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.'tbslracl We wi~h to u~e slable-isntopc anlilysis or night kat her;; to understand the lccdlllg behavior or pe
lagic seabirds, such as the Hawaiian Petrel (Prerodroma slllldwichensis) and Newell's SheHTwater (puffinus aurli:u
Iu.ris JU·welli). Analy;<:is 0(" rcmige,. is parllcularly inrrmnaliw because the seqllcllec '11ld timing of rcme>: moll are 
often known. The initial step, reported herc, IS 10 obtain accurate Isotope values ("rom whole remiges by means ofa 
Il1lnimally invasivc pmtocol uppropriate fnr Iiw birds or nm~ellIl1 sp~cimcns. The hIgh variability ob,erved Jl) 81.\C 
and 81;N v"lues witbin a ("ealher precludes the use ofa small section of vane. We found lite average range Within 42 
Haw"iian Petrel remiges 10 bc 1.3%0 for bOlh 8DC and 8"N and Uliil wilhin 10 NeweJl's Shearwater remiges to be U%u 
and ()7%" t'lr 8"(' and 815 N. rcspeclively. Tbc oue orull 52 feathers increased from tip to bas0, and thc majonly of 
Hawaiian Petrel feathers ~hlJwed em analogou, Ireml in 1)';1". Allbough the awrage rang¢ ofoD in 2J H8waiian Petrel 
r.:miges was ll%o. we found no longitudinal tr¢nd. We dioeuss mf!uencc$ of Irophic IC"e!, toraglng 10catiDn, metabD
lism, and pigmentation un isotope valu<:s and compare three method, ofobtaining isotop<: averages ofwhole lealh¢l"S. 
Our Hovel barb-sampling prollJcol r,,'Gu ires only 1.0 IIlg or ICnI hcrand min i.mal preparallon lime. Beeause it leaves (he 
feather nearly intact. this prolowl willlikety faeilitak obtaining isotopc values from remigesofJive bIrds and mllseum 
specimens. 1\5 a elJnscqucne,>, II will help 0,pand Ul<: und<"'Tsta ndi n.g: or hislnrica I trends in rorag I ng beh.avior. 

Key words: carbOfl,j,'ather, hyclrogen, f/itrogen, seabird, swb!e isotopes. 

C'aracterizaci6n Isot6pica de Plumas de Vuelo en Dos Aves Marinas Pelagicas: Estrategias de 
Muestreo para Esrudios EcoJ6gicos 

ReslImel/. En c! fUluro, descamos u.'ar analisis de ISOI.Opos eslablc.~ de plulnns de vuelo para entendcr el 
comporrainieillo ~uimelllieio de aves mannas pelaglcas como PtC/"oclmmQ sandwichensis Y ['/If/if/US auricularis 
newelli. £1 amilisis de las rcmiges cs panicu]arm<:Dlc Informalivo porqlle genera]meme se cOlloce la secueneia y 
elnwnlento en que ocurre la muda. Nuestro pnmer paso, que rcportam,)s aqui. cs obtcn0r valorcs de is6topo~ prc
cisos a partir de plumas remig¢s compktns U1J!lzando un prolocolo poco invasJvo apropiado para aves vivas 0 es
pedmenes de musco. Laalla variabllidad dc lo~ valores de B"e y 8'5N observada en las plumas 110 permite el uso 
de llna pequeiia seccioll de lit pluma. Enconlramos que el rango promedlO observado en 42 plumas remigcs d¢ P 
sandvo:ich emi.\· t~S de 1.3%0 l,1nto para Ilue eomo para 81l N, Illienlras que en lO plumas remige~ de P our/wlari.f 
Itl.'we/Ii es de l.3%0 y 0.7%0 para 0"(.' y I)llN. re~pcciIV8mCl\le. El 8"C para 52 plumas estlldiadas ,\lll1l¢lHo desd¢ 
la punla hacin la base, y la mayoria de las plumas de P .;andl",cfwnsis mostraron una lelldenci,\ similar para o"N. 
AlInquc el rango promedio en oD para 21 r~ll1iges de I'. sa'ldwichensis flie de 11%0. no enconlmmos una tcndclIc)a 
longitudinal. Disclllimo,5 la inl1uclIeia del nh·cl [rMico. de la localidad de fbrraJco, del lTIetaboli~ll1o y d~ la pig
mentacion sobrc los valores de i,6topos y eomjJaralnos lres mewdos para obtener prom<:dios de valores de isoto
pos para la pluma eulera. NlleHro nuevo protoculo dc mueslreo de ht'i barbas ;010 requiere de l.0 mg de p1uma y 
un liempo cle prcparacion minimo. Debido a qU0 estc protoeolo dcja las plillnas ca,1 inlaelas, t\stc podn\ lad litar la 
oblenclon de valores de isoropos a. parlir de plllm~~ remlgcs de aves vivas y de especimell¢s de museo. ConsecuclI
(emente, ayudara a enlendcr las rendencias hist,)rieas en el eOlnporJamicllto de forra!eo. 

