefore included in theanalysis.  Trophic amino acid TDFs were higher than source TDFs, ranging from 2.3 ± 0.3(Val) to 7.8 ± 0.2 ‰ (Glu) versus -8.5 ± 0.2 (Thr) to 3.4 ± 0.2‰ (Gly), respectively.  Allamino acids other than Ser, which was depleted compared to the diet, were near or withinthe error of TDFs calculated for individual amino acids in previous publications (McClelland& Montoya 2002, Chikaraishi et al. 2009).

AA Sample
size

Steady State
(SD) TDF (SD)

TDF McClelland
and Montoya

2002 (SD)

TDF
Chikaraishi
et al. 2009

(SD)
Trophic Ala 1 34.3 (0.9) 6.8 (0.9) 5.0 (0.8) 6.1 (2.1)Glu 1 31.2 (0.2) 7.8 (0.2) 6.7 (0.6) 8.0 (1.2)Leu† 1 30.7 (0.7) 7.1 (0.7) 3.4 (0.9) 4.8 (2.0)Pro 6 25.7 (0.2) 4.1 (0.8) 4.0 (0.5) 6.1 (1.6)Val† 8 25.3 (0.2) 2.3 (0.3) 3.7 (1.6) 5.0 (1.7)
Source Gly 1 8.4 (0.2) 3.4 (0.2) 0.9 (1.0) 3.7 (3.9)Lys† 3 8.3 (0.3) -0.3 (0.4) 1.6 (1.3) n/aSer 2 8.3 (0.3) -4.2 (0.3) 0.8 (0.8) 3.6 (3.0)Phe† 13 8.7 (0.2) 1.5 (0.3) 0.3 (1.1) 0.4 (0.5)Thr† 1 -17.4 (0.0) -8.5 (0.2) -1.4 (0.8) n/a

Table 2.6. Data-derived steady-state nitrogen isotopic composition and TDF values of individualamino acids in Pacific bluefin tuna (Thunnus orientalis)

TDF were calculated using fish that had achieved 95% turnover within confidence intervals determinedthrough time-based models. TDF values for a wide range of species reported by McClelland and Montoya(2002) and Chikaraishi et al. (2009) are shown. Essential amino acids are indicated by †.
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Comparison to wild dataIsotopic turnover rates of six of the nine amino acids were similar between wildPacific bluefin tuna and captive fish.  Source amino acids, Gly and Ser, and the trophic aminoacid Ala, were all depleted in 15N in wild PBFT.  Examples are shown in Fig. 5.  Data were notavailable for wild PBFT of comparable size to the largest PBFT in the captive study.
DiscussionDifferences between isotopic compositions of nine individual amino acids in whitemuscle tissue of early immigrant PBFT and their captive diet were high enough to result inan observable shift in 15N contents over time, which yielded information about theincorporation rates and 15N discrimination in amino acids.  The range of time for amino acid95% turnover (Val: 214 d to Thr: 1836 d) shown in this study illustrates the importance ofdiet studies spanning multiple years, potentially longer than those required for bulk tissueto reach complete turnover.
Assumptions of 1st order kinetics and the single compartment modelThe use of the reaction progress variable (RPV) has been advocated as a diagnostictool to gauge the appropriateness of one- or multi-compartment models of incorporation(Cerling et al. 2007, del Rio & Anderson-Sprecher 2008, del Rio & Carleton 2012).  Results ofseveral recent studies of bulk muscle tissue have shown that isotopic turnover of bothcarbon and nitrogen can be most often described by a single compartment model, andrarely requires more than two compartments (Carleton et al. 2008, del Rio & Carleton 2012,Madigan et al. 2012b).  The potential for a multi-compartment model for the incorporationof amino acids exists in that metabolism and synthesis of amino acids can be governed by anumber of processes, leading potentially to multiple pathways with different incorporationrates.  Results of this study indicate that perhaps only one or two pathways are dominantfor each amino acid.  The linear fit of the individual AA δ15N values to the RPV indicates asingle compartment model for most amino acids (Fig. 3), as was also seen from results ofbulk tissue (Madigan et al. 2012b).  Two amino acids, Ser and Pro, were better describedwith a two-compartment model (r2 = 0.81 and 0.71, respectively), suggesting an influencefrom a second metabolic pathway, although these data also fit relatively well to a
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Figure 2.5. Comparison of amino acid isotopic composition in wild and captive Pacific bluefin
tuna (Thunnus orientalis). Change in δ15N of amino acids of white muscle tissue with timefollowing a natural diet shift.  A) Two source amino acids, glycine ( ), lysine ( ), and B) twotrophic amino acids - alanine ( ), proline ( ) are given.  Wild samples are shown as grey shadedsymbols.
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single compartment model (r2 = 0.73 and 0.61, respectively) and the paucity of data do notjustify using more complex model.  Therefore, incorporation of 15N in the amino acids inwhite muscle protein over time and growth were described by an exponential fit, singlecompartment model following first order kinetics.
Amino acid isotopic incorporation and turnoverThe rate of 15N incorporation as a function of time is influenced by both metabolismand growth (time-based model). However, assuming that addition of mass is directlyproportional to the addition of muscle tissue, examining the rate of 15N incorporation as afunction of relative change in mass should be influenced mainly by the rate of organismgrowth (growth-based model). A subsequent comparison of turnover calculated from thesetwo models can allow separation of the main factors controlling isotopic turnover. Here wealso assume that the increase in concentration of each individual amino acid is similar toone another and proportional to muscle growth in order for quantitative conclusions aboutthe effect of growth on isotopic incorporation to be drawn.  Since changes in concentrationsof specific amino acids are unknown from this study, time based models are the primarybasis for interpreting amino acid isotopic turnover.  Comparisons to growth models provideinsight but can only allow estimates of the relative contributions of growth and metabolism.The rate of 15N incorporation into amino acids in white muscle protein may beaffected by a number of processes – whether or not an organism can synthesize the AA de

novo (essential or nonessential), the kinetic isotope effects associated with transport of theAA (molecular weight and structure of the amino acid), and the biochemical reactionscontrolling metabolic breakdown, which we assume affects trophic and source AAdifferently (Chikaraishi et al. 2007, McCarthy et al. 2013). The grouping of essential (EAA)and non-essential (nEAA) amino acids has been previously shown to have no relationshipwith δ15N values in consumers (McClelland & Montoya 2002, Chikaraishi et al. 2007,McCarthy et al. 2013).  Similarly, the results of this study found no relationship betweenamino acid half-life and the EAA – nEAA grouping in either time or growth based models.Smaller AAs are expected to break down and form more easily and rapidly, resultingin reduced fractionation and faster turnover rates.  However, neither structural complexitynor molecular weight appeared to correlate with amino acid turnover rates.  Glycine, thesmallest and structurally least complex amino acid, had an intermediate turnover time (t0.5 =
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307d) compared to others, whereas proline, a rigid cyclic amino acid, was among thequickest (t0.5 = 55d).  The rapid turnover of Pro in both time and growth models, and itsbetter fit to a two compartment model, reflect its dual uptake pathways (Fig. 4); it isassimilated both through passive diffusion and active transport, via oxidative metabolism,generating ATP (Martinez-Montano et al. 2010).  The intermediate turnover time of glycinemay reflect a synthetic pathway from carbohydrate or lipid, rather than protein, a pathwaythat has been suggested in trout, evidenced by a subsequent enrichment of glycine 13C whendiets contained carbohydrates or lipids enriched in 13C (McCullagh et al. 2008).  An absenceof dietary protein derived Gly directly assimilating into consumer protein in PBFT couldlikely lead to the lengthened incorporation rates seen in glycine despite its simple structure.Tissues with high rates of metabolism, such as liver, display rapid isotopic turnover(MacNeil et al. 2006, Wolf et al. 2009, Madigan et al. 2012b), and isotopic fractionation dueto metabolic breakdown has been proposed as the mechanism separating trophic fromsource amino acids (McClelland & Montoya 2002, Chikaraishi et al. 2007, Chikaraishi et al.2009).  It was expected that the more metabolically active trophic amino acids would havemore rapid isotopic incorporation compared to source amino acids.  Although the fastestturnover times occur in the trophic amino acids (Pro,Val) and the slowest turnover wasobserved in a source amino acid (Thr), the half-lives of amino acids ranged considerably,resulting in no correlations with the trophic or source grouping (Table 3).  In general, theincorporation of 15N into amino acids as a function of growth shifted incorporation ratessuch that both source and trophic amino acids had similar growth-based half-lives (Table4).  This impact was strongest on trophic amino acids, reducing turnover times by as muchas a seven-fold decrease (Pro, Val).  The importance of metabolism on the turnover oftrophic amino acids is evident in more rapid incorporation rates seen in time-based models.This was expected given previous evidence of metabolic breakdown being a driving force inthe fractionation seen in trophic amino acids (Chikaraishi et al. 2007).Special emphasis has been given to glutamic acid in previous isotopic studies, as ithas a considerable 15N enrichment with each increase in trophic level (Chikaraishi et al.2007), and is a major amino acid utilized as a catalytic carrier of nitrogen to the liver (Rosaset al. 2008, Martinez-Montano et al. 2010).   In studies of the absorption rates of amino acidsin PBFT intestines, Glu had consistently high rates and percentages of assimilation (Rosas etal. 2008, Martinez-Montano et al. 2010) leading to the expectation that isotopic
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incorporation would be rapid.  Results for the turnover of Glu yielded intermediateturnover times in both time and growth models (Tables 3 & 4).  Upon transport to the liver,the nitrogen from Glu can be utilized in the formation of any number of amino acids, leadingto a grouping of AAs with similar nitrogen isotopic compositions which appear to becoupled to Glu (McCarthy et al. 2013).  In this study, Ala, Glu, and Leu had steady state δ15Nvalues within 3.6‰ of each other, while Val and Pro were depleted in 15N by 5‰ relative tothe other three (Table 6).  Similarly, incorporation rates of Ala, Glu, and Leu werecomparable to one another (λ = 0.0023, 0.0018, 0.0019, respectively) but considerablydifferent than those of Val and Pro (λ = 0.0126, 0.0140, respectively).  These results couldindicate a linkage of Ala and Leu with Glu, while different biochemical processes areresponsible for the synthesis of Val and Pro.Comparison to natural samples can provide strength to the results of captive dietstudies.  In this study, only a qualitative assessment was appropriate, as wild PBFT in steadystate with their new diet were not available.  Several amino acids did show similar valuesand turnover rates between wild and captive samples (Fig. 5), supporting the half-livescalculated here.  While the results from most AAs show that this study reasonably estimatedturnover for some amino acids, it is evident that further understanding of the PBFT diet isneeded.  Three amino acids, Ala, Gly, and Ser, which share a common metabolite, pyruvate,were depleted in 15N in wild samples, suggesting that those amino acids were obtained froma food source that was not represented in the captive diet.  Given that these three AAs arenonessential, it is possible that they were synthesized de novo in the wild fish, leading tolower δ15N values in recent immigrants.
Trophic Discrimination Factors (Δ)The use of AA-CSIA in trophic studies to calculate trophic position requires specificknowledge of the fractionation of 15N in each amino acid between food and consumer,known as the trophic discrimination factor (TDF), or ΔAA.  Trophic position is estimatedusing the difference between ΔAA of a single or group of trophic and source amino acids,referred to in the literature as a trophic enrichment factor, or TEF (Popp et al. 2007,Chikaraishi et al. 2009, Hannides et al. 2009, Dale et al. 2011, Choy et al. 2012).  It isbecoming increasingly more important to accurately calculate Δs for multiple amino acids,
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as reliance upon only a single representative trophic and source amino acid can besusceptible to error (McCarthy et al. 2007, Sherwood et al. 2011).Trophic discrimination factors (Δs) have been reported for multiple amino acids in anumber of lower trophic position organisms (McClelland & Montoya 2002, Chikaraishi et al.2007, Chikaraishi et al. 2009).  In this study, ΔAAs for PBFT resemble those previouslypublished, except ΔSer (-4.2 ± 0.3‰), which has been shown previously to have a significantrange of values across trophic levels (Chikaraishi et al. 2009).  ΔThr was also considerablymore negative than recently reported (Table 6), however, earlier experiments have found a6 ‰ depletion in 15N per trophic step (Hare et al. 1991), more closely resembling thesedata.  Our results confirm that trophic amino acids show considerable 15N enrichmentrelative to those same amino acids in their diet and also are in agreement with results ofprevious studies that show minimal 15N enrichment in source amino acids relative to thosein their diet.  It has been suggested that Phe represents the most consistent source aminoacid with the smallest isotopic fractionation during trophic transfer (Chikaraishi et al. 2009,McCarthy et al. 2013).  Here we found ΔPhe to be 1.5 ± 0.3 ‰, which was larger thanprevious accounts, but still smaller than that seen in trophic amino acids. Additionally, Lysactually had a near zero isotopic change, indicating that it may also serve as arepresentative source amino acid.Increasingly, a TEF of 7.6‰ between Glu and Phe has been used in trophiccalculations in isotopic studies, a value which has been applied to a wide range of trophiclevels studied (Chikaraishi et al. 2009, Hannides et al. 2009, Chikaraishi et al. 2010, Dale etal. 2011, Choy et al. 2012).  The original calculation of this value was made from diet studiesof three trophic levels (Chikaraishi et al. 2009), and has been both confirmed (Chikaraishi etal. 2010) and questioned (Dale et al. 2011, Choy et al. 2012) in higher trophic levelorganisms collected from wild organisms.  In this study, the TEFGlu-Phe is less than previouslypublished (6.3 ± 0.4‰) as is the TEF calculated from a weighted mean of trophic andsource amino acids (5.0 ± 1.5‰).  These findings support recent publications whichindicate that a TEF of 7.6‰ consistently underestimates trophic level in trophiccalculations and propose reduced TEF values for higher-TL organisms (Dale et al. 2011,Choy et al. 2012).Given that bluefin tuna have a higher trophic position than the study organismspreviously used to calculate TEFGlu-Phe , our results may imply that enrichment between
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trophic and source amino acids decreases with increasing trophic position.  If this is true, itmay be the result of the increased protein content of diets of carnivores, which has beenshown to correspond to differential isotopic fractionation between food and consumercompared to that of herbivores (Mill et al. 2007, Wolf et al. 2009).  Additionally, alteredmetabolic activity levels or pathways may be in part driving forces for differentialfractionation between trophic and source amino acids.  From the results of incorporationrates, this study demonstrated that metabolism can have different effects on the turnover oftrophic or source amino acids (Tables 3 & 4), which could potentially lead to differentialisotope fractionation.  It is possible that the effects of captivity result in variability inisotopic fractionation, although previous studies have shown similar values derived fromboth captive and wild caught samples (Chikaraishi et al. 2007, Chikaraishi et al. 2009,Chikaraishi et al. 2010).  The wild PBFT from this study had not reached steady-state withtheir new diet, therefore a comparison of TEF could not be made.  However, the reducedTEF values calculated here are similar to those back calculated from other wild samples(Dale et al. 2011), suggesting that captivity was not a likely cause of error.
Implications for trophic studiesResults given here are the first for amino acid incorporation rates of a long-termdiet study.  The impact on current and future trophic studies is multi-fold and potentially farreaching.  While the disparities in turnover times between source and trophic amino acidsallow for distinction of immigrants from residents, they could prove problematic incalculating trophic position using isotopic composition of migrating PBFT or recentimmigrants.  Using amino acids that have significantly different turnover rates, such as thecombination of Pro and Thr, the AA with longest and shortest turnover times, respectively,trophic level calculations will vary significantly depending on how close an organism is toreaching steady-state with its diet.  In this case, trophic level (TL) could vary as much as onetrophic position across the duration of the study.  This is illustrated in Fig 6a and shows thatthe difference in each amino acids turnover rate is reflected in variable estimations oftrophic position within the first 480 days of captivity, or following a change in the 15Ncontents of their diet, until the half-lives are reached for both amino acids.  In contrast, thetrophic-source combination of Glu and Thr, which have similar half-lives, yields significantlyless variability in TL estimates, only 0.3 trophic positions (Fig. 6b).  From the results of this
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study, the trophic-source combinations of Ala and Gly or Glu and Thr will provide the mostaccurate estimate of trophic position regardless of immigration status.  On the other hand,examining the difference in 15N values between Pro and either Gly or Thr, immigrant PBFTcan potentially be distinguished by deviations from published or expected trophic-sourceenrichment values.  Determining and utilizing the amino acids which have comparableturnover rates, or using only those which are in steady-state with the diet, will yield morereliable trophic position estimates and subsequent understanding of trophic ecology of anorganism.The variable incorporation rates of amino acids in white muscle tissue of PBFT mayprovide the framework to create an isotopic clock, much as has been done previously withisotopic compositions of multiple tissues (Herzka et al. 2001, Phillips & Eldridge 2006,Guelinckx et al. 2008). The benefit of the retrospective nature of isotopic clocks enhanceselectronic tagging by creating a complete pattern of movements of an organism.  In thisstudy, the large range in confidence intervals surrounding incorporation parameters due tovariation in individual tuna samples precluded the development of a reliable isotopic clock. .However, this limitation may be overcome as more organisms are studied.Long-term observations of isotopic incorporation following a diet change arerequired to gain understanding of and apply stable isotope analysis tools to ecosystemstudies of PBFT and, likely, other large pelagic fish (Revill et al. 2009, Madigan et al. 2012a).Our results indicate that the current simplistic view of the biochemistry governing isotopicfractionation of trophic and source amino acids may be incomplete, as 15N incorporationrates do not follow a similarly simple pattern.  Additionally, inaccuracies in the estimationof TEF in high order marine organisms further point to possible gaps in our knowledge ofthe relationship between amino acid metabolism and isotopic fractionation.  While it is veryclear that more information is required, results from long-term studies such as thosepresented here are beginning to provide invaluable insights into movement patterns andtrophic ecology of marine organisms.
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Figure 6.  Schematic of fractionation between amino acids following a diet shift with variable
incorporation rates. Difference in δ15N values of two combinations of source and trophic aminoacids.  A) Isotopic change between source (dashed line) and trophic (solid line) amino acids withdissimilar turnover rates at two time points compared to B) those of source (dashed line) and trophic(solid line) amino acids turning over at similar speeds.
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AbstractEstimates of trophic position using amino acid compound specific nitrogen isotopicanalysis (AA-CSIA) are increasingly used in ecosystem studies.  The accuracy ofthese estimates relies upon the predictability of isotopic fractionation withincreasing trophic position and on the consistency in the difference in the isotopiccomposition of amino acids in primary producers.  The trophic enrichment factor(TEF) is a measure of the 15N enrichment in trophic amino acids relative to sourceamino acids with each trophic transfer.  The goal of this study was to evaluate theaccuracy of the TEF value using a large sample size (224 samples of 47 species) ofmarine teleosts across a broad range of trophic positions (2.0 to 4.5, as estimated bystomach content analysis) and to assess possible sources of variation - taxonomy,ontogeny, habitat, and diet.  Using the difference between the δ15N values ofglutamic acid and phenylalanine, the most common approach using AA-CSIA toestimate trophic position, we found a TEF value of 5.7 ± 0.3 ‰, surprisingly 2 ‰lower than the previously suggested value of 7.6 ± 1.2‰.  Additionally, othercombinations of individual trophic and source amino acids, as well as the weightedmean of several trophic (alanine, leucine, glutamic acid) and source (glycine, lysine,phenylalanine) amino acids, were used to derive multiple TEF values.  Theseapproaches can explain up to 80% of the variability between trophic positionestimated from AA-CSIA and SCA. The greatest agreement between trophic positionestimated from AA-CSIA and SCA was found using weighted mean δ15N values ofspecific combination of trophic and source amino acids, giving confidence to its usein future studies.
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IntroductionThe nitrogen isotopic composition of whole organisms or their bulk tissueshas been used to estimate trophic position based on the observation that δ15Nvalues increase (2-4 ‰) with each trophic level (Pinnegar & Polunin 1999, VanderZanden & Rasmussen 2001, Post 2002, Buchheister & Latour 2010).  However,different nitrogen sources (NH4+, NO3-, N2) can have different δ15N values and whenutilized by phytoplankton and passed on to consumers can yield variable δ15Nvalues of consumers spatially and temporally within an ecosystem (Post 2002).Constraining the nitrogen isotopic composition at the base of an ecosystem can becomplicated and may be difficult or impossible in many environments (Popp et al.2007).  Stomach content analysis (SCA) can provide estimates of trophic position byidentifying prey items, their trophic position and relative importance in the diet of aconsumer (Hyslop 1980).  SCA may also be biased by what dietary items areidentifiable in the food bolus and may be misleading because not all dietary materialis actually assimilated.  Since a limited dietary snap-shot may not encompassseasonal, or even diel feeding differences, traditional SCA, therefore, can fall short ofproviding time-integrated information about long-term nutrient assimilation (Olsonet al. 2010).  Although SCA and stable isotope analysis have limitations, when usedin combination, these methods are complementary and can enhance the accuracy oftrophic position estimates (de la Moriniere et al. 2003, Ho et al. 2007, Pepin &Dower 2007).Results of amino acid compound specific nitrogen isotopic analysis (AA-CSIA)can be used to eliminate several limitations of bulk tissue isotopic and stomachcontent analyses. These results from a single consumer provide an integratedestimate of trophic position and the δ15N value at the base of the food web(McClelland & Montoya 2002). Specifically, differences between amino acidsdesignated as “source”, whose isotopic composition changes little with increasingtrophic steps and encodes baseline the δ15N value, and those termed “trophic”(sensu Popp et al. 2007), which show large 15N enrichment (up to 8‰) over eachtrophic level increase, have been used to calculate trophic position (McClelland &Montoya 2002, Chikaraishi et al. 2007, McCarthy et al. 2007, Popp et al. 2007,
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Chikaraishi et al. 2009, Chikaraishi et al. 2010). The widely used equation for doingso is
TP = (δ15Ntrp – δ15Nsrc – β)/TEF + 1, (1)
where δ15Ntrp and δ15Nsrc are the nitrogen isotopic compositions of chosen trophicand source amino acids, respectively (McClelland & Montoya 2002, Chikaraishi et al.2009). The difference between the δ15N values of trophic and source amino acids inprimary producers (TL=1) is represented by β.  The trophic enrichment factor (TEF)is the average 15N enrichment in trophic amino acids relative to source amino acidsper trophic level.When calculating trophic position using AA-CSIA, it is assumed that β andTEF are constant both between species and across trophic positions. A value of βequal to 3.4 ± 0.9 ‰ based upon AA-CSIA of 17 aquatic photoautotrophs, rangingfrom micro to macroalgae, has been suggested using the difference between theδ15N values of glutamic acid and phenylalanine in those plants (Chikaraishi et al.2009, 2010).  However, more recent isotopic analysis of glutamic acid andphenylalanine in cultured prokaryotes and eukaryotes suggests that β values maybe more variable (1.2 ± 3.2 ‰, McCarthy et al. 2013).  Phenylalanine was used asthe representative source amino acid because of its high relative abundance inconsumer tissues and near zero isotopic change during trophic transfers (0.4 ±0.5‰).  In general, Chikaraishi et al. (2009) found that the patterns of 15Nenrichment in each trophic amino acid relative to phenylalanine were similar acrossthe taxa they analyzed.  Glutamic acid (Glu) was identified as a representativetrophic amino acid because it exhibited the largest isotopic fractionation with eachtrophic step and lowest isotopic variation among organisms (8.0 ± 1.2‰).However, TEF values have been examined in only a limited number oforganisms, tissue types and physiological conditions. Chikaraishi et al. (2009) usedresults from four controlled feeding experiments using green algae, zooplankton,and newly hatched fish and values of phenylalanine and glutamic acid to establish aTEFGlu-Phe of 7.6 ‰.  The uncertainty in this value can be calculated from the
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standard deviations of change in δ15N values during trophic transfer forphenylalanine and glutamic acid and is ±1.3‰.  Recently, several publications havepointed to inaccurate TEFs as a potential cause of consistent underestimations oftrophic position (Lorrain et al. 2009, Dale et al. 2011, Choy et al. 2012, Germain et al.2013).  Accepting the TP based on extensive SCA, Dale et al. (2010) calculated anecosystem level TEF for elasmobranchs of 5.0 ± 0.6 ‰ (compared to 7.6 ± 1.3 ‰ -Chikaraishi et al. 2009, 2010).Variations in nitrogen isotope discrimination factors of bulk tissue have beenshown between taxa, diets, and tissues, leading to the use of taxa specific trophicdiscrimination factors (TDFs) in many cases (Mill et al. 2007, Wyatt et al. 2010, Daleet al. 2011, Codron et al. 2012, Kim et al. 2012).  TDF values average around 3 - 4‰(Post 2002); however, variability around this range has led to a desire for moreaccurate methods.  The purpose of this study was to evaluate the use of AA-CSIA inestimating the trophic position of marine teleosts.  We measured the isotopiccompositions of various trophic and source amino acids of 45 teleost species from22 families for which the TP is reasonably well known based on SCA and weevaluate the generality of the AA-CSIA approach to TP calculation of fishes.
Methods and Procedures