of animal movement and feeding ecology (Cherel el al. 2006.
INTRODUCTION 

Noni3 et aL 2007). Carbon, nitrogen, and hydrogen isolOpe 
From elucidating the diel of 11istorieal populntions to clari fy valueS ((~I)C, oSliN and OD) serve <.13 intrinsic marker, offordgillg 
ing Ihe migratory patterns of high.ly mobile sllccles, stable behavior and geograph.ic origin bec3u~e lh<:y are passed from 
l"otope analY$is has become an illdispcnsable too) in the study diel or water source to eOllsumer either eOllservati"'ely or with 
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a predictable increase (Cormie and Schwan.:z 1'>94, \1arlinez 
del Rio cI a!. 2008). Feathers are frequently used in avwn isolo
pic ecology. in pan because of their availabiliry frl'111]ive indi
v·idu.aJs, museum speCImens, and salvaged carcasses (Dalerum 
and Angerbjorn 2005). Because they are metabolically inac
tive following synthesis, teathers record isotopic signals dUring 
molt. For example. stable-isotope analySIS of feathers prOVides 
intorm,Hion on the toragll1g ecology of seabirds that moll dur
ing the nonbreedmg season, when it is logistically diflkult LO 
observe birds or obtain stomach contents ((,herel et al. 20061. 
Isoloplc amlyslB ofremJges is particularly informative because 
rhe sequence and timing of remex molt are often known. 

Re)wnce on srable-isotope analysis in aVian foragl1Jg 
ecology derives from controlled experiments that showed the 
bile and &I'N values of the dielorwaler source are recordcd in 
leathers (Hobson and Clark 1992a, b, Hobson el al. 1999). Ad
ditional invesligations prov ided infonnatJon on turnover rate, 
fractionalion, and the mtluence of nutritIOnal status. ,tress. 
and a vanety of /ife-history traits on isotope values (Bearhop 
et 01. 2002, Cherel et al. 2005, Sears et al. 2009). 

Most isotope-based studies of wdd bird~ either use a 
small section oL~ feather or complelely homogenize lhe vanes 
or entire (e ,Ither. The first approach is time-effi(ienL less de
slrucllve, and useful for sampling feathers from museum 
specimens. Because feathers represenl a l.elllporal sequence 
of tissue syntheSiS over days to weeks, this approach also pro
vides a short-term record of diet. /-Iomogenrzllllon is deslru~'
nve but provides the average lsotope values over the entire 
pcriod of feather growlh. Aherntl.liveJy, mnlliple samples can 
be takcn along the length ofa n,·athcr. These longitudinal sam
ples providc both long-rcrln IsotOPic information and a record 
ofdietary, geographic, or physiological changes during feather 
synthesis (Hobson and Cltlrk 1992a, Knoffet al. 2(02). Such 
inl'annallon is of interest for specIes lhal change lheir diet or 
waleI' source during the period of Feathcr growth or in stud
ies ofniche WIdth (Thompson and Furness 191)5, Newsome et 
al. 20(7). To d;He. few lnvestigatlOns have evalildled Isotopic 
heterogeneny Within fcathers (Thompson and Furness 1995, 
\Va~senaar and Hobson 2006, Smith el al. 2008). 

'lAie Hre interesled inllsing slable·i,otope nnalys.s of l1Jght 
letlthers tQ ~tudy lhe feeding ecology oflhe endangered Hmvai
ian Petrel (Plt'l'odromn sartdwicheJISis). Pnor to II1irkJ1Jg eco
10gic_J interpretations, we wished to (I) quanl[ fy the degree of 
vari'ltJon of/PC, ol.'N. i~nd 8D withIn individual flighl kathers 
and (2) design sampling srrategies to accurately estimate. with 
milllmal destruCf!Dn, the avcrage isotope vallle of the vanes. 
In the JbwailHn Pdrel, the degree or heterogeneity in 8'1 C 
and 811 N within a fcuther could he high. Specifically. thc birds 
make foraging trips th:u extend scveral thousand kilometers, 
traversing a spatial gradient in lhe North Pacific Ocean over 
which 81.1C values decrease With latltudc (Gocrlclcc and Fry 
19',)4, Adams ct al. 2006'1. They al.~o conSlune ~ variety ofprcy 
that "ary in 81lC and 61; N' as a function of trophic level (Simons 
1985, Michener and Schell 1(94). Therefore, 'We studied 81.'C 

and (\1'N vnlues from samples taken along the length ofHawllJ
ian Pelre1 remiges. We also explored variation in 8D within a 
subset of these feathers. Although 8D values of the Hawaiian 
Pen'el', water sollrce do nol vary (Lecuyer et al. 1(97), lhey 
ma.y Huctuate ,IS a l'undion or evaporati"e water loss and other 
physiological factors (McKechnie et al. 2004). To determine ir 
our findings were species-specific or 1110re broadly character
istic ofseabinJ remiges, we exami ned 10ngitudin~1 variation of 
&IJC and 8" N in prim~nes of N'ewell's Shemwater (Pufnnus 
auricularis newelli). Th is threatened speclcs JS endemic to the 
Hawaiian Islands. feeds primariiy on squid, and has a marine 
range more rcstricted than the Hawallan Pelrel's (Spear et al. 
1995. Ainley et al. ]997, Simons el al. 1998). 

METHODS 

~AMPLE ..\CQU [SITION :\~D PR EPA RATION 

We obtarned Ha\~'aiil\n Petrel feathers from carcasses salvaged 
on the islands ofHaw(lii. M'JUi,Lnnai. and Kaual helween 1990 
and 2008. Newell's Shearwater feathers were also collected from 
salvaged c,lrcasses, found on Kallai between 1999 ilnd2006. foi
lowmg depa11.ure from their colonies on the Hawaiian Islands, 
adnlt HawaiJan Petrels spcnd 3.5-6 months at sea, depelldmg 
on hreeding starus, while Ihey 1Il0it their flight katha, (Stlllons 
1%5). [n Pterodmma, the molt ofremigcs typically begins wirh 
primary 1 (PI, rhc fcalhcr most frequent.)y analyzed in ollrstlldy. 
wherepnmariesare numbered distally) and ends near secondary 
10 (SIO, 'Where secondaries are numbered proximally) (Warham 
1996, Pyle 200!!). Adnll \lewell's Shearwaters also molt their 
rerniges at sea l'allowing departure f)'om their brcedmg colomes 
(Jehl 1(82). As in othcr she~rwaters,molt ofprirnaries likely 
proceeds distally (Warh!\lll ](96). From estimates of rates or 
fealiler growlh injuvenile Hawaiian Pen'els and Newell's Shear
waters (Sincock and Swedberg 1969, SImons 1985) and in Other 
Procellanilonnes (Ainley et Ill. 1976, Langslon and Rohwer 
19%). p] and each secondory require ]2 to 35 days 10 grow. We 
compare intrafealher varialion in sue and /51;N in juveniles to 
that of auuHs from the is!anu of Hawaii. from whIch suJficlent 
age-group identification i\nU1SOrOpe data were avajlable. 

Prior to being sampleu. all reatbers were washed In sol
vent {87: 13 ehloroform:methanol by volu1l1e), rinsed with ul
trapure distilled w~ter (E-Pllre, Barnslead), and dried in a 
vacnum oven at 25°C. Both V~1l1es of the cleaned and dried 
feathers wcre cut into sectIons according 10 one oflhrce sa1l1
piing pro!ocnls descrihed below. The rachis of each feather 
was excluded from analysis. 

,')'even-seclioIJ protocolfol' NOM/iian. Petrel <lnd Newell's 

Sheurv.:ater/eath,'I'S, 'Vie sampled the vanes from each of live 
Hawaiian Pdrel remiges (four I' I and OIle S (0) and three New
cll'~ Shearwater remiges (all]'l) longiludinally at I-elll inter
vals (Fig. 1;\ 11 and BIl). About 7 em long, the \'anes provided 
7 seclions which we labeled 1·-7 in order from tiP 10 base. We 
acconuleu for any small varialJon in vane length (:50,3 em) 
by increaslng or decreasing the size of section 7. We welghed 
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FlGURE l. Fl'<lI.h~r-samplingprmocols. Phmograph~ or PI orthc (AI) Hnwatlon Pelrel and IBO NcwcU-s Shcarwalcr. Sampling schernalic 
for (A If) (-(,\\\-a;;all PClrel and (BlI) Newell"s Sheurwmer feathas, showlIlg the division of the \'aJle.~ Into sevell I-em ,,,-:tIOIlS (Iabded 1-7J. 
In lhe seven-secllon prolocol. each section "a, homogenized and ,ubsamplcd for ,lable'lsotOPl' analysls. For lhe Ihrec-seclion prolocol, only 
sections 1,4, and 7 (shaded In gray) were hOillog"nlzed and subsampled. (A II!) l1arb·samplingprotocol fur llawairan Pe1.rd teathers, in which 
barbs from th~ CClllCfS of scction, 1,4. and 7 (shaded in gray) were cornbmcdlo lorm a I.O-mg sample,labeled "E," tor iSOIOpC analysis. 