Sample collectionWe compiled data from over 200 samples of 45 fish species spanning 22families, including herbivores, planktivores, invertebrate predators, and piscivores(Table 1).  The majority of fish were collected from the main Hawaiian Islands,although several were collected from other ocean basins.  Fish were separated into4 major groups based on the general ecosystem in which they reside. Reef fish wereall reef associated and collected from depths of 130m or shallower using spear guns,mono-filament nets, and suction guns, by closed-circuit rebreather divers ormanned submersibles.  The Bottomfish grouping contains bottom associated fishthat occur and were collected from 100 to 300m.  Species of lanternfish anddragonfish were grouped as Mesopelagics, all being collected using midwatertrawling equipment in open ocean environments (see Choy et al. 2012 for detailed
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Table 3.1. Fish species and collection locations. Fish species collected, number sampled, and general location of collection. Groups chosen givensimilarity of residence and collection location. Feeding guilds are labeled as H (herbivores), O (ominivores), PK (planktivores), I (benthic invertivores),PI (piscivores), and C (cleaners), according to their dominant prey items.Species HabitatGroup FeedingGuild Maturity(M/IM) Order n Location TPSCA (SD) Reference
Acanthurus nigrofuscus

ReefReef

H (0/3) Perciformes 3 Hawaii (Oahu,Maui) 2.00 (0.00) Hobson (1975)Sano (1984)
Ctenochaetus strigosus H (0/11) Perciformes 11 Hawaii (Oahu,Maui) 2.00 (0.00) Hobson (1975)
Scarus dubius H (1/0) Perciformes 1 Hawaii (Maui) 2.00 (0.00) Bellwood and Choat(1990)
Scarus psittacus H (3/0) Perciformes 3 Hawaii (Oahu) 2.00 (0.00) Bellwood and Choat(1990)
Centropyge potteri O (16/0) Perciformes 16 Hawaii (Oahu,Maui) 2.58 (0.26) Hobson (1975)
Acanthurus thompsoni PK (1/0) Perciformes 1 Hawaii (Maui) 3.40 (0.40) Hobson (1975)
Chaetodon miliaris PK (3/3) Perciformes 6 Hawaii (Oahu,Maui) 3.02 (0.12) Hobson (1975)
Chromis verater PK (6/0) Perciformes 6 Hawaii (Oahu,Maui) 3.28 (0.36) Hobson (1975)Randall (1985)
Dascyllus albisella PK (6/0) Perciformes 6 Hawaii (Oahu,Maui) 3.11 (0.36) Hobson (1975)
Myripristis berndti PK (5/0) Bercyiformes 5 Hawaii (Oahu,Maui) 3.72 (0.57) Randall (1985)
Myripristis chryseres PK (5/0) Bercyiformes 5 Hawaii (Oahu,Maui) 4.04 (0.67) Masuda and Allen (1993)
Forcipiger flavissimus I (4/0) Perciformes 4 Hawaii (Oahu,Maui) 3.08 (0.28) Hobson (1975)Sano (1984)
Forcipiger longirostris I (5/0) Perciformes 5 Hawaii (Oahu,Maui) 3.50 (0.50) Hobson (1975)Randall (1985)
Heteropriacanthus cruentatas I (2/0) Perciformes 2 Hawaii (Oahu) 3.75 (0.47) Randall (1967)Hobson (1975)
Ostorhinchus maculiferus I (1/0) Perciformes 1 Hawaii (Oahu) 3.50 (0.51) (Randall 1998)
Parupeneus multifasciatus I (6/2) Perciformes 8 Hawaii (Oahu,Maui) 3.46 (0.56) Hobson (1975)Randall (1985)
Parupeneus porphyreus I (0/1) Perciformes 1 Hawaii (Oahu,Maui) 3.50 (0.62) Hobson (1975)
Pristiapogon kallopterus I (1/0) Perciformes 1 Hawaii (Oahu,Maui) 3.50 (0.57) Hobson (1975)Randall (1998)
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Species HabitatGroup FeedingGuild Maturity(M/IM) Order n Location TPSCA (SD) Reference
Pseudocheilinus evanidus

Reef
I (6/0) Perciformes 6 Hawaii (Oahu,Maui) 3.50 (0.37) Lieske and Myers (1994)

Sargocentron diadema I (2/0) Bercyiformes 2 Hawaii (Oahu,Maui) 3.41 (0.49) Hobson (1975) Harmelin-Vivien (1979)
Sargocentron ensifer I (2/0) Bercyiformes 1 Hawaii (Maui) 4.02 (0.67) Hobson (1975)Masuda and Allen (1993)
Sargocentron xantherythrum I (7/0) Bercyiformes 7 Hawaii (Maui) 3.46 (0.54) Hobson (1975)
Sufflamen bursa I (1/0) Tetradontiformes 1 Hawaii (Oahu) 3.10 (0.38) Hobson (1975)
Cephalopholis argus PI (18/0) Perciformes 18 Hawaii (Oahu,Maui) 4.48 (0.79) Hobson (1975) Shpigeland Fishelson (1989)Dierking (2007)
Labroides phthirophagus C (2/0) Perciformes 2 Hawaii (Oahu,Maui) 4.03 (0.67) Hobson (1975)Lieske and Myers (1994)
Aprion virescens

Bottomfish
PI (2/0) Perciformes 2 Hawaii (NWHI) 3.95 (0.66) Haight et al. (1993)Kulbicki et al. (2005)

Epinephelus quernus PI (2/0) Perciformes 2 Hawaii (NWHI) 4.03 (0.67) Dierking et al. (2009)
Etelis carbunculus PI (0/2) Perciformes 2 Hawaii (NWHI) 4.49 (0.79) Haight et al. (1993)
Etelis coruscans PI (1/1) Perciformes 2 Hawaii (Molokai) 4.46 (0.75) Haight et al. (1993)
Pristipomoides filamentosus PI (2/9) Perciformes 11 Hawaii (BigIsland, Kauai,Niihau) 3.64 (0.49) Haight et al. (1993)
Benthosema glaciale

Mesopelagic

PK (?) Myctophiformes 5 Northern Mid-Atlantic Ridge 3.00 (0.29) Gjøsaeter (1973)Kinzer (1977)Roe and Badcock (1984)Sameoto (1988)
Benthosema suborbitale PK (2/2) Myctophiformes 4 Gulf of Mexico 3.40 (0.45) McClain-Counts (2011)Hopkins et al. (1996)Hopkins and Gartner(1992)
Bolinichthys longipes PK (?) Myctophiformes 4 Hawaii (NPSG) 3.10 (0.22) Clarke (1980)
Lampanyctus australis PK (0/3) Myctophiformes 3 Tasman Sea 3.30 (0.40) Williams et al. (2001)
Myctophum nitidulum PK Myctophiformes 6 Eastern TropicalNorth Pacific 3.40 (0.45) Palomares and Pauly(1989)
Stenobrachius leucopsarus PK (?) Myctophiformes 4 California Current 3.20 (0.30) Beamish (1999)Pearcy et al. (1979)Suntsov and Brodeur(2008)
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Species HabitatGroup FeedingGuild Maturity(M/IM) Order n Location TPSCA (SD) Reference
Symbolophorus reversus

Mesopelagic
PK Myctophiformes 6 Eastern TropicalNorth Pacific 3.20 (0.40) †

Chauliodus sloani PI (3/4) Stomiiformes 7 Tasman Sea, Gulfof Mexico, Hawaii(NPSG) 4.20 (0.70) Williams et al. (2001)Butler et al. (2001)Hopkins et al. (1996)Sutton and Hopkins(1996)
Idiacanthus antrostomus PI (?) Stomiiformes 2 California Current 3.80 (0.60) Borodulina (1972)
Idiacanthus fasciola PI (?) Stomiiformes 1 Hawaii (NPSG) 3.90 (0.67) Clarke (1982)
Stomias boa PI (0/3) Stomiiformes 3 Northern Mid-Atlantic Ridge 4.00 (0.64) Mauchline and Gordon(1983)Borodulina (1972)
Coryphaena hippurus

Pelagic

PI (3/0) Perciformes 3 Hawaii (NPSG) 4.40 (0.80) Palko et al. (1982)
Katsuwonus pelamis PI (2/1) Perciformes 9 Eastern TropicalNorth Pacific,Hawaii 3.80 (0.60) Collette and Nauen (1983)Cox et al. (2002)
Lampris guttatus PI (3/0) Lampridiformes 3 Hawaii (NPSG) 4.20 (0.62) Fischer (1973)
Thunnus albaceres PI (3/0) Perciformes 9 Eastern TropicalNorth Pacific,Hawaii 4.30 (0.70) Collette and Nauen (1983)Maldeniya (1996)
Thunnus obesus PI (2/1) Perciformes 9 Eastern TropicalNorth Pacific,Hawaii 4.50 (0.80) Collette and Nauen (1983)Antonietti et al. (1988)
Xiphias gladius PI (2/1) Perciformes 3 Hawaii (NPSG) 4.50 (0.60) Nakamura (1985) Sabatieet al. (2003)
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collection methods).  Finally, large pelagic predator species were included under thegrouping Pelagics.  These fish were collected by onboard observers working onfishing vessels operating in the central and tropical North Pacific Ocean or from alocal seafood wholesaler.In larger fish, white muscle tissue was taken from a section under the firstdorsal fin of the fish, removing skin and scales.  To obtain sufficient sample insmaller fish, filets of white muscle were taken from the entire length of the fish.Tissue samples were frozen at -20°C until used in isotopic analysis, at which timethey were dried and ground into a fine powder.  Whole fish samples of mesopelagicfish were frozen in liquid nitrogen and transferred to -80°C for storage until use inisotopic analysis.
Amino Acid Isotope analysisMuscle tissue samples were hydrolyzed and amino acids were derivatizedprior to nitrogen isotope analysis using established methods (Popp et al. 2007,Hannides et al. 2009). Dried, ground tissue was hydrolyzed (6N HCl) at 150°C for 70minutes (Cowie and Hedges 1992). Acid hydrolysis under these conditions convertsglutamate and aspartate to glutamic and aspartic acid, and destroy tryptophan andcystine.  Samples were redissolved in 0.01N HCl, and purified by first passagethrough a 0.45 μm hydrophilic filter and then by cation-exchange chromatography(Dowex 50WX8-400) following the recommendation of Metges et al (1996).Following the heating of samples at 110°C for 60 minutes in 4:1 isopropanol : acetylchloride for esterification, amino acids were acylated by heating at 100°C for 15minutes in 3:1 methylene chloride:trifluoracetic anhydride.  Using a 2:1 P-buffer :chloroform mix (P-buffer: KH2PO4 + Na2HPO4 in Milli-Q water, pH 7), samples werefurther purified by solvent extraction (Ueda et al. 1989). A final acylation step wasrepeated to assure complete derivatization.  Samples were stored in 3:1 methylenechloride:TFAA at -20°C for up to 6 months before isotope analysis.The δ15N values of derivatized samples were determined using a Delta V Plusmass spectrometer interfaced to a Trace GC gas chromatograph through a GC-C IIIcombustion furnace (980 °C), reduction furnace (650 °C), and liquid nitrogen cold
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trap via a GC-C III interface.  Samples were injected (split/splitless injector insplitless mode) onto a forte BPx5 capillary column (60 m × 0.32 mm × 1.0 μm filmthickness) at an injector temperature of 180 °C with a constant helium flow rate of1.4 ml min–1.  The column was initially held at 50 °C for 2 min and then increased to190 °C at a rate of 8 °C min–1.  Once at 190 °C, the temperature was increased at arate of 10 °C min–1 to 300 °C where it was held for 7.5 min.  All samples wereanalyzed at least in triplicate and measured δ15N values were normalized to theknown nitrogen isotopic composition of internal references norleucine andaminoadipic acid co-injected with each sample.  The standard deviation of δ15Nvalues derived from multiple analyses averaged 0.52‰ and ranged from 0.03‰ to1.2‰.  Isotopic compositions of sixteen amino acids were obtained using thismethod (Figure 1). Nitrogen isotope ratios are described by:
= ( / − 1) 1000, (2)

where Rsample is the ratio 15N:14N within the sample, and Rstandard is the isotopestandard Air.  Isotope values are reported as permil (‰).Weighted mean values for groups of amino acids were calculated
= ∑

∑ , (3)
where δ15Nx is the nitrogen isotopic composition of a specified amino acid withinthe grouping and σx is the standard deviation of multiple isotope analyses of thespecific amino acid.  Error was propagated using the measured reproducibility ofsample injections for each amino acid.
Trophic estimationsStomach-content based trophic positions were obtained for each fish speciesusing appropriate literature citations when available and the online database
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FishBase (http://www.fishbase.org).  FishBase estimates trophic position using twomethods.  The first utilizes the mean trophic level of food items from diet studiesweighted by the contribution of each item within the diet, adding 1 to this meanvalue for the trophic position of the fish.  The second method uses a randomizedsampling routine of individual food items, assigning arbitrary ranks to items andcalculating the percent contribution through an empirical model.  FishBaserecommends the use of the former when diet compositions are known, as the latterincorporates multiple possibilities for diet composition creating significant erroraround the estimate.  Where diet composition was unknown, FishBase estimatedtrophic position from congeners and a relationship between size and trophicposition.  We further checked all trophic position estimates, reviewing publisheddiet studies where available (Table 1).Preliminary trophic position estimates based on AA-CSIA were calculatedusing Eq. 1. Uncertainty in trophic position was calculated by propagation of errors(Dale et al. 2011, Choy et al. 2012, Blum et al. 2013) and is treated quantitativelyusing the analytical solution of differentiation of equation 1:
= + + + , (4)

where σ is standard deviation of trophic position, TP, δ15N values for trophic, Trp, orsource, Src, amino acids, β or TEF.  Values for standard deviation of isotopiccompositions of amino acids were calculated from both analytical error andbetween specimens.  Standard deviations for β and TEF were obtained frompublished values (McClelland & Montoya 2002, Chikaraishi et al. 2009, McCarthy etal. 2013).  A detailed description of the derivation can be found in an electronicappendix. Residuals from the trophic position estimation from AA-CSIA, ascompared to SCA derived trophic position, were used to evaluate factors affectingthe calculation through analyses of variance (Kruskal-Wallis) and post-hoccomparisons (Wilcoxon Rank-Sum).
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Statistical analysesStatistical analyses were conducted primarily using MATLAB (MathWorks),except for regression analyses which were performed using a Deming regressionfrom SigmaPlot (version 12.5, Systat Software, Inc) to account for error associatedwith both dependent and independent variables.  As TPSCA is represented for eachspecies by a single numerical value with error resulting from within speciesvariation, we chose to combine isotopic values for each species into a single meanvalue with error propagated from analytical methods as well as individual samples.
AssessmentIt is straightforward to show that an independent determination of TP can beused to evaluate the values of β and TEF by rearranging equation 1:

∆ = ( − 1) ∗ + , (5)
where ∆δ15N is the difference in nitrogen isotopic composition of trophic and sourceamino acids and TPSCA is the trophic position estimated using stomach contents.  Alinear fit of ∆δ15N versus (TPSCA – 1) should yield a slope equal to an ecosystem levelTEF and the intercept is β.  While there are no biological reasons linking values of βand TEF, equation 1 demands an empirical dependence between these values.Accepting that stomach content analysis yields a close representation of TP, we usedequation 5 and the difference in the δ15N values of glutamic acid and phenylalanine(Δδ15Nglu-phe) to assess the applicability of the values of β (3.4 ± 0.9 ‰) and TEF (7.6± 1.3 ‰) recommended by Chikaraishi et al. (2009).   Additionally, equation 5 isgeneral and can be applied to all potential combinations of trophic and sourceamino acids to assess values of β and TEF.
Derivation of β and TEF from regression analysisΔδ15Nglu-phe is the most commonly used AA-CSIA approach to assess TP orchanges in TP in marine organisms and all studies have assumed a TEF value of 7.6
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± 1.3‰ and β value of 3.4 ± 0.9‰ (McClelland & Montoya 2002, Chikaraishi et al.2007, Chikaraishi et al. 2009, Hannides et al. 2009, Chikaraishi et al. 2010, Dale et al.2011, Choy et al. 2012, McCarthy et al. 2013).  In this study, a significant linearrelationship was found between Δδ15NGlu-Phe and TPSCA (Fig. 1), from whichindependent values for β (3.6 ± 0.5‰) and TEF (5.7 ± 0.3‰) were fit using a linearDeming regression (r2 = 0.71, df = 45, F = 3581 and 1994, for slope equal to 0 and 1,respectively).  Fits to the data were not improved by piecewise linear functions (r2 =0.71, df = 46, F = 35.8, p < 0.0001) or non-linear saturating functions (r2 = 0.71, df =46, F = 54.6, p < 0.0001), indicating that the previous linear relationship between