<lach ~ectJon, cut tht: barbs into fragments 3 mm long, and 
homogenized :he fragments by mixing (hem thoroughly With 
forceps. Finally, we took a 1.0-m!! aliquot for analysis ofc·ar
bon and niTrogen isotopes. 

Three-section protocol jiJr Hawaiian Pe/rc/ (lnd New
ell's Shean~aterfea/hers. We sampled 37 additIonal Ha
waiian Petrel remiges (3J PI. one P2, and two S IJ and 7 
additIOnal Newell'" Shearwater rellliges (PI) In an abbrevi
ated protocol. We cut sections of vane analogous to 1,4, and 
7 llbove ([ip, middle, and base of vanc.) and took all aliquoi 
for 8u c and 8J5 N analysis as descnbed above. The remain
JJlg mass ofsec lion I was insufficient for oD analysis, but we 
analyzed O.5-mg aliquots 01' sections 2.4 and 7 from 21 of 
the Hawaiian Petrel 1'1 feathers for isotopic composltioll 01' 
hydrogen (nonexchangeable). 

Barb-sampling pro(oco! lor Hawaiian Petrel feathers. 
From eighl additional Hawaiian Petrel remiges (all PI), we 
plucked individual barbs from tIte middle ol'senions 1,4. and 
7 ami combincd them into 11 single I.O-mg composite sample, 
labeled "B" (Fig. IAUn. The number ofbarbs laken frolll each 
section (two each from sections I 3nd4 ano.i eight from section 7) 

was based on the average dislnbution of IIIass Jound in other 
Hawaililn Petrel PI reathcrs, USIng thIS method. we analyzed 
five feather~ lc)]' oDe and 81'N values and three for aD. 

COMPARlSON Of' SAMPUNG PROTOCOl.S 

FOR HA\V/IJ!AN PETR.EL FEATHERS 

We nsed mass-weIghted averages oflhe isotope values to evalu
ate whelher the difTerellt sampling protocols captured the same 

avt:rage isotopt: value~ Cor whole leathers. For the five feathers 
analyzed comprehensively by the seven-sectIOn protocol, we 
calculated aVllra.ge olJe and 515N values from all seven sections 
of vane and compared them with weIghted aVer'lges recalcu
lated from only three of the seven sectiolls: I (tip), 4 (middle), 
and 7 (base). We used a different set of feathers to compare 
the barb-sampling and three-section proto(.ols (five feathers 
for a'Y; and (jLIN and three for hydrogen). After barbs were re
moved for sample "B," we cut an.d homogenl.7ed the remnanls 
of section5 I, 4. and 7 and toolc an aliquot for isotope analysis. 
We then compared the weighted average isotope values from 
sections l, 4, and 7 (represeoting the [bree-section protocol) to 
the values obtained from sample "B" (barb protocol). 

STABLE-lSOl OPE AN P ELEMENTAL AN.,\LYStS 

Aliquots (0_8-1.0 mg) of feathers for 013 e. obN, and elemen
tal analyses were weiglled into lin capsules 'llld anal)'zed with 
an elelnental analy7.er (Eurovector) interfaced to an lsoprime 
mass spectromercr (Elementar). A liquots (0,5 mg) for 8D anal
ysis were weighed into silver capsules and pyrolyzed al 1425°(' 
in a hIgh-temperature elemental analyzer (TCIEA, Thermo
Finnigan) interfaced to a mass spectrometer (Thermo-FIllJJigan 
DeltaPlll~ XL). Prior to oD analysis. samples w<'re allm'o-ed to 
air-equilibratc with amblenllablwatory conditions for a minj
mum 01' I week (Wassenaar and Hobson 2003). 