Figure 3.1.  Changes in isotopic composition between glutamic acid and phenylalanine in
muscle tissue in several fish species.  Enrichment of 15N between glutamic acid andphenylalanine across trophic levels, as determined by stomach content analysis, in shallow andmesophotic reef fishes (   ), deep (>150m) bottomfishes (   ), mesopelagic fishes (   ), and pelagicfishes (   ). Error bars represent one standard deviation.  The line given represents a significantregression (p < 0.05) with 95% confidence intervals as gray lines.  The expected relationship fromprevious published studies given at TEF of 7.6‰ and β value of 3.4‰ is shown as a dashed line.
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Δδ15N and trophic position suggested by Chikaraishi et al. (2009) is appropriate.The average β value compiled from δ15N values of Glu and Phe in 37 marinephotoautotrophs, including cyanobacteria, macro- and microalgae from both naturaland cultured conditions is 2.7 ± 2.2‰ (McClelland & Montoya 2002, Chikaraishi etal. 2009, Chikaraishi et al. 2010, McCarthy et al. 2013).  It is noteworthy that thesetwo independent assessments of β values are very similar, especially given that thisstudy estimated β from consumers rather than direct measurements ofphotoautotrophs.  Our results (Fig. 1) yield a TEF value (5.7 ± 0.3‰) in the range ofthat previously suggested for elasmobranchs (4.0 – 5.9 ‰, (Dale et al. 2011), harborseals (4.3 ± 1.2‰, (Germain et al. 2013), but still higher than that found in penguinblood (3.4 – 3.8‰, (Lorrain et al. 2009).  The TEF value of 7.6 ‰ was derived fromcontrolled feeding experiments using organisms with TP ≤3.0 and compared to asmall number of natural samples including two organisms with TP > 3.5(Chikaraishi et al. 2009, Chikaraishi et al. 2010).  Results here based on teleosts attrophic positions of 2.0 or higher (26 species were TP > 3.5) suggest a considerablylower TEF value.  High bulk tissue discrimination values, ΔN, have been measuredand modeled in herbivorous fish (2.79-7.22‰), suggesting their low quality diet(high C:N ratio) and high food intake (~20% body weight d-1) created a larger ΔNthan in carnivores (Mill et al. 2007).  In contrast, low ΔN values from comparison ofδ15N values of stomach contents and muscle tissue have been documented in situ inlower trophic level fish (planktivores: 0.80 ± 0.9‰, herbivores: 1.67 ± 0.4‰, anddetritivores: 0.72 ± 0.3‰) compared to carnivores (all >2.19 ± 0.6‰) (Wyatt et al.2010).  Although there is no consensus as to whether diet impacts trophicdiscrimination factors, contrary to our findings based on AA-CSIA, results of thesestudies suggest that a single value describing isotopic fractionation across a range oftrophic positions may be elusive.
Estimation of trophic position using glutamic acid and phenylalanineUsing our updated mean literature-derived values of β (2.7 ± 2.2) and TEF(7.6 ± 1.3‰), TPGlu-Phe resulted frequently in considerable deviation from TPSCA(mean TPSCA-TPCSIA = 0.70 ± 0.44, Fig. 2).  The disparity was most apparent at higher
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TP.  This is not surprising given the difference in TEF values between those from theregression analysis in this study and previous publications.  It is possible that TPSCAhas been incorrectly estimated from disproportionate digestion rates of the lowertrophic level components of an omnivorous diet.  However, it is also possible thattrophic position estimates from compound specific isotopic methods are susceptibleto variable influences on the 15N (and 13C) enrichment between amino acids.  Thefractionation of 15N and subsequent isotopic composition of tissues is ultimatelyaffected by the synthesis and metabolism of nitrogenous compounds.  Differences inprey item general composition within a diet can affect breakdown and assimilationprocesses, as can the relative rates of metabolism and growth within an individual.

Figure 3.2. Comparison of estimated trophic levels using two methods.  Trophic levelestimates using stomach content analysis, obtained from the FishBase database, compared tothose derived from compound specific isotopic analysis of amino acids glutamic acid andphenylalanine.  A complete correlation of the two methods is shown as a line with the slope = 1.Symbols represent different location groups, reef fishes (   ), deep bottomfishes (   ), mesopelagicfishes (   ), and pelagic fishes (   ). Error bars represent one standard deviation.
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These factors are difficult to extract individually, however, without empirical datafor each variable, such as measured metabolic rates or individualized stomachcontents, gross classifications (habitat, maturity, feeding guild, and taxonomy) canbe used to provide insight into the factors influencing the magnitude and variabilityof TEF values.Taxonomic differences in the deviation between SCA and CSIA derivedestimates of trophic position can help identify factors influencing 15N trophicenrichment of amino acid.  Although not without limitations, taxonomic groups areconcise and largely accepted.  In this study, separating orders of fish providednumerous groups with documented phylogenetic relationships (Near et al. 2012).Significant differences between pairs of fish orders may be attributed to theevolution or re-emergence of a number of factors, such as the emergence ofendothermy or development of alternate metabolic pathways (eg. urea synthesis,hindgut/foregut fermentation), which could influence the δ15N values of amino acidsin muscle tissue protein.  The underestimations of TPSCA by TPCSIA were significantlydifferent among orders of fishes (Kruskal-Wallis, p<0.05, Table 2).  This couldindicate that the assumption that both β and TEF values are conserved across taxamay be untrue.  The three most ancient orders, Stomiiformes, Lampridiformes, andMyctophiformes, have similar lifestyles and habitats, residence at mesopelagicdepths during the day, diel migration to shallower waters at night.  However, therewas a significant difference in the amount of underestimation of TPSCA by TPCSIA forMyctophiformes and Stomiiformes (Table 2).  The similarities between these groupscould indicate that either habitat or rates of metabolism influence is shared betweenthem. Grouping fish into feeding guilds is a commonly used method for assessmentof fisheries stocks, reflecting differences in biomass flow (Austen et al. 1994).Feeding guilds in this study were used to separate consumers into groups withsimilar isotopic fractionation.  For example, herbivorous fish which consume noanimal protein are expected to have a large isotopic fractionation associated withbreakdown of a diet dissimilar to their own tissues (Mill et al. 2007, Clements et al.2009).  Carnivorous fish are expected to have a smaller fractionation; groups of
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piscivores, invertivores, and planktivores, will have varying fractionation factorsrelative to the proportion of animal protein in the diet (del Rio et al. 2009, Wolf et al.2009).   Additionally, differential isotopic routing of animal and plant derivedprotein has been shown to alter nitrogen and carbon isotopic fractionation inomnivorous organisms (Kelly & del Rio 2010, McMahon et al. 2010).  Deviationsbetween trophic position estimates based on SCA and AA-CSIA using Glu-Phe were

TPSCA – TP GluPhe (SD)
Order M L B P TStomiiformes (S) 0.81 (0.32) 0.00 0.15 1.00 0.20 0.43Myctophiformes (M) 0.48 (0.23) 0.75 0.00 0.03 0.96Lampridiformes (L) 0.49 (0.13) 0.04 0.71 1.00Beryciformes (B) 0.82 (0.29) 0.10 0.21Perciformes (P) 0.67 (0.48) 0.75Tetraodontiformes (T) 0.51 (--)
Feeding guild O PK I PI CHerbivore (H) 0.10 (0.07) 0.00 0.00 0.00 0.00 0.03Omnivore (O) 0.24 (0.13) 0.00 0.00 0.00 0.16Planktivore (PK) 0.54 (0.31) 0.00 0.00 0.57Invertebrate  Predator(I) 0.67 (0.21) 0.00 1.00Piscivore (PI) 0.95 (0.45) 0.41Cleaner (C) 0.70 (0.53)
Habitat B M PReef (R) 0.61 (0.44) 0.34 0.24 0.00Bottomfish (B) 0.51 (0.28) 0.74 0.00Mesopelagic (M) 0.54 (0.32) 0.00Pelagic (P) 1.07 (0.39)
Reproductive Maturity ImMature (M) 0.77 (0.43) 0.00Immature (Im) 0.45 (0.37)

Table 3.2.  Mean differences in trophic position separated by groups. Average differencesbetween trophic position estimated by stomach content analysis (TPSCA) and amino acid compoundspecific isotopic analysis (TPGlu-Phe) across taxonomic order, feeding guilds, habitat, and maturitylevel.  Also shown are significance levels of pairwise comparisons determined by a Wilcoxon ranksum test.
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different among the various feeding guilds (Kruskal-Wallis, p < 0.05, Table 2).  Meanvalues for the TPSCA-TPCSIA were lowest in the herbivores (0.12 ± 0.10) andsignificantly different from all other groups (Table 2).  TPCSIA underestimated TPSCAthe greatest in piscivores and invertebrate predators; both are carnivorous groupswith little to no plant material in the diet.  These results indicated that dietaryprotein source may affect the trophic position estimate from AA-CSIA; a higherprotein diet may result in lower 15N fractionation, leading to the largeunderestimation seen in carnivorous fish when using a TEF of 7.6‰.  This mayimplicate a necessity for different TEF values for different feeding guilds.  However,deviations between TP estimates increased linearly with mean TP of feeding guilds(Deming regression, df = 4, r2=0.96, F=442 and df=4, r2=0.88, F=216, for TPSCA andTPCSIA, respectively), suggesting that a simple reevaluation of TEF is appropriate.Groupings by habitat yielded similar results to feeding guilds (Kruskal-Wallis, p < 0.05, Table 2).  Deviations between trophic position estimates weresimilar in bottomfish (0.5 ± 0.3), reef associated fish (0.6 ± 0.4), and mesopelagics(0.5 ± 0.3) (Table 2).  Bottomfish and reef fish have similarities in feeding areas;bottomfish are associated with deeper depths than the reef fish, however, dailymigrations to shallower reef habitats are known to occur for feeding (Haight et al.1993, Meyer et al. 2007).  Similar daily feeding migrations are also made bymesopelagic fish, but in vastly different habitats than the benthic associatedbottomfish and reef fish.  Comparison of habitats may inevitably include somedegree of comparison among feeding guilds, potentially leading to the overlap seenin the effect of habitat on deviations in trophic position estimates.  For example, allof the fish in the pelagic grouping were piscivores; the greatest underestimation ofTPSCA was seen in the pelagic group (Table 2), which also had the highest mean TPSCA(4.2 ± 0.3).  However, lacking complete knowledge of the metabolic activity of manyof the fish from this study, it is impossible to say whether the assessment of habitatsis independent of feeding guilds and associated metabolic influence.Reproductive maturity was estimated by collected fish length compared todocumented sizes of fish with identifiable gonads.  Differentiation betweenimmature and mature individuals combines the influences of metabolism and
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growth, as reproductively mature animals typically slow in growth rates and shiftenergetic resources to gonad development and reproduction (Charnov et al. 2001).TPSCA of mature fishes in this study was slightly more underestimated thanimmature fish (Table 2), however this difference was insignificant (Kruskal-Wallis,p=0.05).  It is difficult to attribute the deviations in trophic position estimates toinfluences of growth or differential allocations of energy in mature fish, becausereproductive maturity was estimated through fish size.  Often TPSCA is based upon acombination of mature and immature representatives of the species, contributing toits large standard deviation, not taking into account ontogenetic changes in diet.
Other combinations of trophic and source amino acidsThe nitrogen isotopic composition of sixteen amino acids can be quantifiedusing the methods described.  Of those sixteen, quantification of the δ15N values ofisoleucine, methionine, arginine, tyrosine, and histidine is inconsistent amongsamples analyzed and were therefore not considered further.  In addition, thedifference in isotopic composition of aspartic acid and any individual source aminoacids showed no significant relationship with TPSCA.  The difference in δ15N valuesbetween combinations of individual trophic and source amino acids all showed clearincreases with increasing SCA derived trophic position, although combinationsinvolving serine and valine had considerably lower r2 values than others (Table 3).These data were used to assess the best combinations of individual amino acids forestimating trophic position based on both the difference in δ15N values of two (onetrophic, one source) acids as well as the difference in mean δ15N values of groups oftrophic and source amino acids.The weighted mean isotopic compositions of three trophic and three sourceamino acids were compared with TPSCA.  The use of a weighted mean ranks theimportance of the isotopic analysis of amino acids based on analytical uncertainty;therefore amino acid δ15N values with larger uncertainty (larger standarddeviations) are emphasized less than those with smaller uncertainty (Hayes et al.1990).  Similar to previous publications, Glu, Ala, and Leu were included in the
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trophic group, and Gly, Lys, and Phe in the source group (Sherwood et al. 2005,McCarthy et al. 2007, Sherwood et al. 2011).Val and Ser were not included because of poor relationships found inpreliminary regression analysis of Δδ values and TPSCA (Table 3).  Pro was alsoeliminated from the weighted mean for similar reasons (r2<0.60), althoughrelationships of Δδ values including Pro were much higher than those with Val orSer.  Although Δδ values between Thr and various trophic amino acids showed astrong correlation with TPSCA, its considerable 15N depletion with each trophic stepsuggests that it is not a reliable source amino acid in that it does not directly recordnitrogen isotopic composition at the base of the food web.  All 9 potentialcombinations of trophic amino acids Ala, Glu, and Leu, with source amino acids Gly,Lys, Phe, resulted in significant regressions with r2 values greater than 0.59 (Table3).  The high correlation between Δδ and TPSCA for these combinations led toconfidence in their use as a TP indicator when using weighted mean δ15N values.
Re-evaluation of beta (β) and trophic enrichment factor (TEF) from trophic-source

combinationsBeta values from previous publications show a considerable amount ofvariation between primary producer taxa (Table 4).  Given this variability, mostdata-derived β values using equation 5 overlapped published values within onestandard deviation (Table 5).  The lowest variance in published data was found incombinations with phenylalanine, which also had small standard deviations in datafrom this study.  Despite spanning a large range of trophic positions, β valuesderived from the intercept of the Deming regression between Δδtrp-src and TPSCA

Source Amino acidsGly Lys Phe Ser Thr
Trophic
Amino
acids

Ala 0.67 0.68 0.66 0.03 0.81Glu 0.59 0.74 0.71 0.02 0.79Leu 0.62 0.69 0.67 0.03 0.80Pro 0.50 0.59 0.55 0.01 0.75Val 0.08 0.01 0.01 0.02 0.58

Table 3.3. Significance of
relationships between trophic-source
fractionation and increasing trophic
level. For regressions of Δδ15N(trophic-source) versus stomach content derivedtrophic level, R2 values are given insignificant relationships (p < 0.05).
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were similar to independently determined values for most combinations of trophicand source amino acids, showing convergence of the two methods of calculating β.However, values from this study were much less variable than previously reported;the regression analysis averages the variability inherent in different plants andanimals and is perhaps a more accurate way of deriving β.  The β value derived fromthe isotopic analysis of combinations of several trophic (Glu, Ala, Leu) and source(Gly, Lys, Phe) amino acids was 3.3 ± 2.5‰ (McClelland & Montoya 2002,Chikaraishi et al. 2007, Chikaraishi et al. 2009, McCarthy et al. 2013). The β valuederived from regression analysis using equation 5 is in excellent agreement withthis value (3.6 ± 0.6 ‰).

Source Amino acidsGly Lys Phe Ser Thr
Trophic
Amino
acids

Ala 4.4 (4.1) 2.8 (6.2) 2.6 (2.3) 6.6 (3.0) 2.1 (4.7)Glu 4.5 (4.1) 2.9 (6.1) 2.7 (2.2) 6.7 (3.4) 2.2 (4.6)Leu 2.4 (4.3) 0.8 (5.5) 0.6 (3.2) 4.6 (3.8) 0.1 (4.2)Pro 4.4 (4.2) 2.7 (5.7) 2.6 (2.3) 6.6 (3.1) 2.0 (4.9)Val 5.3 (4.8) 3.7 (6.6) 3.5 (3.1) 7.5 (3.8) 3.0 (4.8)

Source Amino acidsGly Lys Phe Ser Thr
Trophic
Amino
acids

Ala 3.2 (0.8) 4.9 (0.7) 5.4 (0.6) 3.1 (1.9) 1.0 (1.2)Glu 1.7 (0.9) 3.9 (0.5) 3.6 (0.5) 1.4 (1.9) -0.1 (1.1)Leu 1.1 (0.9) 3.0 (0.6) 2.7 (0.6) 1.4 (1.7) -0.7 (1.2)Pro -0.1 (1.3) 1.0 (0.7) -0.6 (0.9) -3.2 (2.8) -2.6 (1.3)Val -1.0 (2.0) 0.7 (2.1) 0.3 (2.0) -38.3 (68.8) 0.9 (1.6)

Table 3.4.  Literature β values for amino acid compound specific
isotopic analysis (AA-CSIA). Calculated difference between nitrogenisotopic composition of trophic-source combinations of amino acids inprimary producers based on published value from McClelland andMontoya (2002), Chikaraishi et al. (2009, 2010), and McCarthy et al.(2013).

Table 3.5.  β values for amino acid compound specific isotopic analysis
(AA-CSIA). Data derived β values for the trophic-source combinations inteleosts.  Standard deviations are given within parentheses.
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Trophic enrichment factors derived from the regression analysis (Eqn. 5) formost trophic-source combinations were all within 3‰ (Table 6) with a fewexceptions.  Combinations with Thr had TEF values ~10‰ larger than theremaining combinations, and at the extremes, Ala-Lys and Val-Ser were much lowerand higher, respectively, than the rest.  This contrasts earlier work by Chikaraishi etal. (2009), where the selection of the Glu-Phe combination was made because Gluhad a significantly larger 15N enrichment per trophic position than the any othertrophic amino acid.  In fact, all combinations with Glu, data-derived TEF values areslightly lower than with other trophic AAs.  The similar pattern of enrichment oftrophic amino acids with individual source amino acids aligns with the data fromMcCarthy et al. (2013), who found Ala, Pro, and Val to have δ15N values similar toGlx, which they called “non-fractionating”.Previous publications investigating the use of amino acid isotopic values inestimating trophic transfers have advocated the use of mean values from groups oftrophic and source amino acids to reduce error associated with analysis of only 2amino acids (McCarthy et al. 2007, Sherwood et al. 2011, Decima et al. 2013).   Thetrophic fractionation associated with weighted mean trophic and source aminoacids, Δδx̅, had a stronger relationship with increasing TPSCA than ΔδGlu-Phe (r2 = 0.79versus 0.71).  However, the TEF value calculated from Δδx̅ (5.7 ± 0.3‰) was nodifferent than that from the Glu-Phe combination.   These results suggest that theuse of Δδx̅ may be as accurate or in some situations more accurate for calculating

Source Amino acidsGly Lys Phe Ser Thr
Trophic
Amino
acids

Ala 7.2 (0.4) 3.0 (0.4) 6.1 (0.3) 7.1 (1.2) 16.5 (0.7)Glu 6.8 (0.5) 5.2 (0.3) 5.7 (0.3) 6.8 (1.2) 15.8 (0.7)Leu 6.9 (0.5) 5.6 (0.3) 6.1 (0.3) 6.6 (1.1) 16.0 (0.7)Pro 6.6 (0.7) 5.5 (0.4) 6.7 (0.6) 8.1 (1.8) 15.9 (0.7)Val 7.9 (1.1) 6.8 (1.3) 7.3 (1.2) 32.9 (46.3) 14.9 (0.9)

Table 3.6.  TEF values for amino acid compound specific isotopic
analysis (AA-CSIA). Data derived TEF values for the trophic-sourcecombinations in teleosts.  Standard deviations are given within parentheses.
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trophic position than any combination of individual trophic and source amino acids(see also Decima et al. 2013).
Re-evaluated trophic position using data-derived TEFsTrophic positions calculated using the data-derived values for TEF (5.7 ±0.3‰) and β (3.6 ± 0.5‰) for Glu and Phe yielded estimates similar to TPSCA (Fig.3a).  The relationship between TPSCA and TPGlu-Phe was similar, but significantlydifferent, from a slope equal to 1 (slope = 0.920, r2=0.71, df=45, F=3.57, p=0.046).There was still a considerable amount of variation in the data, resulting in a largeoverestimation of CSIA calculated trophic position of B. glaciale (+0.89) and anunderestimation of C. argus (-0.80) and P. evanidus (-0.78).  With the previousmethod of trophic position estimation (TEF = 7.6‰), the largest deviation betweenstomach content and AA-CSIA derived trophic position was 1.35 (C. argus).  Themean absolute deviation between the two methods was 0.30, a markedimprovement from trophic position estimates using a TEF of 7.6‰ (mean absolutedeviation: 0.59).Similarly, trophic position estimated using the weighted mean values oftrophic amino acids Ala, Glu, and Leu and source amino acids Gly, Lys, and Phe,resulted in close agreement with TPSCA (slope = 0.986, r2=0.79, df=45, F=8137,p<0.0001) (Fig. 3b).  The slope of the regression between trophic position estimateswas not significantly different than 1 (F=3.57, p=0.06).  The mean absolute deviationbetween trophic position estimation methods was 0.25, an improvement from thedata-derived TEF using Glu and Phe (5.7 ± 0.3‰).  The largest deviation betweenmethods was seen in P. porphyreus (-0.94) and again in B. glaciale (+0.71), althoughmost TPCSIA estimates were within 0.50 of TPSCA.  Overall, use of weighted meanisotopic values resulted in a better agreement, higher r2 and slope =1, whencompared with stomach content derived trophic position.
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Figure 3.3.  Calculated trophic position using new TEF and β values.  Trophic positionestimated from nitrogen isotopic composition of (a) glutamic acid and phenylalanine using aTEF of 5.7 ± 0.3‰ and β of 3.6 ± 0.5‰ and (b) a weighted mean of trophic (Ala, Glu, Leu) andsource (Gly, Lys, Phe) amino acids (TEF=5.7 ± 0.3, β = 3.6 ± 0.6‰).  Symbols represent fishfrom different habitats, shallow and mesophotic reefs (   ),  deepwater (>150m) benthichabitats (   ), mesopelagic depths (   ), and the pelagic open ocean (   ).  Regression lines (a:slope = 0.920, r2=0.71, df=45, F=725, p<0.0001, b: slope = 0.986, r2=0.79, df=45, F=8137,p<0.0001) are given as solid lines with 95% confidence intervals as grey lines.  A completecorrelation of the two methods, (slope = 1, intercept = 0) is shown as a dashed line.  Error barsrepresent one standard deviation.
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Discussion

Calculation of β from consumersThe method used in this study to derive values for β provides an independentassessment without the evaluation of the nitrogen isotopic composition of aminoacids in primary producers.  However, the derived values here are remarkablysimilar to previously recommended values (3.6 ± 0.5 ‰ versus 2.7 ± 2.2 ‰).Previously published data were obtained from 37 samples of algae andcyanobacteria, only 9 of which were not cultured samples (McClelland & Montoya2002, Chikaraishi et al. 2009, Chikaraishi et al. 2010, McCarthy et al. 2013).  It ispossible that culturing conditions could have a variable effect on isotopicfractionation during assimilation of nitrogen compared to natural conditions,resulting in the slight disparities seen here.  However, the large variability in βvalues calculated from primary producers encompasses the value found in thisstudy, indicating agreement between the two methods.
Calculation of TEF in teleostsThe TEF value resulting from the combination of the isotopic composition ofglutamic acid and phenylalanine was much lower in this study than previouslyrecommended (5.7 ± 0.3‰ compared to 7.6 ± 1.3‰).  Given that this is not the firststudy to suggest that TEF has been previously overestimated (Dale et al. 2011, Choyet al. 2012), or that the biochemistry of the fractionation between glutamic acid andphenylalanine needs further understanding (Choy et al. 2012, McCarthy et al. 2013),the data presented here indicate that published estimates for TEF may be incorrectat least for teleosts.  Trophic positions calculated from data-derived TEFs from Glu-Phe and weighted mean trophic-source combinations were improved in theirapproximation of TPSCA (Fig 3).  The method of estimating trophic position from AA-CSIA still results in a number of over and underestimations compared to stomachcontent derived trophic position as would be expected from two fundamentallydifferent techniques.Anchoring TPCSIA to TPSCA requires several assumptions.  The most obviousassumption is that a single trophic position describes all organisms within a species,
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regardless of size/age and location. Changes in diet are common in growing fish, asgape and motility limitations decrease with increasing size or age (Scharf et al. 2000,Romanuk et al. 2011).  SCA is limited in the ability to capture diet integrated overtime, potentially missing variations due to ontogeny, prey availability, andcompetition, although the large sample sizes of most SCA studies partly address thiscomplication.  Furthermore, comprehensive SCA studies were not available for all ofthe fish in this study; TPSCA were estimated from limited observations of feedinghabits rather than from quantitative calculations and may be inaccurate.Still, mean trophic position estimates from AA-CSIA should be within somedegree of error of SCA derived TP in order for this method to have globalapplication.  Given the amount of error associated with TPSCA, estimating trophicposition from AA-CSIA within one standard deviation may be an acceptable goal.The variance in trophic positions estimated with AA-CSIA may reflect variability indiet common in fishes over time and space.  Estimated TP from AA-CSIA capturesthat of an individual within an ecosystem, rather than averaging a large sample sizeas in SCA, and may therefore be more reliable in certain cases.  For example, TPCSIAof the peacock grouper, Cephalopholis argus, was shown to have a positivecorrelation with increasing mass (Wallsgrove 2011); similarly TPCSIA increasedsignificantly with increasing disc size in brown stingrays (Dale et al. 2011).Additionally, propagated errors associated with TPCSIA, as described in Eq. 4,were all less than the 0.5 deviation from TPSCA, indicating the power of thistechnique in its precision.  Because major components of this error are theuncertainties associated with the nitrogen isotopic compositions of the individualamino acids used, this also stresses the importance of measuring and constrainingthe analytical error in determination of the δ15N values of AA through replicateanalyses.The amount of variability in the deviation between trophic position estimatesfrom SCA and the original AA-CSIA (TEFGlu-Phe= 7.6‰) among differentclassifications of the samples points to the combination of multiple factorsinfluencing isotopic fractionation.  The underestimation of TPSCA by TPCSIA increasedwith increasing trophic position (Fig. 2).  Seen in both feeding guild and habitat
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groupings, groups with higher mean TP had larger underestimations of TPSCA byTPCSIA.  From this we can infer that TPCSIA may be influenced by the amount of plantand animal protein in the diet, as the proportion of plant material consumedtypically decreases with increasing trophic step.  Additionally evidence formetabolic influences on TP estimations are found in differences seen in matureversus immature fish, which may be partly the result of changes in energy allocationto metabolism versus growth.Furthermore, the calculation of trophic position from a weighted mean oftrophic and source amino acids resolved some of the discrepancies in estimates forthese fish, suggesting that the different fractionation between Glu and Phe may notbe present between all trophic and source amino acids. If this is true, it is strongevidence for the use of multiple amino acids in calculating trophic position from AA-CSIA, de-emphasizing the importance of Glu in these calculations and therefore alsoits potential irregularities.
Trophic enrichment factors (TEFs) for the atypical amino acid threonineThe most significant linear correlation between Δδ15N values and trophicposition was found for threonine regardless of trophic amino acid used.  Althoughthe δ15N values of threonine were quite different from all other source amino acids(δ15N values as low as -30‰ compared to -5‰) the magnitude of 15N depletion ofthreonine with increasing trophic position is constant, suggesting a possibleimportance in calculating trophic position.  Threonine has been previouslydisregarded due to an inability to quantify the δ15N value (Chikaraishi et al. 2009) orits seemingly “outlier” negative 15N values (Sherwood et al. 2011), despite earlierwork which found improved trophic transfer estimates when it was included inaverage calculated source values for plankton and particulate matter (McCarthy etal. 2007).Interestingly, both Phe and Thr stood out in an evaluation of 15N values ofamino acids for identifying prokaryotic and eukaryotic sources in food webs(McCarthy et al. 2013). Phe has been considered as a model source amino acid, asthe major metabolic route of the amino acid does not involve either breakdown or
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formation of nitrogen bonds (Chikaraishi et al. 2007).  In contrast, considerable 15Ndepletion (>6‰) has been measured with each trophic transfer of Thr (Hare et al.1991, Styring et al. 2010).  Although this 15N depletion indicates that Thr may notencode directly the δ15N values of primary producers, our results indicate that itsbehavior is consistent, evident by the strong regressions seen in this study, and theresulting trophic enrichment is so great that variability due to changes in metabolicpathways appears less significant.  However, before it can be used with confidence, abetter understanding of what metabolic processes control the δ15N value of Thr withtrophic position is needed.
Comments and RecommendationsResults of this study provide valuable insights to the application of AA-CSIAto trophic studies.  The use of a single TEF value in calculating trophic position leadsto variability even within a single species, likely resulting from differences infeeding ecology arising from protein source.  Finding a unique combination oftrophic and source amino acids which accurately predicts trophic position acrosstaxa is a complex task.  For teleosts, evaluation of TP from differences in the δ15Nvalues of glutamic acid and phenylalanine from the 45 fish species indicates a TEFvalue significantly lower than previously estimated (5.7 ± 0.3‰ compared to 7.6 ±1.3‰).Estimated trophic position was improved, as compared to stomach contents,by the lowered TEF value for Glu-Phe.  Still inaccuracies were seen in certainspecies.  One could argue using δ15N values of Thr to determine trophic position, asthe considerable nitrogen isotopic fractionation between it and Glu and Ala is quitepredictable across trophic positions.  However, Thr cannot be considered acanonical source amino acid; it shows substantial but consistent 15N depletion witheach trophic step, and can therefore not be used to define or trace baseline food webδ15N values as with source amino acids.  However, calculation of trophic positionfrom AA-CSIA does not necessarily require the use of a source amino acid, butsimply a difference between two amino acid δ15N values that is known andconsistent across trophic positions and taxa.  Alternatively, the weighted means of



63

trophic and source amino acids provided a reliable regression for deriving TEF, anddid not require the use of Thr.The weighted mean may stand as the most useful combination of amino acidsfor trophic studies from AA-CSIA, as it enhances the consistency compared to Glu-Phe, reduces some of the problems associated with using single amino acidcombinations, and still allows for comparison of baseline values by using onlycanonical source amino acids.
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CHAPTER 4

Physical Characteristics of the Au’au Channel
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AbstractWorld-wide, recent focus is being given to  mesophotic coral ecosystems (> 30m), inan effort to better understand how coral persist in extreme environments and subsequentlyhow coral will respond to environmental change (Riegl & Piller 2003, Lesser et al. 2009,Bongaerts et al. 2010, Hinderstein et al. 2010, Rooney et al. 2010).  Mesophotic coralecosystems (MCEs) have been subject of multiple large coordinated studies to describe thephysical, geological, and biological characteristics of a unique habitat and their potential asrefugia for reef fauna (Kahng et al. 2010, Rooney et al. 2010).  The Au’au Channel MCE islocated in the channel between the Hawaiian islands of Maui and Lanai where large reefs ofboth Montipora and Leptoseris corals have been found between 60 and 130m (Fig. 1).  Two,year-long deployments of oceanographic instrumentation recorded currents andtemperatures at several locations within the Au’au Channel MCE.  The moorings recordedhigh current speeds (up to 40 cm s-1) and intermediate temperatures (23-24°C) revealingmixing events in the early spring, with stratification in the summer and late fall.  Spectralanalysis of temperature fluctuations revealed a dominant semi-diurnal periodicity,suggesting the area is tidally driven.  Currents near the seafloor decreased in speed withincreasing depth corresponding with a shift in coral taxa from branching to platemorphologies (Sebens & Johnson 1991, Sebens et al. 1998, Padilla-Gamino et al. 2012).Although temperature was not too low for coral growth, low light coupled with low currentspeeds in the deeper half of the MCE (>80m) seem to be approaching conditions which areinhospitable for reef development.  Despite this, MCEs persist, indicating adaptation of coraltaxa warranting further investigation.
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IntroductionThe Au’au Channel is a channel 15 – 20 km in width, separating the Hawaiian islandsof Maui and Lanai.  It is bounded to the north by the island of Molokai and extendsapproximately 50 km in length southward to the island of Kahoolawe (Fig. 1).  It isdominated geomorphologically by karst topography, basin floors surrounded by walls,ridges, and pinnacles which level out into large plains (Grigg et al. 2002), a considerableproportion of this area is covered in scleractinian coral, ranging in depth from ~65 to 140 m(Rooney et al. 2010).  Despite the vast extent of this mesophotic coral ecosystem (MCE),defined as light-dependent coral communities found at depths > 30m (Hinderstein et al.2010), little attention has been focused on coral reefs and associated flora and fauna deeperthan traditional SCUBA diving limits (Kahng & Kelley 2007, Rooney et al. 2010).Understanding MCEs involves knowledge of the physical parameters that contributeto the success or failure of corals and associated fauna.  The focus of this paper is to describethe physical environment of the Au’au Channel, primarily addressing those which make it aunique habitat for supporting scleractinian coral reefs.Changes in ecophysiology and productivity in corals are attributed in part to thechanging light field with increasing depth (Fricke et al. 1987, Kaiser et al. 1993, Lesser et al.2010).  The considerable light attenuation at mesophotic depths is the most obviousphysical parameter that may limit growth of both coral individuals and reef systems in theAu’au Channel.  The bottom of the euphotic zone, or where light penetration is 1% ofsurface irradiance, typically defines lower limit for photosynthetic production (Lesser et al.2009).  Still corals can persist below this depth if penetrating light is above a threshold (50μE m-2 s-1) for coral growth, which typically occurs at depths where between 10 and 30%surface irradiance penetrates (Kleypas et al. 1999).  Lesser et al. modeled the irradiance andspectral composition in the Bahamas at depths greater than 20 m, demonstrating that formesophotic corals at depths below the 1% surface light level contributions fromheterotrophy must compensate for reduced photosynthesis (2009).Thermal tolerance of corals has been widely studied with regard to warming SSTand bleaching events (Glynn 1996, Penin et al. 2013).  At mesophotic depths, surfacewarming events may be suppressed by deeper cold water, creating a refuge for MCEinhabitants (Glynn 1996, Riegl & Piller 2003, Bongaerts et al. 2010, Hinderstein et al. 2010).On the other hand, shoaling thermoclines and episodic upwelling of deeper
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colder waters can create lower depth limits for coral growth because of thermal tolerance;coral growth has been shown to be limited below ~15°C (Kleypas et al. 1999, Grigg 2006).In the Au’au channel, temperature was not found to assert a controlling influence on coralsat depths shallower than 50 m (Grigg 2006), suggesting that the limitations on growth ofMCE coral colonies are light driven with potential influences of biotic factors.  Information islimited for depths greater than 50m in the Au’au Channel, but bioerosion rather thantemperature is assumed to be a major factor in limiting coral growth and attachment to thesubstrate (Grigg 2006).  Although the presence of a seasonal thermocline intersecting thebathymetric range of the MCE has been recorded (Kahng & Kelley 2007), the temperaturesrecorded above and below the thermocline were well within the determined limits for reef-building coral communities (Kleypas et al. 1999).  While cooler waters below the seasonalthermocline do not appear to be influential in limiting growth, the induction of nutrient richdeep waters and could be valuable to coral growth.In shallower water, coral development is strongly affected by wave and swell action(Grigg 1998, Storlazzi et al. 2002).  While moderate water movement may enhance nutrientexchange (Grigg 1998), high current speeds or strong waves can act to dislodge coral

Figure 4.1. Au’au Channel in the Hawaiian Islands. Location of Au’au Channel between theislands of Maui and Lanai with Molokai to the north and Kahoolawe to the south.  Figure adaptedfrom Grigg et al. 2002.
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colonies, preventing growth (Storlazzi et al. 2002).  Mesophotic corals may be protectedspatially from heavy wave motions, but still subject to tidally driven currents which can bequite strong (Storlazzi et al. 2006).  On the other end, too little water movement can resultin a lack of replenishment leading to nutrient depleted waters which may limit coralgrowth.  Correlations of MCE density and current speeds can lead to insights into theinteraction of the water motion and coral growth.
Mooring DeploymentsMoorings were deployed for one year within the Au’au Channel MCE at 4 depthlocations in August 2008 and July 2009 (Fig. 2).  Moorings were designated by names foridentification: “John” - 84 m and “Frank” - 123 m (2008) and “Ray” - 55 m and “Dan” - 68 m(2009).  Each mooring was secured with a 1200 pound anchor attached to an acousticrelease and kept vertical by 6 to 8 glass ball floats mounted to a bar which also held an RFbeacon and strobe.  Both deployments contained Seabird Electronics high-accuracytemperature recorders (SBE 39) and Aanderaa current meters attached in tandem 2-3meters above the bottom (m.a.b.) and 3-4 additional TidbiTTM temperature sensors attached

Figure 4.2.  Mooring deployments in the Au’au Channel. Locations and depths of fourmoorings deployed in the Au’au channel from 2008 – 2010.
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at intervals along the array (Table 1).  “Frank” and “John” moorings also contained a 250kHz SonTek ADCP located above the current and temperature sensors  (~4 m.a.b.).The SBE 39 recorded temperatures in 10-minute increments while the TidbiTTMsensors recorded temperatures every 20 minutes.  The accuracy of the SBE 39 thermistorswas ±0.002°C, while the TidbiTTMs were accurate to ±0.2°C.  The SBE 39 thermistors werelocated just above the bottom and represented bottom temperatures for all moorings.TidbiTTM sensors were located (for “Frank” and “John”) at 1, 10, 20 and 30 m.a.b., and (for“Ray” and “Dan”) at 10, 20, and 30 m.a.b.  Temperature data were also available from a fifthstation located at 72 m depth, where a CritterCamTM, a moored video camera designed formonitoring marine life within the MCE, was equipped with VemcoTM temperature logger,recording temperatures every 20 minutes with a ±0.01°C resolution.
Mooring Frank John Dan RayDepth (m) 123 84 68 55Deployment 8/7/08 –7/25/09 8/5/08 –7/26/09 7/30/09 –7/8/10 7/29/09 –7/8/10

SBE 39 Depth (m) 122 83 67 54Frequency(min) 10Accuracy (°C) ± 0.002
TidbiTTM Depth (m) 122, 113,103, 93 83, 74, 64,54 58, 49, 41 45, 36, 28Frequency(min) 20Accuracy (°C) ± 0.2
Aanderaa Depth (m) 121 82 66 53Frequency(min) 10Accuracy(cm/s) ± 0.15
SonTekADCP

Depth (m) 119 80 † †Frequency(min) 20Accuracy(cm/s) ± 0.5Accuracy (°) ± 2.0†	data	unavailable

Table 4.1. Sensor information for mooring deployments in Au’au Channel, Maui, Hawaii.
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Current magnitude and direction were recorded (at “Frank”, “John”, “Ray”, and“Dan”), similarly to temperature, in 10 minute increments by an Aanderaa RecordingCurrent Meter (RCM).  Sensors were calibrated to ±0.15 cm/s accuracy and were set tomeasure the currents nearest the seafloor.  During the 2008-2009 deployment, a SonTekacoustic Doppler profiler (ADP) attached to the mooring measured current direction andvelocity from the sensor vertically from 4 m.a.b. to 64 m in the water column, in 2.5 mintervals.
Light Previously published records of photosynthetically active radiation (PAR) in theHawaiian islands have been measured using vertical casts of dropsonde meters (Bienfang etal. 1984, Kahng & Kelley 2007).  Casts taken offshore from southwest Oahu in 1980-1981yielded  an attenuation coefficient, Kd, of 0.032 m-1 (Bienfang et al. 1984, Grigg 2006) while aKd of 0.048 m-1 was reported just northwest of the Au’au Channel in the Kalohi Channelbetween Molokai and Lanai (Kahng & Kelley 2007).  This difference in values can have asignificant impact on the depth location of the 1% surface light isolume, which typically

Figure 4.3. Percentage of surface light
penetrating at depth in the Au’au
Channel.  Light attenuation curves fortwo measured coefficients, kD, 0.032(solid line) and 0.0475 (dashed line).Mesophotic coral reefs in this channeloccur from 30 to 150 m (grey shadedarea).
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signifies the compensation depth and maximum limit to photosynthetic growth (Fig. 3).  Atthe most conservative (Kd = 0.048 m-1), the 10% isolume occurs at 49m, at the shallowestdepths of the MCE, with the 1% isolume at 97m, well above the deepest occurring Leptoseriscorals, and approximately the depth of large (> 1 km2) Leptoseris reef beds found in thisarea.  Recorded surface PAR as high as 2200 µE m-2 s-1 in nearby surface waters (Piniak &Storlazzi 2008) would yield light levels above the 50 µE m-2 s-1 limit for coral down to 80m,which may account for the persistence of MCEs at depths below the 10% isolume.  Still, 1%surface irradiance in this area (97m – 22 µE m-2 s-1) falls below the suggested low light limitof 50 µE m-2 s-1 (Kleypas et al. 1999), suggesting that coral adaptation and other physicalenvironmental variables may be influencing reef subsistence.  The 0.1% isolume is foundnearer to deeper end of Leptoseris coral growth, at 145m.  At these depths, coral coloniesare sparse and smaller in size (pers. obs.), which further indicates the influence of lightlimitation.
TemperatureSensors in this study recorded temperatures no lower than 20.8°C; the majority oftemperatures were above 21°C (Fig. 4).  The deepest location, “Frank”, depth 123m,recorded the lowest temperatures (Table 2), ranging from 20.8°C at the bottom (122 m) to25.7°C in the water column (93 m).  Warmest temperatures were found at the shallowestmooring (“Ray”), ranging from 23.3°C at the deepest TidbiTTM (45 m) to 27.6°C nearer to thesurface (28 m).  Temperature measurements at overlapping depths from two stations(“John” and “Dan”) across the sampling years revealed similar mean, minimum, andmaximum temperatures, indicating that no considerable warming or cooling occurredacross the sampling years.Previously, vertical profiles from submersible attached CTD profilers have shownwinter (December 2003) temperatures in the Au’au Channel MCE reaching 16°C at depths >160m (Kahng & Kelley 2007), although more commonly temperatures do not go below 18°C(Grigg 2006).  While these temperatures fall into an “extreme” low temperature category forreef development, documentation exists of reefs persisting in considerably lowertemperatures (Kleypas et al. 1999).During the 2008-2009 deployment, temperature ranged as much as 4.5°C (October)from the bottom to the middle of the water column (Fig. 4a).  Waters remained stratified atmesophotic depths until late January.  Spring mixing resulted in a slight warming of bottom



72

Table 4.2. Mean, minimum, and maximum
temperatures, in ° C, recorded at depth locations in
Au’au Channel, Maui, Hawaii.

temperatures, but an overall cooling of the water column.  The minimum range intemperatures was only 0.1°C in early March at the peak of mixing.  This mixing lasted intoApril where it weakened through May, returning to stratified conditions by June.The deployment of 2009-2010 showed similar temperature data (Fig. 4b).  Higheststratification was found in the fall of 2009, resulting in the greatest temperature rangewithin the water column (4.5°C).  However, unlike the previous year, a 32 day period ofmixing occurred in late August, warming bottom temperatures and reducing the range ofwater column temperatures to less than 0.1°C for a number of weeks.  This was most likelythe result of Hurricane Felicia, which approached the Hawaiian Islands from the east duringthe first two weeks of August 2009.  Another period of mixing began in late fall/early winter(November), resulting in the deepest and shallowest mooring locations periodicallyrecording identical temperatures.  Mixing lasted through the remainder of the deployment,weakening in June, but never returning to the previously seen stratified conditions.Semi-diurnal fluctuations of temperature are seen in all temperature data (Fig 3c-f).Spectral analysis revealed strong 12.1h and 23.1h periodicities at all locations, with episodic4.0h and 7.9h periods.  Temperature fluctuations are strongest at the intermediate depths(49 – 93 m) regardless of the seafloor proximity.  Temperature variability in stratifiedwaters has been suggested to indicate the presence of internal wave activity (Leichter et al.1996, Leichter et al. 1998, Leichter & Genovese 2006).  At the mesophotic depths of the

Mooring Depth(m) MAB(m) Mean(°C) Min(°C) Max(°C)Ray 28 27 25.5 23.6 27.636 19 25.3 23.3 27.545 10 25.3 23.3 27.4Dan 41 27 25.2 23.2 27.149 19 25.0 23.1 27.058 10 24.7 22.0 26.8John 54 30 24.7 22.4 26.764 20 24.4 22.0 26.674 10 23.8 21.4 26.483 1 23.2 21.4 25.6Frank 93 30 23.1 21.2 25.7103 20 22.7 21.1 24.8113 10 22.4 20.9 24.3122 1 22.3 20.8 23.5
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Figure 4.4. Recorded temperatures at four depth locations in the Au’au Channel. a) Year-long temperatures from 2008 to 2009 at 10 m depthintervals from 54-84 m (John) and 93-123 m (Frank) taken every 10 or 20 minutes.  Bottom temperatures (84 and 123 m) are shown as blackmarkers, with decreasing depths shown by decreasing shades of grey.  b) Temperatures from 2009 to 2010 measured in 10 or 20 minute intervalsfrom moorings at 55 m (28, 36, 45 m), 68 m (41, 49, 58 m), and 72 m depth locations. The temperature recordings from the CritterCam (72 m) areblack symbols.  Dark grey symbols represent the deepest measurements for each mooring (58 m and 45 m) with decreasing shades of grey as depthdecreases.  c) and d) are month-long views of the data from 2008 and 2009, respectively. e) and f) are weeklong views of the same data, respectively.
a b

c d

e f
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Table 4.3.  Measured speeds for currents in Au’au Channel Mesophotic
Coral Reef Ecosystem. Mean, maximum, and minimum speeds measuredat 4 moorings located within the Au’au Channel.  Standard deviations aregiven for mean values.

Au’au Channel, the occurrence of internal waves may serve to enhance coral growththrough the delivery of daily pulses of colder, more nutrient rich water from depth, as wellas supporting the feeding of coral by aggregating mobile zooplankton along the thermocline(Sevadjian et al. 2012).
CurrentsCharacterization of the water flow in the channels between the islands of Maui,Molokai, and Lanai has mainly been in the fringing reefs of Molokai and west Maui andin the Pailolo Channel between the Maui and Molokai (Flament & Lumpkin 1996, Storlazziet al. 2002, Storlazzi et al. 2006).  Bottom current speeds in this study ranged from 0 to 41cm/s, with the fastest speeds found at shallower depths (Table 3).  Most currents were notfaster than 20 cm/s; the maximum speed found here is similar to what has been recorded inthe near shore reef flats east of the study site (Storlazzi et al. 2006), and considerably lowerthan velocities measured in the Pailolo Channel (Flament & Lumpkin 1996).  Mean currentspeeds at the seafloor for the four stations decreased with depth, from 7.1 ± 5.0 cm/s at“Ray” to 2.6 ± 2.5 cm/s at “Frank”.  Slower speeds were found just above the bottom at the“Frank” mooring (1.7 ± 1.5 cm/s at 114 m).The higher speeds seen at the shallower depths are likely to be a driving force forthe dominance of the branching morphology of the coral (Fig. 5), which capture prey fromwater flow through the branches (Sebens & Johnson 1991).  The decrease in speeds fromshallow to deep corresponds with the shift from the branching coral, Montipora, to the flat,plate coral, Leptoseris (Rooney et al. 2010). Plate morphologies of Porites rus have been

Mooring Depth(m) Mean CurrentSpeed (cm s-1) Max CurrentSpeed (cm s-1) Min CurrentSpeed (cm s-1)Ray 55 7.1 ± 5.0 40.7 0.01Dan 68 5.1 ± 4.5 36.3 0.03John 84 4.1 ± 3.3 22.9 0.00Frank 122 2.6 ± 2.5 25.8 0.01Frank 114 1.7 ± 1.5 14.9 0.00Frank 86.5 5.4 ± 4.3 37.7 0.01Frank 56.5 8.3 ± 6.2 38.3 0.00
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suggested to have higher photosynthetic rates compared to branching morphologies in lightlimited (high turbidity) environments (Padilla-Gamino et al. 2012), and therefore platecoral such as Leptoseris may be better adapted to MCE environment.  At low flow conditions,such as those seen at the deepest locations in this study, gravitational deposition may be amajor method of particle capture (Sebens et al. 1998), for which the plate morphology iswell suited.  Branching morphologies are specially adapted for high flow environments,increasing encounter rates with particles for feeding through complex flow regimes createdby rugose surfaces (Sebens et al. 1998).Across the depth range covered in this study (28 – 122m), plate-like coral coveragepeaks at 90 to 100 m, decreasing in coverage at the deep end (122m) (Fig. 5); branchingcorals Montipora and Acropora dominate shallower than 50-60m (Rooney et al. 2010).Although light levels are quite low at 120 m (0.3% surface), heterotrophic inputs have thepotential to compensate for reduced photosynthesis (Muscatine & Kaplan 1994, Alamaru etal. 2009, Houlbreque & Ferrier-Pages 2009).  However, there was a considerable drop incurrent speeds measured in this study between 80 and 100m.  The limited coral growth atdepths of 120m and deeper may implicate a threshold for current speeds around 2 cm/s,below which water movements are insufficient to compensate for low light levels withincreased nutrient concentrations and planktonic prey density.  Still, the presence of fastercurrents with speeds comparable to those found in shallow reefs (Table 3) may enhance thelikelihood of coral persistence in an extreme environment.Inner shelf investigations have shown that the tides propagate mainly from south tonorth Maui and that semidiurnal tidal currents dominate the flow at deeper levels (Flament& Lumpkin 1996, Storlazzi & Jaffe 2008).  In this study, all moorings measured currentmovement with semi-diurnal periods.  At the three shallower stations, Ray (55 m), Dan (68m), and John (84 m), bottom currents were mainly southwest- northeast in the fall andwinter (Fig. 6), similar to earlier data from the Pailolo Channel (Flament & Lumpkin 1996).During this time, current speeds were also strongest at Ray, Dan, and John moorings.  In thespring and summer, southeast-northwest currents prevailed across all stations.   Currents atthe “Frank” mooring were predominantly southeast-northwest year-round, strongest in thespring when mixing of the water column can be seen.  “Frank” and “John” moorings wereseparated only by approximately 400 m; the considerable difference in current patterncould be a result of local bathymetry, as areas deeper than 110 m are often on steep inclinesor slopes of ridges.
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Figure 4.5.  Au’au Channel coral distribution and physical environment. Mean current speeds, temperatures, andpercent surface light across depths studied in the Au’au Channel.  Three general types of coral are distributed across thedepth range, lobate coral (0-30m), finger coral (40-60m), and plate coral (60-150m).
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Figure 4.6. Seasonal bottom currents at four depth locations in the Au’au Channel. Current speed and direction taken at 10 minuteintervals for one week during spring, summer, fall, and winter during 2009-2010 (a: “Ray” – 55 m, b: “Dan” – 68 m) and 2008-2009 (c:“John” – 84 m, d: “Frank” – 123 m) deployments.
a

b

c

d
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Figure 4.7. Seasonal water column currents in the Au’au Channel. Current speed and direction at 20 minute intervals recorded at“Frank” mooring for three depths within the water column, 56.5 m (top), 86.5 (middle), and 114 m (bottom), taken for one week per season(a: spring, b: summer, c: fall, d: winter) during the 2008-2009 deployment.
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Currents in the water column above the “Frank” mooring showed seasonal changes indirection (Fig. 7).  Unlike the measurements from the seafloor, water column currentsmoved in several different patterns.  The most common pattern was southeast- northeast inthe summer, and southwest-northwest in the fall.  The southward component was oftenabsent during fall and winter in the currents measured in the middle of the water column,while southward currents dominated just 30 m below.Although the locations of the three islands around the Au’au Channel provide a goodamount of protection, the North Pacific swell, Southern Ocean swell, and Northeast Tradewinds still exert a strong influence on the wave climate in this area (Storlazzi et al. 2006).  Awrapping effect around the islands could steer currents to reorient them asseen in this study.  The southwest-northeast directionality often seen in the winter could bea result of northwest swells steered around Molokai and down through the channel(Storlazzi et al. 2002).
ConclusionsThe unique conditions of light, temperature, and currents of the Au’au Channel MCEcreate a physical environment conducive to the growth and persistence of a large coral reef.Despite light levels being at the low range of what is sufficient for reef formation (Fig. 3), thelarge plate morphology of Leptoseris allow the coral to maximize light capture.  Additionally,temperature fluctuations at semi-diurnal periods (Fig. 4) suggest the presence of internaltides forcing a vertical displacement of the thermocline, which has the potential to transportdeeper water nutrients to the MCE.  It is also possible that there are aggregations ofzooplankton near the thermocline that could bring heterotrophic inputs to compensate forreduced photosynthesis.  The higher speeds of currents at shallower depths perhaps formthe appropriate environment to favor the branching coral morphologies of Acropora and
Montipora found at these depths, while lower speeds at greater depths slowly move wateracross large plate corals allowing for gravitational deposition of prey items (Table 3, Fig. 5).Pulses of faster moving water, with speeds similar to those of shallow water reefs, occurepisodically to replenish water masses across the expanse of the reef, and help to create anenvironment conducive to the successful existence of mesophotic coral.
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CHAPTER 5

Comparing the Trophic Ecology of Resident Fish Communities inMesophotic and Euphotic Coral Reef Ecosystems (O‘ahu and Mau‘i,Hawai‘i) Using Compound Specific Isotopic Analysis of Amino Acids
with K. Longenecker, R.L. Pyle, and B.N. Popp
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AbstractShallow water (<30 m) coral reef fishes are under threat from multiple environmental andanthropogenic impacts.  As they are typically spatially removed from such impacts,mesophotic coral ecosystems (MCEs) at intermediate depths (30-150 m) may serve aspotential refugia for these fishes, many of which also inhabit shallow reef ecosystems (<30m).  In the main Hawaiian Islands of Maui and Oahu, efforts to protect and manage coral-reef fisheries are already underway.  However, the inclusion of MCEs and the specifics oftheir energetic contributions are poorly understood.  We examined the bulk nitrogen andcarbon isotopic compositions of 366 samples of reef fishes with conspecifics in two depthranges, the euphotic and mesophotic, further analyzing the amino acid nitrogen isotopiccomposition of 84 selected samples.  While planktivorous fish species showed significantoverlap between depths in both carbon and nitrogen isotopic compositions, significantdifferences were found in omnivores and benthic invertivores.  Furthermore, isotopicdifferences between depths indicated small but significantly higher trophic positions ofmesophotic benthic invertivores compared to conspecifics from euphotic reefs.  Theseresults will allow better placement of mesophotic fishes within biomass flow models andstress the importance of mesophotic coral reef research in understanding trophicconnectivity between habitats.
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IntroductionMesophotic coral ecosystems, or MCEs, are reefs with light-dependent corals fromdepths of approximately 30 to 150 m. These depth limits reflect changes in speciescomposition of corals at the upper bound and the deepest records at the lower bound(Hinderstein, et al. 2010).  Interest in understanding MCEs has garnered much attention inthe last two decades (Glynn 1996, Pyle 1996, Pyle 2000, Riegl & Piller 2003, Lesser et al.2009, Bongaerts et al. 2010, Hinderstein et al. 2010).  The depth and often remote nature ofMCEs may provide residents a buffer from anthropogenic and climatic influences, but mayalso create a separation of resident populations through physical distance.In the Main Hawaiian Islands where MCEs are present (Maui, Lana’i, O’ahu, andKaua’i), large, dense reefs of Leptoseris corals are separated from one another and fromshallow reef ecosystems by several kilometers of sandy patches and macroalgal fields(Rooney et al. 2010).  Despite increased interest in MCEs, there remains a dearth ofscientific information on the ecology of these communities, especially when compared tostudies of shallow reefs (Menza et al. 2008). This lack of knowledge is even greater forHawaiian MCEs. The handful of studies that exist mainly focus on the lucrative black coralindustry (Grigg et al. 2002, Boland & Parrish 2005, Grigg 2006, Kahng & Kelley 2007, Chanet al. 2009).Particularly critical gaps that exist in our knowledge of MCEs include physical-biological interactions and trophic structure (Lesser et al. 2009).  The few descriptions ofichthyofauna within MCEs show a tremendous overlap in species with shallow reef faunas(Boland & Parrish 2005, Feitoza et al. 2005, Brokovich et al. 2007).  Despite this, there aredistinct differences in community structure between shallow reefs and MCEs, asherbivorous fishes show a clear decline at mesophotic depths and planktivore abundanceincreases with increasing depth (Feitoza et al. 2005, Brokovich et al. 2010, Garcia-Sais2010). However, these changes in community structure do not appear to result fromchanging food sources from light limitation, or from other physical parameters.  In fact, astudy in the Indian Ocean showed that declines in algal consumption with increasing depthcould not be explained solely by decreasing abundances of herbivorous consumers, or bythe availability of algae or substrata for algal growth (Brokovich et al. 2010).  Instead, theauthors point to a lack of knowledge of differences in nutritional ecology of herbivorous fish
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in MCEs, possibly stemming from differences in the nutritional value and palatability of thedeep-growing algae.Current models of biomass flow in MCEs use estimates of diet and feeding habitsfrom shallow water (<30 m) conspecifics (Parrish et al. 2012), because similar fish speciespopulate both Leptoseris reefs at mesophotic depths and Montipora and other coral-dominated reefs at euphotic depths.  However, it is likely that changes in nutritionalecology, driven in part by a changing physical and biological environment, play animportant role in the structuring of fish populations over changing depths, violating modelassumptions of similarity, and potentially impacting accuracy of model results.  Herbivorousfish species may alter their prey preferences to compensate for low or inedible algalbiomass, and planktivores may rely upon allochthonous food sources or may themselvesmake migrations to depths or locations where prey items are more abundant.  Trophicplasticity and transient lifestyles in fishes can have major impacts on biomass flows(Pinnegar & Polunin 1999, Hernandez-Leon et al. 2010, Bollens et al. 2011). If euphotic (<30m) and mesophotic (>30 m) habitats are combined for the purposes of developingmanagement tools in an effort to preserve and protect coral reef ecosystems, there is a clearneed for a better understanding of the trophic structure and nutrient flow in MCEs in orderto determine if assumptions of models that combine shallow and deep water ecosystemsare accurate.Tools available to trace nutrient flow through food webs or ecosystems includestable isotope, fatty acid, and stomach content analysis.  δ13C values of metazoans can reflectthe isotopic composition of primary producers from different habitats (Post 2002).  Adifference in carbon isotopic composition in coexisting fishes may imply a partitioning ofthe diet (Paterson et al. 2006).  Calculations of trophic position from isotopic analysis ofbulk tissue or whole organisms typically requires knowledge of baseline isotopic values tocorrect for spatial and temporal variations in the isotopic composition of nutrients, such asNO3, NO2 and NH4 or dissolved inorganic carbon, which are propagated up the food web.Unique fatty acid (FA) profiles of organisms may be transferred from prey to predatorwithout modification.  These lipid biomarkers can serve as useful tracers or be comparedbetween organisms to imply trophic connections.  For example, major prey items ofzooplankton have been identified using FA profiles (Phleger et al. 1998, Nelson et al. 2000,Nelson et al. 2001).  However, these techniques have not yet been applied to the food web in
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MCEs of the Hawaiian Islands.  Stomach content analysis is useful in its ability to accuratelyidentify and inventory prey items, but is limited by knowledge of the prey items’ precisetrophic positions as well as variable digestion of prey types (Hyslop 1980, Cortes 1997).Compound specific isotopic analysis, in particular that of amino acids (AA-CSIA), hasshown distinct potential in elucidating information about both nutrient sources and trophicinteractions from a single organism (McClelland & Montoya 2002, Chikaraishi et al. 2007,Popp et al. 2007, Chikaraishi et al. 2009, Hannides et al. 2009, Lorrain et al. 2009).  Nitrogenisotopic values of amino acids obtained from CSIA revealed several amino acids that appearto retain the δ15N values of the primary source of nitrogen (McClelland & Montoya 2002),termed “source” amino acids, whereas “trophic” amino acids fractionate consistently witheach trophic step (McClelland & Montoya 2002, Chikaraishi et al. 2007, Popp et al. 2007,Chikaraishi et al. 2009, Hannides et al. 2009, Lorrain et al. 2009).Results of AA-CSIA allow information about ecosystem interactions to be gatheredfrom discrete samples of targeted species without the need for exhaustive isotopic analysisof plants or lower trophic position organisms or surveys typically associated with the use ofbulk tissue isotopic and stomach content analysis.  Combined with information from δ13Cand δ15N values of bulk muscle tissue, comparisons of nutrient flow and trophic interactionscan be made between ecosystems.  The goal of this study was to compare nutrient sourcesand trophic levels of a number of fish species residing in both mesophotic and euphoticcoral reef habitats.  Because of a changing physical environment due to increasing depth, wehypothesized that the diets of euphotic and mesophotic fish would differ, with mesophoticfish relying less on benthic macroalgae and more on higher trophic level prey items.  Weused bulk tissue and AA-CSIA to determine the extent of changes, from baseline to trophiclevel, within commonly used feeding guild groupings of fish populations at mesophoticdepths in the Au’au channel (60-140m) near Maui, Hawaii and off the southern shore ofOahu, Hawaii in comparison to euphotic (< 30 m) communities in both areas.
Methods

Fish collectionOver 750 fish specimens were collected from sites along the coasts and offshore ofMaui and Oahu in the main Hawaiian Islands.  Fishes were collected from euphotic depths(<30m) using Hawaiian sling spears, monofilament nets, and spear guns by divers using
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closed-circuit rebreathers (CCR).  At depths greater than 50 m, manned submersibles usedrotenone to collect cryptic species, and CCR divers used spears to catch conspicuousspecies.  The selection of depth definitions for euphotic and mesophotic ecosystems wasbased upon previous definitions for MCE habitats (Lesser et al. 2009, Hinderstein et al.2010, Rooney et al. 2010) and presence of expansive coral reefs at specific depths.  Themajority of the euphotic fish collections, both on Maui and Oahu, were made between 10and 20 m as a result of the vast expanses of reef ecosystems in this depth range.  MCEspecimens were mainly collected in the Au’au channel in reefs of Leptoseris hawaiiensis atdepths ranging from 90 to 120 m.  However, fishes from Oahu mesophotic depths werecollected only from 50 to 70 m depth.Once divers or submersibles returned to the surface, specimens were immediatelypacked in ice for transport to the lab.  Each fish was identified to species level, excludingnew species which were designated nsp. All specimens were weighed and measured (total,fork and standard lengths).  Muscle tissue was biopsied from just below the second dorsalspine for isotopic analysis and frozen at -20°C.
Preparation of tissue for isotopic analysisFrozen biopsied tissue was dried at 60°C for 24 to 48 hours.  Dried tissue wasground using a mortar and pestle after which approximately 0.5 mg was used for bulk tissueisotopic analysis and ~10 mg for compound specific isotopic analysis.Muscle tissue was prepared for amino acids nitrogen isotopic analysis usingestablished methods (Popp et al. 2007, Hannides et al. 2009). Dried, ground tissue wasweighed into acid-rinsed, pre-combusted vials and subsequently hydrolyzed (6N HCl -150°C for 70 minutes). These conditions convert glutamate and aspartate to glutamic andaspartic acid, and destroy tryptophan and cystine.  After drying, the hydrolysate wasredissolved (0.01N HCl), filtered (0.45 μm hydrophilic filter) and amino acids separatedfrom sugars and organic acids using cation exchange chromatography (Dowex 50WX8-400).An amino acid fraction was eluted using 4 ml of 2N NH4OH and after being evaporated todryness, was esterified (4:1 isopropanol : acetyl chloride, 110°C for 60 minutes) and finallyacylated (3:1 methylene chloride : trifluoracetic anhydride (TFAA, 100°C for 15 minutes).Samples were evaporated to dryness and then further purified by solvent extraction (Ueda
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et al. 1989). A final acylation step was repeated and samples were stored at -20°C in 3:1methylene chloride : TFAA for up to 6 months before isotope analysis.
Isotope analysisBulk tissue stable isotope analyses were performed using an on-line carbon-nitrogen analyzer coupled with an isotope ratio mass spectrometer.  Isotope ratios aredescribed by:

1 1000sample

standard

R
Z

R


 
   
 

, (1)
where δZ is either δ13C or δ15N, Rsample is the ratio of heavy to light isotope within the sample,and Rstandard is the isotope standard.  Isotope values are reported in permil (‰).  Accuracywas checked by well-characterized reference samples of glycine and ground-tuna, whichwere run periodically during sample analysis.  Additionally, sample duplicates wereanalyzed on 1-2 samples per species.  The standard deviation of duplicates analyzed was≤0.1‰.The δ15N values of derivatized amino acid samples were determined using a Delta Vmass spectrometer interfaced to a Trace GC gas chromatograph through a GC-C IIIcombustion furnace (980 °C), reduction furnace (650 °C), and liquid nitrogen cold trap.Samples were analyzed in triplicate and corrected relative to the known δ15N values ofinternal references norleucine and aminoadipic acid. Samples were injected (split-splitlessinjector, either splitless or using 10:1 split ratio) onto a forte BPx5 capillary column (either30 m × 0.32 mm × 1.0 μm or 60 m × 0.32 mm × 1.0 μm film thickness) at an injectortemperature of 180 °C with a constant helium flow rate of 1.4 ml min–1.  The column wasinitially held at 50 °C for 2 min and then increased to 190 °C at a rate of 8 °C min–1.  Once at190 °C, the temperature was increased at a rate of 10 °C min–1 to 300 °C where it was heldfor 7.5 min.  The average standard deviation of measured δ15N values of amino acids basedon multiple analyses was 0.57‰ and ranged from 0.03‰ to 2.1‰.
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Calculation of Trophic PositionTrophic position was calculated from AA-CSIA using a method modified afterChikaraishi et al. (2009):
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where δ15Ntrp and δ15Nsrc are the nitrogen isotopic compositions of chosen trophic andsource amino acids, respectively (Chikaraishi et al. 2007, Popp et al. 2007, Chikaraishi et al.2009, Hannides et al. 2009, Lorrain et al. 2009, Chikaraishi et al. 2010, Dale et al. 2011, Choyet al. 2012). The difference between the trophic and source amino acids at the primaryproducer trophic level is represented by β.  TEF, the trophic enrichment factor, is theaverage 15N enrichment per trophic level between source and trophic amino acids.Values for both β (2.7 ± 2.2 ‰) and TEF (7.6 ± 1.3 ‰) can be derived in theliterature for the combination of glutamic acid and phenylalanine from feeding studies andwild samples (Chikaraishi et al. 2009, McCarthy et al. 2013). However, increasingly,unrealistic trophic level estimates have been derived (Dale et al. 2011, Choy et al. 2012),suggesting values of β and TEF might be more variable than previously believed and thatthe use of multiple amino acids may provide a more accurate estimate of trophic position(McCarthy et al. 2007, Sherwood et al. 2011, Decima et al. 2013).  The difference betweenweighted mean values of trophic and source amino acids eliminates the uncertainty in usingTEF and β to calculate trophic position and gives a relative measure of trophic enrichmentas a proxy to trophic level.  Weighted mean values for groups of amino acids werecalculated:
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where δ15Nx is the nitrogen isotopic composition of a specified amino acid within thegrouping and σx is the standard deviation of the specific amino acid.  Using three trophic
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amino acids (Ala, Leu, Glu) and three source amino acids (Gly, Lys, Phe), the difference inδ15N values is calculated:
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N are the weighted mean values of trophic and source amino acidgroups, respectively.Given the uncertainty in TEF, all trophic position calculations including those usingglutamic acid and phenylalanine and the difference between weighted means of trophic andsource amino acids are considered relative, but allow comparison of the trophic ecology offish communities. The uncertainty in trophic position was estimated using propagation ofmeasured analytical uncertainty and the variations in published estimates of TEF and β(Dale et al. 2011, Blum et al. 2013).

Statistical AnalysisTo understand the trophic ecology of fish species within the two depth rangesstudied, we performed regression analyses on nitrogen and carbon isotopic values as afunction of fish length.  ANCOVA tests were performed to compare the isotopiccompositions of individual fish species from mesophotic and euphotic depths (independentvariables) with standard length as a covariate.  Where no significant regressions werefound, groups were compared using a t-test (for normally distributed samples) or a Mann-Whitney U test.Principal component analyses (PCA) were used to compare differences in δ13C andδ15N values across species, feeding guilds, and depth locations.  PCA were conducted onisotope values, all of which were normalized by their standard deviation:
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where Nδz is the normalized δ13C or δ15N value, δz is the measured isotope value and σ isthe standard deviation.  This transformation was chosen to minimize the effect of large
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differences in δ15N values of trophic amino acids (up to 28‰) compared to bulk muscletissue (δ13C: 9‰, δ15N: 6‰) and δ15N values of source amino acids (less than 15‰) aminoacids. All statistical analyses were performed using Matlab R2010b or R2012b.
Results

Collections756 reef fishes from among 45 species, 30 genera and 18 families were collected offthe coasts of Maui and Oahu from 2008 to 2011.  Of these, 24 species from 7 families wereselected for further comparison because they were abundant in both deep and shallow reefcommunities (Table 1).  This resulted in 366 samples for bulk stable isotope analysis, 84 ofwhich were chosen for AA-CSIA.  Using results of published stomach content analysis (SCA)and observational studies (Randall 1967, Hobson 1975, Harmelin-Vivien 1979, Sano 1984,Randall 1985, Masuda & Allen 1993, Lieske & Myers 1994, Randall 1998), species weregrouped into feeding guilds of omnivores (consisting of a single species, C. potteri), benthicinvertivores, planktivores, and piscivores.
Bulk Tissue Isotopic AnalysisCarbon isotopic values of mesophotic and euphotic fishes had similar ranges (-13.5to -20.9‰ and -12.5 to -19.6‰, for mesophotic and euphotic, respectively), but haddifferent means (Table 2, t-test, p < 0.05 for both Oahu and Maui).  Similarly, carbon isotopicvalues overlapped for all feeding guilds across the two depth ranges but significantdifferences were found (Fig. 1).  Ranges of δ13C values in planktivorous fish were smallerthan those of benthic invertivores in both shallow and deeper communities (Table 2).Omnivores showed a greater range in carbon isotopic composition at euphotic depths thanat mesophotic depths.Omnivore δ13C values did not show significant trends with increasing standardlength (linear regression, p>0.05) and were not significantly different between islands ateither depth (Mann-Whitney U, p=0.78 and p=0.76 for euphotic and mesophotic depths).Data were pooled across the islands and results of a t-test revealed significantly lower δ13Cvalues for mesophotic individuals compared to euphotic individuals (p=0.0007; Table 2).Significant differences in δ13C values were found between depths for benthicinvertivores but not in planktivores (Table 2).  Carbon isotopic composition of both feeding
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Mesophotic EuphoticFeedingGuild SampleSize(Maui/Oahu)
MeanSL(mm) MeanWt.(mg) SampleSize(Maui/Oahu)

MeanSL(mm) MeanWt.(mg)
Apogonidae 17/1 3/0

Apogon deetsie I 3/0 68.3 10.0
Apogon sp. I 3/0 90.0 18.8
Pristiapogon kallopterus I 6/0 106.3 42.6
Ostorhinchus maculiferus I 8/1 105.1 39.4Aulostomidae 1/0 0/0
Aulostomus chinensis PI 327.0 65.1

Chaetodontidae 6/27 12/37
Chaetodon miliaris PK 3/18 113.6 73.7 6/25 108.7 62.1
Forcipiger flavissimus I 0/7 4/12 120.9 25.8
F. longirostris I 3/2 131.7 30.3 2/0 156.5 54.1Congridae 4/0 0/0
Conger marginatus PI 1/0 *530.0 275
C. oligoporus PI 2/0 448.8 173.7
C. sp. PI 1/0 *368.0 75.1Fistulariidae 1/0 0/0
Fistularia petimba PI ** †Gobiidae 7/0 0/0
Priolepis aureoviridis n/a 2/0 66.0 7.2
Trimma milta I 3/0 18.0 †
T. taylori I 2/0 17.0 †

Holocentridae 23/19 12/24
Myripristis berndti PK 0/14 4/3 152.0 90.2
M. chryseres PK 11/2 137.7 121.8
M. kuntee PK 0/5 121.8 71.1
Plectrypops lima PK 1/0 116.0 68.0
Sargocentron diadema I 3/3 113.2 †
S. ensifer I 6/0 161.1 139.6
S. xantherythrum I 5/3 107.8 38.5 5/13 98.1 25.6

Labridae 8/0 10/5
Cirrhilabrus jordani PK 3/0 40.7 2.1
Labroides pthirophagus C 1/0 62.0 5.1 1/0 50.0 2.7

Table 5.1. Numbers of fish species (Maui/Oahu), mean standard length, in mm, and weigh,
in mg, collected at two depth ranges in the Au’au Channel, Maui, and the south shore of
Oahu, Hawaii. Feeding guilds are labeled I: invertivore, PI: piscivore, PK: planktivore, C:cleaner, O: omnivore. Family names in boldface type are those selected for further analyses.
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Pseudocheilinus evanidus I 4/0 41.8 7/5 60.3 4.7
P. octotaenia I 2/0 85.0 13.5

Mullidae 12/1 7/7
Parupeneus multifasciatus I 12/1 154.4 57.0 4/7 156.0 92.5
P. porphyreus I 3/0 193.0 †Muraenidae 2/0 0/0
Gymnothorax kikado PI 1/0 *160.0 4.9
G. sp. PI 1/0 *410.0 197.0Ophidiidae 1/0 0/0
Brotula multibarbata I 207.0* 66.6Pinguipedidae 2/0 0/0
Parapercis shauinslandii PK 58.0 4.4

Pomacanthidae 16/3 5/10
Centropyge potteri O 82.2 31.9 67.7 18.7

Pomacentridae 13/12 20/15
Chromis hanui PK 2/0 55.5 9.0
C. lecura PK 1/1 54.0 9.1
C. verater PK 6/11 133.6 106.8 4/7 126.3 110.4
Dascyllus albisella PK 6/0 80.2 32.4 14/8 86.6 32.9Scorpaenidae 3/0 0/0
Iracundus signifier PI 1/0 135.1 123.7
Scorpaenopsis cacopsis PI 1/0 205.0 903.3
S. nsp. PI 1/0 100.0 25.2Serranidae 17/0 0/0
Odontanthias fuscipinnis PK 1/0 121.0 66.7
Pseudanthias hawaiiensis PK 14/0 52.3 6.2
Pseudogramma
polyacanthum

PK 2/0 52.5 3.1Trachichthyidae 1/0 0/0
Aulotrachichthys heptalepis n/a 69.0 11.0

*	SL	unavailable,	TL	provided.	**	All	length	measurements	unavailable.	†	No	weight	available.
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Figure 5.1. Carbon isotopic values in fishes at two depth ranges versus standard
length (in mm). δ13C values of a) omnivores, b) benthic invertivores, and c)planktivores from euphotic (unfilled symbols) and mesophotic (filled symbols) depths.Significant regressions (p<0.05) are shown where present for mesophotic (thick) andeuphotic (dashed) fish.
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c
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δ13C δ15NMean Maui Mean Oahu Mean All Min Max Mean Maui Mean Oahu Mean All Min MaxEuphotic Omnivores -18.1 ± 1.5 -17.6 ± 0.6 -17.8 ± 1.0 -19.6 -16.1 7.8 ± 0.6 7.8 ± 0.2 7.8 ± 0.4e 6.9 8.2Planktivores -17.1 ± 0.5b -17.6 ± 0.3bd -17.4 ± 0.5 -18.3 -15.9 8.0 ± 0.3 8.3 ± 0.5 8.2 ± 0.5 7.5 8.6BenthicInvertivores -15.1 ± 1.6 -15.6 ± 0.8 -15.4 ± 1.2a -18.2 -12.5 8.7 ± 0.9 9.1 ± 0.7 9.0 ± 0.8 6.8 10.6Piscivores -13.3 ± n.sd nc -13.3 ± n.sd -- -- 10.9 ± n.sd nc 10.9 ± n.sd -- --Mesophotic Omnivores -18.8 ± 0.8 -18.8 ± 0.7 -18.8 ± 0.7 -20.9 -18.0 7.2 ± 0.8 7.5 ± 0.3 7.3 ± 0.8e 6.2 9.2Planktivores -18.1 ± 0.7c -17.3 ± 0.4cd -17.7 ± 0.7 -19.3 -16.8 8.0 ± 0.7 8.2 ± 0.5 8.1 ± 0.6 7.0 9.6BenthicInvertivores -17.0 ± 0.9 -16.5 ± 0.6 -16.9 ± 0.8a -18.2 -13.5 8.9 ± 1.0 9.4 ± 0.4 9.0 ± 0.9 7.2 10.8Piscivores -16.9 ± 0.6 nc -17.9 -16.0 9.1 ± 1.0 nc 9.1 ± 1.0 8.1 12.0

Table 5.2. Range and mean values of 13C and 15N in bulk tissue isotopic analyses of euphotic and mesophotic fish communities from the
Oahu south shore and Au’au Channel, Maui, Hawaii. Values sharing the same superscript were significantly different.

n.sd – solitary sample, no standard deviation calculated, nc – none collected
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guilds increased significantly with increasing standard length (Fig.1, linear regression,p<0.05).  In benthic invertivores, analysis of covariance revealed no significant differencesbetween islands (euphotic invertivores: df=1, F=0.01, p=0.94, mesophotic invertivores:df=1, F=0.01, p=0.92) or between slopes (df=1, F=2.54, p=0.11), but the intercept wassignificantly higher for euphotic benthic invertivores (df=1, F=90, p=0.00; Fig. 1).  Islanddifferences were found in the intercepts of carbon isotopic composition versus standardlength in planktivores (euphotic: df=1, F=34.7, p=0.00, mesophotic planktivores: df=1,F=12.2, p=0.00).  The carbon isotopic compositions of planktivores from euphotic depthswere not significantly different from mesophotic depths on Maui, but were higher inmesophotic fish on Oahu (df=1, F=0.49, p=0.49, and df=1, F=46.6, p=0.00, for Maui andOahu, respectively).Bulk tissue δ15N values ranged from 6.2 to 12.0‰ in mesophotic fish and from 6.8to 10.6‰ in euphotic reef fish (Table 2).  Euphotic omnivore δ15N values were slightly, butsignificantly higher than mesophotic omnivores (t-test, p>0.002).  However, no significantdifferences for the overall populations of invertivores and planktivores were found betweendepths (ANCOVA, invertivores: df=1, F=0.30, p=0.58 and df=1, F=0.22, p=0.64, andplanktivores: df=1, F=0.51, p=0.48 and df=1, F=0.02, p=0.89, for Oahu and Maui,respectively).  Comparisons of piscivorous fish between depths and islands were notperformed due to lack of collection from Oahu, and limited collection at euphotic depths(Table 2).  The lack of differences in δ15N values between depths in some feeding guilds wasdissimilar to results from δ13C values. However, a similar pattern emerged in that ranges ofboth carbon and nitrogen isotopic compositions were the greatest in benthic invertivores.Plots of δ13C versus δ15N show a near complete overlap of carbon and nitrogenisotope values in planktivores from mesophotic and euphotic depths (Fig, 2).  Conversely,both benthic invertivores and omnivores exhibit lower overlaps in isotopic composition.Slightly higher carbon isotopic values distinguished euphotic benthic invertivores visuallyfrom mesophotic counterparts (Table 2, Fig. 2).  In contrast, mesophotic omnivores wereslightly depleted in 15N and 13C compared with omnivores from euphotic depths.
Compound Specific Isotopic Analysis of Amino Acids (AA-CSIA)AA-CSIA data was obtained for 82 samples, 43 from euphotic and 39 frommesophotic depths.  14 species from seven families were separated into 10 groups at each
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Figure 5.2. Bulk muscle tissue carbon-nitrogen biplot of different feeding guilds at
two depths. Isotopic composition of carbon versus nitrogen isotopic compositions in a)omnivores, b) benthic invertivores, and c) planktivores from euphotic (unfilled symbols)and mesophotic (filled symbols) depths.

a
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depth; families containing representatives from more than one genus were broken intomultiple groups.  Amino acid δ15N values ranged from 5.5‰ (methionine) to 27.8‰(alanine) for trophic amino acids (alanine, valine, leucine, isoleucine, proline, aspartic acid,methionine, glutamic acid, and tyrosine) and -8.1‰ (glycine) to 12.3‰ (histidine) forsource amino acids (glycine, serine, phenylalanine, lysine, and histidine).   Averageindividual amino acid nitrogen isotope values for each species group are listed formesophotic and euphotic depths in Appendix A.  Seven amino acids were chosen for furtheranalysis. Three trophic amino acids, glutamic acid (Glu), alanine (Ala), and leucine (Leu) andthree source amino acids, phenylalanine (Phe), glycine (Gly), and Lysine (Lys), were chosendue to their prevalence in previous literature as reliable representatives from each group.Threonine (Thr) was also chosen as it has shown unique 15N depletion relative to all otheramino acids (Hare et al. 1991, Sherwood et al. 2011) across trophic levels, but does notconform to the definition of trophic or source amino acid.For the majority of source and trophic amino acids, δ15N values were notsignificantly different between depths (t-test, p>0.05) for any taxon (Table 3).  Thr δ15Nvalues for Centropyge (Pomacanthidae) and Sargocentron (Holocentridae) weresignificantly lower in mesophotic fish compared to euphotic fish (Mann-Whitney U, p<0.05).All three source amino acids were similar between depths, with the exception of Lys, whichhad δ15N values significantly higher in mesophotic mullids (Mann-Whitney U, p<0.05).Significant depletions in 15N of trophic amino acids Glu and Leu were found in Chromis(Pomacentridae) at mesophotic relative to euphotic depths.Grouped by feeding guild (omnivore, benthic invertivore, and planktivore),differences were mainly seen between islands rather than depths for weighted meanisotopic composition of source amino acids, δ15Ns̅r̅c̅	(Table 3).  No significant linearcorrelations (p>0.05) with standard length were found for any feeding guilds (Fig. 3).Neither island nor depth resulted in significant differences in omnivore source amino acidδ15N values.  Higher δ15Ns̅r̅c̅ values were found on Oahu compared to Maui in mesophoticbenthic invertivores and planktivores from both depths (Mann-Whitney U, p < 0.05).Euphotic benthic invertivores had source amino acid δ15N values significantly higher thantheir mesophotic counterparts on Maui (mean: 2.6 ± 1.2‰ and 1.4 ± 1.5‰, for euphoticand mesophotic, respectively, Mann-Whitney U, p<0.05), but not significantly different than
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Taxon Trophic Amino Acids MeanTrophic ±SD Source Amino Acids MeanSource ±SDDepth n Glu ± SD Ala ± SD Leu ± SD Phe ± SD Gly ± SD Lys ± SD Thr ± SD
Chaetodontidae
Chaetodon

M 3 16.5 ± 3.5 19.2 ± 2.6 16.5 ± 2.3 17.3 ± 2.2 2.4 ± 1.9 2.9 ± 0.8 1.0 ± 0.7 1.7 ± 0.7 -13.5 ± 2.0E 3 15.0 ± 0.7 18.1 ± 0.9 14.7 ± 0.7 15.2 ± 0.9 1.4 ± 0.3 2.8 ± 0.0 0.8 ± 1.1 1.3 ± 0.5 -18.5 ± 0.7Chaetodontidae
Forcipiger

M 7 18.3 ± 2.2 21.5 ± 2.3 19.7 ± 2.5 19.5 ± 2.4 2.5 ± 2.2 0.9 ± 2.9 1.6 ± 1.4 2.0 ± 1.9 -19.1 ± 3.1E 3 20.5 ± 0.4 23.4 ± 0.3 20.0 ± 1.5 21.2 ± 0.5 2.6 ± 2.6 2.0 ± 0.0 3.5 ± 0.3 2.8 ± 1.3 -22.6 ± 4.8Labridae
Pseudocheilinus

M 3 18.0 ± 0.7 20.6 ± 0.5 17.2 ± 0.8 18.4 ± 0.9 1.9 ± 1.8 4.0 ± 1.6 2.5 ± 0.5 2.7 ± 0.5 -14.7 ± 0.7E 3 18.1 ± 1.0 22.4 ± 2.6 18.3 ± 0.7 18.5 ± 0.7 1.5 ± 0.8 4.0 ± 2.0 2.0 ± 0.9 2.0 ± 1.2 -22.0 ± 5.2Labridae
Labroides

M 1 21.6 ± n.sd 27.8 ± n.sd 23.2 ± n.sd 22.5 ± n.sd 4 ± n.sd -0.4 ± n.sd 3.8 ± n.sd 3.8 ± n.sd -20.2 ± n.sdE 1 23.1 ± n.sd 27.2 ± n.sd 22.4 ± n.sd 23.7 ± n.sd -0.2 ± n.sd -8.1 ± n.sd 1.2 ± n.sd -2.2 ± n.sd -32.6 ± n.sdHolocentridae
Myripristis

M 5 18.6 ± 1.5 20.9 ± 2.9 18.2 ± 2.1 18.9 ± 1.6 2.5 ± 2.9 1.2 ± 3.8 0.9 ± 0.7 1.5 ± 2.6 -22.3 ± 1.9E 5 17.8 ± 1.3 21.1 ± 2.8 17.5 ± 2.1 18.5 ± 2.0 0.6 ± 0.9 -2.1 ± 0.7 0.7 ± 0.6 -0.3 ± 0.6 -24.2 ± 3.4Holocentridae
Sargocentron

M 4 19.2 ± 0.7 22.4 ± 2.4 19.4 ± 0.8 19.8 ± 0.4 2.6 ± 0.2 4.3 ± 2.6 1.9 ± 0.9 3.0 ± 1.9 -18.7 ± 2.5E 5 20.6 ± 0.9 22.7 ± 1.5 21.4 ± 1.4 21.3 ± 0.8 2.4 ± 1.6 1.3 ± 2.3 1.0 ± 1.5 1.9 ± 1.3 -24.5 ± 2.8Mullidae
Parupeneus

M 4 16.6 ± 0.7 19.7 ± 1.5 16.1 ± 1.2 16.6 ± 1.6 2.0 ± 0.9 2.4 ± 0.4 3.2 ± 1.0 2.6 ± 0.3 -13.1 ± 2.6E 4 17.6 ± 0.3 19.8 ± 0.8 16.4 ± 0.5 17.3 ± 0.4 1.1 ± 0.2 1.9 ± 1.5 0.9 ± 1.0 1.0 ± 0.4 -17.2 ± 3.5Pomacanthidae
Centropyge

M 7 15.6 ± 0.6 16.4 ± 1.4 15.4 ± 0.6 15.4 ± 0.6 2.7 ± 0.6 4.3 ± 2.1 2.9 ± 0.9 2.9 ± 0.6 -3.7 ± 1.6E 9 15.2 ± 1.6 17.3 ± 1.4 14.3 ± 0.9 15.2 ± 1.3 1.9 ± 0.9 3.1 ± 2.2 3.0 ± 1.1 2.4 ± 0.8 -8.5 ± 1.8Pomacentridae
Chromis

M 3 16.8 ± 0.9 18.9 ± 1.5 16.1 ± 0.4 17.1 ± 0.7 0.4 ± 0.3 0.4 ± 2.3 0.1 ± 0.9 0.1 ± 1.1 -19.1 ± 1.3E 3 18.9 ± 0.5 19.9 ± 0.2 18.9 ± 1.6 18.9 ± 0.4 0.4 ± 1.2 -0.3 ± 1.1 0.9 ± 1.1 0.1 ± 0.8 -19.4 ± 4.2Pomacentridae
Dascyllus

M 4 18.8 ± 0.3 21.5 ± 0.7 18.8 ± 1.0 19.0 ± 0.2 1.9 ± 0.4 1.7 ± 0.1 0.8 ± 0.0 1.6 ± 0.1 -17.2 ± 0.5E 2 18.0 ± 1.1 21.8 ± 4.5 17.7 ± 2.7 18.6 ± 2.4 0.4 ± 0.7 3.4 ± 0.7 1.3 ± 0.8 1.4 ± 0.9 -13.4 ± 4.9

Table 5.3.  δ15N values of select amino acids for 10 family groups of mesophotic (M) and euphotic (E) fish from Oahu and Maui, Hawaii. Boldvalues signify significant differences found between depths for selected amino acids or amino acid groups.

n.sd. – single sample, no standard deviation calculated. Sample sizes given (n) are from both Maui and Oahu islands.  Standard deviations of themean are given.  Mean trophic and mean source values are calculated as a weighted mean (see methods).
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Figure 5.3. Source amino acid δ15N values and trophic positions in mesophotic and euphotic reef fishes. Relationship betweenstandard length (mm) and (a,b,c) source amino acid nitrogen isotopic composition or (d,e,f) CSIA derived trophic position in (   ) euphotic and(  ) mesophotic omnivores, (  ) euphotic and (  ) mesophotic benthic invertivores, and (  ) euphotic and (  ) mesophotic planktivores.Significant differences in source amino acid isotopic values are given by separate symbols for Oahu in b) for (  ) mesophotic invertivores, andin c) for (  ) euphotic and (  ) mesophotic planktivores.
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those on Oahu.  Despite differences between islands, planktivores showed no significantdifferences between depth groupings.Trophic position calculated from AA-CSIA, TPGlu-Phe, and the difference between theisotopic compositions of trophic and source amino acids, ΔδTS, provided two methods forassessing differences in trophic fractionation between depths in each feeding guild.  TPGlu-Phe(Eq. 2) is simply trophic fractionation estimated using the difference in nitrogen isotopiccomposition of Glu and Phe divided by a constant, while ΔδTS (Eq. 4) uses a combination oftrophic and source amino acids and eliminates the constant.  Similar to source amino acids,TPGlu-Phe showed no significant relationship with increasing fish standard length regardlessof feeding guild (Fig. 3).   No significant differences were found between islands for trophicposition in any feeding guilds (Table 4).  Between depths, however, trophic positions (TPGlu-Phe) of mesophotic benthic invertivores were slightly but significantly higher than thosefrom euphotic depths (mean: 2.8 ± 0.3 and 2.6 ± 0.3 for mesophotic and euphotic,respectively, Mann-Whitney U, p<0.05).  ΔδTS values were lowest in omnivores (mean: 11.8± 1.2‰) and were not significantly different between depths (Table 4).  Mesophotic benthicinvertivores (mean: 16.3 ± 2.9‰) had higher values than euphotic fish (mean: 15.1 ± 2.0‰,t-test, p=0.05).  Given the large standard deviations, planktivores, which had intermediateΔδTS values (mean: 15.8 ± 1.9‰), were not significantly different than either mesophotic oreuphotic invertivores (p=0.34 and p=0.08, for mesophotic and euphotic, respectively).Results of PCA using Nδ13C, Nδ15Ns̅r̅c̅, Nδ15NThr, and NTPGlu-Phe values resulted in threesignificant principal components which explained 93.0% of the variance in the data.  A weakseparation of mesophotic and euphotic fish could be seen in the biplot of PC1, mainly drivenby trophic position and δ15Ns̅r̅c̅, vs. PC2 (Fig. 4).   A somewhat clearer separation of benthic

TPGlu-Phe ΔδTSMaui Oahu Maui OahuOmnivores M 2.3 ± 0.4 2.2 ± 0.4 11.9 ± 1.3 11.9 ± 1.3E 2.2 ± 0.4 2.2 ± 0.4 12.0 ± 1.3 11.0 ± 1.3Planktivores M 2.8 ± 0.5 2.5 ± 0.4 15.3 ± 1.3 17.2 ± 1.3E 2.6 ± 0.5 2.7 ± 0.5 15.9 ± 1.3 16.1 ± 1.4BenthicInvertivores M 2.9 ± 0.5 2.7 ± 0.5 16.8 ± 1.4 13.9 ± 1.4E 2.7 ± 0.5 2.6 ± 0.5 15.3 ± 1.3 14.4 ± 1.4

Table 5.4.  Trophic position (TPGlu-Phe) and trophic fractionation
(ΔδTS) plus standard deviations in three fish feeding guilds at two
depths, mesophotic (M) and euphotic (E) on Maui and Oahu, Hawaii.
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Figure 5.4. Principal component analysis (PCA) of mesophotic and euphotic reef
fish normalized δ13C, δ15Nsrc, δ15NThr values and trophic position (TP). Biplots of (A)first two PCA axes and (B) PCA axes 2 and 3 showing scores for (  ) euphotic and (  )mesophotic planktivores, (  ) euphotic and (  ) mesophotic omnivores, and (  ) euphoticand (  ) mesophotic benthic invertivores.
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feeding guilds by depth was produced by the interaction of PC2 and PC3 (Fig. 4b).  PC2 wasmainly influenced by values of δ13C and δ15NThr, PC3 by values of δ15NThr and δ15Ns̅r̅c̅.
DiscussionThe mesophotic reef fish community of the Au’au Channel in Maui, Hawaii, hassimilarities to that of the neighboring euphotic reefs, in resident species (Boland & Parrish2005) and, as found in this study, trophic ecology.  Trophic levels of conspecifics wereshown to be similar at each depth although differences in source nitrogen isotopic valueswere observed (Fig. 3).  Significant differences in bulk tissue δ13C values (Fig. 1) betweendepths also suggested carbon nutrient resources at the base of the benthic-associated fishfood web are different in these two environments.
Baseline Nutrient ShiftsDifferences in baseline nutrients can be detected using carbon isotopic compositionof bulk muscle tissue and the δ15N values of source amino acids because both change littlethrough food webs (Peterson & Fry 1987, McClelland & Montoya 2002, Post 2002, Popp etal. 2007, Chikaraishi et al. 2009, Chikaraishi et al. 2010).  Results from the PCA revealed theinfluence of both bulk tissue δ13C values and source amino acid δ15N values in separatingmesophotic and euphotic dwelling fishes belonging to the benthic invertivore and omnivorefeeding guilds (Fig. 4).  Planktivores, however, showed no differences in baseline carbonand nitrogen between the depth ranges studied.The overlap of isotopic values of carbon and nitrogen between mesophotic andeuphotic planktivorous fish suggests utilization of similar carbon and nitrogen resourcesand suggests feeding on the same or similar food resources.  For planktonic animals, thehorizontal and vertical separation between euphotic and mesophotic systems is probablysmall and the community is probably similar.  Diurnal horizontal migrations of zooplanktonoccur along the island shelf in the Hawaiian Islands (Benoit-Bird et al. 2008).  Additionally,the fluctuation and breaking of internal tides is observed to be a large transporter ofplankton across depths (Leichter et al. 1998).  It is reasonable that a combination of bothzooplankton migration and advection has resulted in a fairly uniform planktonic foodsource between mesophotic and euphotic depths off Hawaii.
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Decreases in the carbon isotopic composition with increasing depth in sessilephotoautotrophs has been shown and attributed to increased isotopic discrimination fromdecreased photosynthesis in low light conditions (Muscatine et al. 1989).  It is possible thatdifferences seen in carbon isotopic composition of benthic feeding fishes reflect this changein the δ13C values of sessile photoautotrophs (Fig. 1).  Source amino acid δ15N differencescreate an additional complication and cannot be explained by fractionation alone.  Low lightconditions may result in a larger nitrogen isotope fractionation in primary producers thatutilize nitrate and that are growing under light limitation (Needoba et al. 2004).  However,this larger net isotope fractionation will occur only if nitrate concentrations are in excess ofthat utilized.  That is, if all available nitrate in the environment is utilized, isotope massbalance dictates that there will be no net fractionation. However, significant enrichment of15N in source amino acids was seen in euphotic invertivores relative to mesophoticinvertivores, and light limitation would not be expected to impact nitrogen isotopicfractionation in shallow sessile photoautotrophs. In addition, no significant differences werefound in the δ15N values of source amino acids in omnivores (Fig. 3), indicating thatdifferences in the isotopic fractionation associated sessile photoautotrophs with depth islikely not the cause of nitrogen isotopic differences in benthic invertivores between depths.A potential differing source of nitrogen could be upwelling of deep water nitrateenriched in 15N.  Athough nutrient sources in shallow water reefs are commonlyautochthonous (Kleypas et al. 1999), the presence of internal tides propagating along thethermocline can transport additional allochthonous nutrient inputs through transientupwelling events (Leichter et al. 1998, Leichter & Genovese 2006, Lesser et al. 2009).Seasonal thermoclines in the main Hawaiian Islands are found between 60 and 120m (Grigg2006, Kahng & Kelley 2007), the approximate depth range of local MCEs.   Localizedupwelling around the thermocline has been hypothesized to be instrumental in increasingnutrients concentrations in these low light environments, enhancing primary productivityand subsequently encouraging an increased abundance of mesophotic taxa (Kahng & Kelley2007).  Additionally, the δ15N value of deep-water nitrate increases by up to 6‰ with depthin the pelagic ocean north of Oahu (Casciotti et al. 2008) so it is possible that upwellingevents may result in the delivery of 15N-enriched nitrate to the base of the mesophotic foodweb.  While internal tides have not been directly measured in the Au’au Channel, currentand temperature measurements in the MCE indicate their presence (C.Bradley unpubl.



104

data).  Time series temperature data in the Au’au channel has revealed episodic pulses ofcold water to mesophotic depths (C. Bradley unpubl. data), similarly to those observed onreef slopes that have been attributed to deep water upwelling (Leichter & Genovese 2006,Sevadjian et al. 2012).Upwelled nitrogen would be expected to increase the δ15N values of benthic-associated taxa compared to those higher in the water column, which is observed inomnivores compared to planktivores (mean δ15Ns̅r̅c̅: 2.7 ± 0.7 ‰ and 1.2 ± 1.5‰,respectively).  However, this 15N enrichment was not apparent in mesophotic benthicinvertivores (1.7 ± 1.6‰), which had statistically similar δ15N values to planktivores.Instead, benthic invertivores from euphotic depths were enriched in 15N (2.6 ± 1.2‰)relative to mesophotic invertivores and not significantly different from all omnivores, fromboth euphotic and mesophotic depths.  This suggests that the source of nitrogen found inmesophotic waters may not be distinct from shallower waters, but that a nutrient sourcefrom the planktonic food web is being utilized by the benthic food web at mesophoticdepths.  Although isotope fractionation can be variable across taxa (Muscatine et al. 1989,Needoba & Harrison 2004), which could account for isotopic differences seen in somebenthic-feeding fish and not others, it is also possible that either reduced benthic primaryproduction or lack of palatable algae is creating a coupling of the planktonic and benthicfood webs in mesophotic environments.
Shifts in Trophic PositionTrophic levels did not vary between euphotic and mesophotic depths for omnivoresand planktivores (Fig. 3), indicating that any potential changes in baseline nutrients havenot affected their position within a food web.  A small, statistically significant difference introphic position does exist between benthic invertivore feeding guilds from mesophotic andeuphotic depths which could be driven by a number of factors.  Reduced consumption ofmacroalgae by grazers, both vertebrate and invertebrate, as has been documented in otherMCEs (Brokovich et al. 2010, Garcia-Sais 2010), which could impact benthic associated foodwebs, driving diet changes to higher trophic level prey items and subsequently impactingtrophic levels of consumers.  The difference of 0.2 trophic levels in benthic invertivores canbe traced to a change in ΔδTS of 1.2 ± 3.5‰ between euphotic and mesophotic depths.Feeding guilds contained the same representation of genera at each depth, with few
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differences at the species level.  Therefore, differences in fractionation between trophic andsource amino acids is probably not from physiological differences, but from differences indiet, either to prey items from differing trophic levels, or to a different food web.While results of isotope analyses can be used to evaluate differences in trophicposition or chemical baselines, differences in prey composition may occur and these arebest investigated using stomach content analyses (SCA).  Published SCA of the fishescollected in this study are limited, especially for targeted mesophotic representatives(Randall 1967, Hobson 1975, Harmelin-Vivien 1979, Sano 1984, Randall 1985, Masuda &Allen 1993, Lieske & Myers 1994, Randall 1998).  We examined the stomach content of thespecimens collected but most were everted or damaged during collection.  The lack ofcomprehensive information on feeding habits of mesophotic reef fishes in the HawaiianIslands prevents us from identifying the cause of the trophic position differences in benthicinvertivores between depth ranges studied and more generally a more completecomparison of trophic ecology between depths.
Implications for Coral Reef ManagementIn fisheries management there is an increasing awareness of the need to take anecosystem approach (Polovina 1984, Pikitch et al. 2004, Gascuel and Pauly 2009).Movement of biomass through an ecosystem is modeled ‘flowing’ through trophic levels andlost to either natural mortality or removal from the system (Gascuel & Pauly 2009).  Thisform of modeling has become widespread to predict factors influencing changes toecosystems and fisheries.  In the case of Hawaiian coral reef habitats, models need to reflectthe differences in food webs between the mesophotic and euphotic depths and results hereplace important constraints on model output and assumptions (Fig. 5). Our results indicatethat the differences in the trophic positions of fishes at mesophotic and euphotic are smallto nonexistent so models that predict the trophic levels of fishes as an output can be guidedby our findings.  Changes at the base of the food web from one including both algal andphytoplankton primary production in shallow waters, to one primarily driven by theplanktonic sources, could have far-reaching implications.  Macroalgae production andgrazing are major components of shallow water coral-reef ecosystems, and the stability ofthese ecosystems has been linked to the stability of grazer populations (Jackson et al. 2001).Mesophotic fish populations are clearly lacking herbivores (Brokovich et al. 2010), and
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Figure 5.5. Revised coral reef food web including mesophotic and euphotic depths. Diagram of food web for Hawaiian Islands ofMaui and Oahu.  Functional groups are shown by trophic position.  Energy flow is depicted for each depth grouping with generalnutrient inputs, carbon (C) and nitrogen (N), at the base of the diagram.
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unfortunately this study was not able to compare any herbivore conspecifics betweendepths.  Therefore it is difficult to determine the nature of the effects of the mesophotic shiftto planktonic food sources, but it is clear that there are functional differences betweendepths.  The impact of a 0.2 trophic level shift in mesophotic benthic invertivores, throughlengthening of the food web, could potentially result in a less productive ecosystem.However, without information on the specific sizes of nutrient pools in the twoenvironments, it is impossible to determine the extent of that change in productivity withmuch certainty.Despite differences, mesophotic and euphotic coral-reef ecosystems in the mainHawaiian Islands are not completely separate from one another in terms of their ecology.  Abetter understanding of the movement of large, mobile predatory fishes between the twodepths is also required to fully determine this link, but there are common energy pathwaysand trophic relationships between fish populations in both ecosystems (Fig. 5).  Formanagement of Hawaiian reef fisheries, this link must be reflected while still acknowledgingthat parts of the system are separate.  The benthic invertivore functional group may need tobe split in to two groups for mesophotic and euphotic habitats, reflecting a difference introphic level, and the potential for different nutrient inputs into the two ecosystemswarrants further investigation to determine the impact of this change.Understanding the ecology of MCEs and the connectivity to shallow waters is criticalto their assessment and evaluation as refugia (Glynn 1996, Riegl & Piller 2003, Lesser et al.2009, Bongaerts et al. 2010, Hinderstein et al. 2010).  Typically, connectivity betweenhabitats in juvenile and adult fish is determined by movement into and out of an area andmodeled as a diffusion across a boundary (Botsford et al. 2009).  However, in the case of theMCEs on Oahu and Maui, connectivity between euphotic and mesophotic fish populationsappear to be the result of a physical environment connecting food sources rather thanactual movement of fish.  Still, in both types of connectivity, resources are shared andsustainability can be affected.  While random movement into and out of a protected area canhave negative effects on sustainability and yield, the effects of established movementswithin a home range have not been studied (Botsford et al. 2009).  Managing Hawaiian coralreef fisheries will require a better understanding of how shared resources between spatiallydistinct habitats can impact the ecosystem.  Additionally, further studies are needed, in
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particular stomach content analyses, to fully understand the complexities of the nutritionalecology of mesophotic fish.
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CHAPTER 6

Conclusions
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The use of stable isotope analysis (SIA) in trophic ecosystem studies is avaluable tool because of the integration of diet information over time and relativepredictability of isotopic fractionation by biochemical processes.  Resolving some ofthe shortcomings of bulk material SIA, the application of compound specific isotopicanalysis of amino acids (AA-CSIA) to food webs elucidates not only diet informationof target organisms, but also yields knowledge of baseline nutrients and potentialtrophic interactions (McClelland & Montoya 2002, McClelland et al. 2003, McCarthyet al. 2004, Chikaraishi et al. 2007, McCarthy et al. 2007, Popp et al. 2007,Chikaraishi et al. 2009, Hannides et al. 2009, Lorrain et al. 2009, Chikaraishi et al.2010, Decima et al. 2013, McCarthy et al. 2013).  Although the technique has beenaround for several decades (Macko et al. 1987, Hare et al. 1991, Metges et al. 1996,Uhle et al. 1997), only recently has it gained considerable attention for use introphic studies, giving rise to a need to better define the parameters of its use,including limitations, in order to strengthen the interpretation of results.The research presented in this dissertation consists of several steps towardglobal application of AA-CSIA in trophic ecosystem studies. In marineenvironments, which can vary greatly through time and space, the use of AA-CSIA islimited by the rates of change of the isotopic compositions of amino acids making upthe protein in animal tissues (Chapter 2) and requires greater knowledge of theisotopic fractionation which creates separate groups of amino acids (Chapter 3).Still, the application of AA-CSIA to trophic ecosystems studies can greatly enhanceknowledge of food web dynamics, especially in areas where collection of largenumbers of specimens is difficult due to remote locations or other limitations(Chapters 4 & 5).Isotopic fractionation within an organism is governed by biochemicalprocesses which discriminate between heavy and light isotopes and result indifferences in the isotopic composition of substrate and product.  The effect of theseprocesses on the isotopic composition of a tissue can be predictable but are oftenvery complex due to the existence of multiple catabolic and metabolic pathways.
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The limitation of a global application of stable isotope analysis to ecosystem studieslies in the consistency of fractionation across multiple taxa, as well as its stability orpredictability over time within a single organism.  Both incorporation rates andisotopic discrimination in bulk muscle tissue have been shown to vary among taxaand tissues (Pinnegar & Polunin 1999, Bosley et al. 2002, Logan et al. 2006, MacNeilet al. 2006, Guelinckx et al. 2007, Vollaire et al. 2007, Sinnatamby et al. 2008, Wyattet al. 2010, del Rio & Carleton 2012, Madigan et al. 2012b), presenting a problematicoutlook on the state of stable isotope analysis within ecological research.Results of AA-CSIA have been used to estimate trophic position (TP) from the
δ15N values of Glu and phenylalanine (Phe)
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where β is the difference in nitrogen isotopic compositions of Glu and Phe inprimary producers and TEF is the trophic enrichment factor, or the difference inδ15N values between Glu and Phe across one trophic level.  Not only does the use ofthis equation across taxa and environments require clearly defined values for β andTEF, but also an understanding of isotopic fractionation of individual amino acidsand the turnover rates of individual amino acids in muscle tissue.In a very basic sense, isotopic fractionation of amino acids occurs duringmetabolic breakdown, whereby it has been hypothesized that, in “trophic” aminoacids, transamination and deamination processes cleave carbon-nitrogen bonds,preferentially breaking bonds to nitrogen atoms containing 14N as opposed to 15N(Chikaraishi et al. 2007, Chikaraishi et al. 2009).  “Source” amino acids typically donot undergo this bond cleavage and therefore show minimal isotopic fractionationduring metabolic breakdown (Chikaraishi et al. 2007, Chikaraishi et al. 2009).Because isotopic discrimination is associated with metabolic activity, it was naturalto hypothesize that trophic amino acids would turnover more rapidly than source
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amino acids.  However, a very unique outcome of this study revealed that, in thepelagic endotherm Thunnus orientalis, the Pacific Bluefin Tuna, turnover rates werevariable in both trophic and source amino acid groupings. This information can beused to determine how long one is able to distinguish residents from immigrants.However, over time, trophic position estimates using the AA-CSIA can varyconsiderably as amino acids approach steady state with the new diet at differingrates, leading to incorrect values or the appearance of TP change when none ispresent.More importantly, results of the diet study indicated that there is still moreto be learned about the biochemical processes governing isotopic discriminationduring amino acid metabolism.  A recently proposed new grouping of fractionatingand non-fractionating amino acids (F-AA and NF-AA, respectively), relating theisotopic composition of an amino acid compared to glutamic acid (Glu), may bemore descriptive of the isotopic trends of amino acids (McCarthy et al. 2013).However, our results found a similarity between isotopic compositions andincorporation rates in alanine (Ala), Glu, and leucine (Leu), contrasting the previousgrouping of Leu as an F-AA separated from Ala and Glu.While it appears that our knowledge of the factors controlling isotopicfractionation in amino acids is still in the early stages, the determination of turnoverrates will be valuable in migration studies, both large and small scale.  Fororganisms moving between environments of contrasting isotopic signatures, well-defined incorporation rates that vary among specific amino acids can be used toboth identify immigrants, as well as create isotopic clocks for calculating residencytimes.  The advantage of starting with the Pacific Bluefin tuna lies in the ability toground truth residence times with data from radioactive traces in muscle tissue(Madigan et al. 2013), after which a similar format can be followed for additionalspecies.  Our study revealed this potential within the amino acids of a single tissue,avoiding possible problems arising from variable biochemistry of the multiple tissue
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isotopic clock technique previously suggested for results of bulk tissue isotopeanalysis (Phillips & Eldridge 2006, Guelinckx et al. 2008).Although our diet study was of a single species of marine teleost, a largerdataset of natural samples from several locations globally and a range of trophicpositions allowed us to evaluate the currently used value for TEF and propose twovalues that bring about results more consistent with stomach content data.  Bothvalues, one for the combination of Glu and Phe as trophic and source amino acids,and one using a combination of Ala, Glu, Leu, and Gly, Lys, Phe, have been proposedin literature as the most appropriate combination for calculating TP using AA-CSIA(Chikaraishi et al. 2007, McCarthy et al. 2007, Chikaraishi et al. 2009, Chikaraishi etal. 2010, Sherwood et al. 2011, Decima et al. 2013, McCarthy et al. 2013).  Explainingupwards of 70% of the variation, the relationship between stomach content analysis(SCA) derived TP, TPSCA, and the isotopic fractionation of nitrogen between Ala, Glu,Leu and Gly, Lys, Phe yielded a new TEF value of 5.7 ± 0.3‰ that predicted TP fromAA-CSIA significantly similar to TPSCA.The use of SIA in diet studies is often justified by the claim that its benefitscomplement the shortcomings of SCA.  Still, when TP estimates derived from bothmethods do not align, we question the validity of one or the other.  And often,because it is a more established technique and allows one to physically see the diet,SCA is the more trusted of the two.  In the case of reevaluating TEF to betterestimate TP in line with TPSCA, there is an assumption that SCA, despite itslimitations, is less flawed.  However, TPSCA often come with higher error amounts fora single species, owing to the variability in diet from limited prey availability,ontogenetic changes, and habitat variations.  Though we were able to betterapproximate TPSCA using AA-CSIA with a modified TEF value, deviations within thedata remained, indicating complexities in either the diets of several fish species ortheir specific metabolic controls on isotopic fractionation that have yet to be fullyunderstood.
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Reevaluating TEF also brought to light the potential significance of use of the
δ15N value of the amino acid threonine (Thr) for TP evaluations.  Thr does not, bydefinition, fit charactistics of either the trophic or source amino acid.  Instead, Threxhibits consistent 15N depletion with each trophic transfer; the difference innitrogen isotopic composition of Thr and any trophic amino acid, Δδ15Ntrophic-Thr,appears to be predictable, 14.9-16.5‰ per trophic step in teleosts. Additionally, ahigher proportion of variability was explained in the relationships between
Δδ15Ntrophic-Thr and increasing TPSCA than the combinations of Glu-Phe or theweighted means of trophic (Glu, Ala, Leu) and source amino acids (Gly, Lys, Phe).More investigation is needed into the processes contributing to this 15N depletion ofThr, but there is promise in its use for determining trophic position. While it stillhas yet to be determined if this 15N depletion seen in Thr is consistent across taxa,the results of this dissertation highly suggest that focus be given to Thr.Overall, the application of AA-CSIA to a large marine ecosystem is notwithout its limitations.  Migratory organisms require knowledge of amino acidturnover rates and some species may have complicated metabolic routes for aminoacid breakdown or synthesis that could potentially create erroneous results.However, there are distinct benefits to this technique in understanding trophicrelationships and nutrient flow within a food web.  In combination with bulk SIA,AA-CSIA can confirm differences in baseline isotopic values suggested by changes inδ13C values, or alternatively shift the focus to process changes, such asphotosynthesis and microbial reworking, which have affected carbon isotopiccompositions and not nitrogen.   Furthermore, AA-CSIA can identify whetherchanges in bulk nitrogen isotopic composition are truly diet related, reflectingpotential changes in trophic position, or simply changes at the base of the food web.For example, a major outcome of this dissertation research was theresolution of baseline nutrients and food web changes between euphotic andmesophotic coral reef fish communities.  Applying both bulk and compound specificstable isotope analysis to conspecifics from two depth ranges, I found a shift to a
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more planktonic derived food web in the deeper mesophotic region and slight butsignificant increases in trophic position in the benthic invertivore feeding guild.Without the use of AA-CSIA in this study, results would likely have indicated shifts incarbon isotopic composition were simply the result of changes in photosynthesiswith depth, lacking bulk nitrogen changes.  This study illustrated the value of AA-CSIA to understanding the trophic ecology of ecosystems, especially those wherelarge sample sizes are difficult to obtain due to depth limitations.  However, it alsopointed to the important collaboration between stable isotope analysis and stomachcontent analysis; both with limitations and strengths, when used in concert, theresults are much stronger.As more information is gained, including the conclusions from this research,the use of AA-CSIA in resource and fishery management becomes more possible.The trophic level outputs of ecosystem models for management have been shown tohold close agreement with bulk δ15N derived trophic positions (Pauly et al. 2000).With the acceptance of a new TEF value derived from mean values of multipletrophic and source amino acids, there is potential to use AA-CSIA to evaluate theoutputs of such models.  This multiple amino acid method may reduce errorsassociated with variability seen in both fractionation and incorporation rates ofamino acids, yielding trophic position estimates that are accurate and overcomesome of the limitations of bulk stable isotope analysis.The contribution of this dissertation to the scientific community lies in thepreliminary steps it takes toward a more complete understanding of the full use ofAA-CSIA in ecosystem studies.  We presented the first long term diet study resultsquantifying incorporation rates of N isotopes into amino acids and used a large,global dataset to develop a more accurate TEF value for teleosts. The resultsindicate that more work is needed and there are a number of avenues to pursue infollow up of this research; more studies are required to determine the consistencyof amino acid turnover and the re-evaluated TEF across taxa.
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Of primary interest is a more complete understanding of the biochemicalprocesses that govern isotopic fractionation during assimilation. It has beenproposed that the mechanism for the large fractionation seen in trophic amino acidsis transamination or deamination during metabolic breakdown (Chikaraishi et al.2009).   The trophic depletion that is seen in threonine does not fit into the trophiccategory, nor does it fit with source amino acids, which by definition show little tono change with trophic step. Clarification of the mechanisms behind this depletionmay provide insight into additional processes affecting isotopic fractionation whichlead to the variation seen both among different amino acids and within the sameindividual amino acid across varying taxa.The diet study presented in this dissertation revealed varying incorporationrates for individual amino acids within a single species of large pelagic fish; resultscannot be reliably extended to the global fish population without more research.Another important step to follow this would be the addition of multiple diet studiesfocusing on a variety of fish species, aiming to provide sufficient data points tocreate an isotopic clock for migratory organisms.  AA-CSIA has the potential to be apowerful tool in tracking migrants or other natural or anthropogenic changes indiet.  However, a larger dataset is needed to assess whether there are trends inincorporation rates among amino acids or across taxa.  Lacking these trends,researchers may be required to perform diet studies on each individual targetspecies or utilize slower growing tissues, such as bones.The status of AA-CSIA within ecosystems studies is promising.  Trends inamino acid fractionation patterns are emerging and holding across taxa, time, andspace.  Increased interest in the tool is leading to large databases which can be usedto determine and define similarities and differences between organisms. Withcontinued research, the potential for global application of AA-CSIA in ecosystemstudies is tangible.
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Ala Asp Glu Ile Leu Met Pro Val Gly Lys Phe Ser Thr Tyr

Mesophotic

Chaetodontidae
Chaetodon

18.1± 0.9 16.8± 0.3 15.0± 0.7 -- 14.7± 0.7 11.5± 5.7 13.3± 0.3 13.1± 2.4 2.8 ±0 0.8 ±1.1 1.4 ±0.3 1.9 ±0.4 -18.5± 0.7 --Chaetodontidae
Forcipiger

longirostris

23.4± 0.3 20.9± 0.6 20.5± 0.4 20.4± 1.2 20.0± 1.5 -- 21.6± 0.4 19.0± 1.9 -- 3.5 ±0.3 2.6 ±2.6 2.9 ±1 -22.6± 4.8 5.4 ±1.1Holocentridae
Myripristis

21.1± 2.8 14 ±1.5 17.8± 1.3 16.8± 3.2 17.5± 2.1 -- 15 ±0.9 18 ±2.1 -2.1 ±0.7 0.7 ±0.6 0.6 ±0.9 -0.1 ±2.3 -24.2± 3.4 --Holocentridae
Sargocentron

22.7± 1.5 16.2± 1.2 20.6± 0.9 -- 21.4± 1.4 -- 16.6± 1.4 -- 1.3 ±2.3 1 ±1.5 2.4 ±1.6 1.6 ±0.9 -24.5± 2.8 --Labridae
Pseudocheilinus

22.4± 2.6 14.9± 1.1 18.1± 1 -- 18.3± 0.7 -- 16.4± 2.8 -- 4 ± 2 2 ±0.9 1.5 ±0.8 2 ±0.6 -22 ±5.2 --Labridae
Labroides

27.8± 0.9 18.4± 0.4 21.6± 0.3 -- 23.2± 0.5 -- 20.5± 0.3 -- -0.4 ±0.6 3.8 ±0.1 4.0 ±0.7 2.2 ±0.6 -20.2± 0.2 11.1± 0.8Mullidae 19.8± 0.8 12.3± 0.7 17.6± 0.3 16.9± 1.4 16.4± 0.5 17.2± 1.1 12.5± 0.1 13.6± 3.3 1.9 ±1.5 0.9 ±1 1.1 ±0.2 2 ±0.8 -17.2± 3.5 4.9 ±0.2Pomacanthidae 17.3± 1.4 13.4± 1.9 15.2± 1.6 -- 14.3± 0.9 -- 12.5± 1.7 -- 3.1 ±2.2 3 ±1.1 1.9 ±0.9 3.1 ±0.9 -- 3 ±2.5Pomacentridae
Chromis

19.9± 0.2 14.3± 1 18.9± 0.5 -- 18.9± 1.6 -- 17 ±0.6 19 ±1.3 -0.3 ±1.1 0.9 ±1.1 0.4 ±1.2 0.6 ±0.5 -19.4± 4.2 6.6 ±2.3Pomacentridae
Dascyllus

21.8± 4.5 14.1± 0.6 18 ±1.1 18.1± 2.9 17.7± 2.7 16.2± 2.2 13.3± 2.9 18.4± 3.7 3.4 ±0.7 1.3 ±0.8 0.4 ±0.7 2.3 ±0.9 -13.4± 4.9 4.1 ±3

Euphotic

Chaetodontidae
Chaetodon

19.2± 2.6 18.5± 3.3 16.5± 3.5 16.7± 2.9 16.5± 2.3 -- 15.3± 3.8 15.1± 4.1 2.9 ±0.8 1 ±0.7 2.4 ±1.9 3 ±0.7 -13.5± 2 2.8 ±1.1Chaetodontidae
Forcipiger
flavissimus

23.2± 2 17.1± 0.2 20.6± 1.2 -- 21.8± 3.3 -- 20.7± 2 21.3± 0.2 -1.4 ±2.8 2 ±2.5 2 ±1.2 1.9 ±4.7 -21.8± 3.6 4.5 ±3.5Chaetodontidae
Forcipiger

longirostris

20.4± 1.9 14.4± 1.4 16.8± 0.7 -- 18.4± 0.4 -- 14.1± 1.7 17.4± 2.9 2.4 ±2 1.3 ±0.6 2.7 ±2.9 3.6 ±2.5 -17.2± 0.9 4.7 ±1.5Holocentridae
Myripristis

20.9± 2.9 14.3± 1.7 18.6± 1.5 -- 18.2± 2.1 -- 15.9± 1.3 18.7± 2.5 1.2 ±3.8 0.9 ±0.7 2.5 ±2.9 0.8 ±2.7 -22.3± 1.9 4 ±1.3

Appendix A. Amino acid nitrogen isotopic composition of mesophotic and euphotic fish collected from the Hawaiian Islands of Maui and Oahu.
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Ala Asp Glu Ile Leu Met Pro Val Gly Lys Phe Ser Thr Tyr

Euphotic

Labridae
Pseudocheilinus

20.6± 0.5 14.6± 0.8 18 ±0.7 16.8± 0.7 17.2± 0.8 13.9± 5.6 15.2± 1 18.3± 0.7 4 ±1.6 2.5 ±0.5 1.9 ±1.8 3.8 ±0.4 -14.7± 0.7 4.4 ±1.8Labridae
Labroides

27.2± 1.2 20.8± 0.6 23.1± 0.7 -- 22.4± 1.1 -- 22.4± 1.1 21.0± 1.3 -8.1 ±0.7 1.2 ±0.8 -0.2 ±0.6 2.6 ±0.9 -32.6± 1.4 --Mullidae 0 ± 0 14.5± 2.1 16.6± 0.7 16.1± 0.7 16.1± 1.2 17 ±1.2 13.8± 2.6 -- -- 3.2 ±1 2 ±0.9 3.2 ±0.1 -13.1± 2.6 6.3 ±0.9Pomacanthidae 16.4± 1.4 14.5± 0.5 15.6± 0.6 14.6± 1.7 15.4± 0.6 0 ± 0 14.3± 1.8 16 ±1.3 -- 2.9 ±0.9 2.7 ±0.6 3.7 ±0.9 -3.7 ±1.6 1.6 ±1.5Pomcentridae
Chromis

21.5± 0.7 15.2± 0.7 18.8± 0.3 18.5± 0.6 18.8± 1 18 ±1.5 16.5± 2.3 18.7± 0.3 1.7 ±0.1 0.8 ±0 1.9 ±0.4 3.1 ±1.1 -17.2± 0.5 5.2 ±0.3Pomacentridae
Dascyllus

18.9± 1.5 13 ±0.7 16.8± 0.9 -- 16.1± 0.4 -- 15 ±0.7 16.7± 1.1 0.4 ±2.3 0.1 ±0.9 0.4 ±0.3 2.3 ±0.8 -19.1± 1.3 4.7 ±0.3
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