Stable-isotope values are reported in (i-notation, expres~ed 

in parlS per thousand (:)(;0) according 10 lhe equlltlOll 6X =0 

«(R~,mpl/R,',nJ"rd]- 1) x 1000, where X is 11c. I'N. or 0 ,md R 
is the corresponding ratio I~C/l~C, 15N/IJN, or D!H R,,,nJ.:,"d is 
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V-PDB, all', ami V-SMOW for (513c o!5N, and 00, respectively. 
For olle and o!5N, we analyzed laboralOry standards belween 
every live unknown~. with a precision of ~0.2()(" for both sue 
and 81'K We j'irs! nonmtlized deuterium dat'lto V-SMOW with 
benzOIC ae-id (-60 %Q) and polyethylene foil (IAEA-CH-7, -100 
"t,,,) , followed by a sc<;ond nonnaiization procedure u$!ng iLl
bous~ Kerarin standards (-78%" and· 172%", respectively) cal
Ibwted to CFS-CHS-BWI3 (Wassenaar and Hobson 2003) to 
account !{lrekchal1geable hydrogen. AccurJ.cy and precislOn for 
tiD wa;: <;49'1'0. A standard ofknown elemental composition, ala
nine. was Llsed to determine CI!'<. The accmacy and precision of 
a second mntno acid analyTed against this $tandard was <0.1. 

STATlSTlC,·\ L ANALYSES 

'Ii, compare the Isotope valtle~ generated by difJerem sampling 
protocols, we performed two-tailed paired i-teslS (I J where a '" df) 
with the statistical program SPSS Wf1;lon W.O (SPSS, Inc.. Chi
cago. IL). We report values KJr 1'1, .. ""'wand range as means ± SD 
when: .!,;, is the isotupe value of the ba.,e ofa leather minus lhat of 
lhe tip (section 7 minus I), £\'1 is the isotopt:value of the middle of 
a leather minus diat ofthe tip (se':1101l 4 minus I), 'llld range IS the 
maximum minus minimum isotope v31ue Within it feather. 

A. Hawaiian Petrel 
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RESULTS 

HAWAlfAN PFTREL FEATHERS 

The live feathers sampled l·omprehensivc'I>· by the se"en
section prolocol had a longitudinai trend in lheir isotope \'alue~ 

(Fig. 2). In every Ce,llher, the 8!Je oCthe L,ldest material allhe 
I'Jp of the vane (section I) was lower lhanthal orthe youngest 
material ,t\. the base (sec, ion 7), FOllroflhe five leathers ~howed 

a similar tn'.nd in o15N. The Incrcase in isotope values from 
tlP to base, which we designate as a positive 8" (the Isotope 
value of ~ectjon 7 In iuns section 11- averaged 0.7%. and 1.2%" 
for 813e and ol'N, respedively, Jnd so .;ould nOI be explamed 
by analytical error (:0:::0.2 %,,). 

We analyzed an additional3? fCHthers by the tbree-sl"ction 
protocol. We reporl isotope values ofsection 4 relativc to those 
ofs0cli<,n 1 and d0ljne (his as OM (Fig. 3A and Il), Fnr oue. 
o~ w3s11niformly positive, with a113? feathers "howingan in
crease In 813e from tip (sectIon J) w base (section 7), Addition
ally, 0\1 wa, positive in 31 ofthc 37 feathers. When con"dercd 
wilh trends in 1\.. this paUem i.ndicaled a consistent longitudi
nal increase in 8ue from lip to middle to b~se oClhe vane. Al
though the median value of OM was only slighlly greater than 
zero for (515N. 6 values for 61s 1\I were positive in the majorily

J 
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Hawaiian Petrel ol5 N Profiles 
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Section (nlovlng from tip to base ofvanesl 

FIGURE 2. ValllCS of(t\) S'j(' and (B) S"}J Vallil', from n\'l~ Hawaiian PCll'ell"athers sampled by the seven-section sampling protocol de· 
;;enbed III the rext Individual fi-alhers are separated by "ertieal lines and identified by numbers murrer let', corner. For each feathc:r, data 
progress. kfJ to nght, fr(llll sectIOn 1 (lip) 10 sectIon 7 (base). Feather:; 1--4 are PI; fealher 5" SIO. 
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FIGURE 3. Values of 6 M l~~ctiol1 4 minus seclion 1, or middle minus tip) and"L (section 7 mil1Lls section I, or base ml1l11S lip) for l)I.IC. 
0151\, ,d,d liD in fhghl featbcr> orlhe Hawaiian Peil'e! (n =38 PI, 1 P2, 2 SI. and J SIO for carbon aud llllrogen; n •. 21 PI for hydrogcn). 
Medians are reprcscnted by thick liue~, 6,.;;1 and third quarilies by upper and lower boundaries ofboxc&. respeetivcly, ranges by whl~kc,.s, 

and outliers by oval~. Scaling ofLhe)' aXIs Lil each pnncl '·'Hic,. 

of felllh<:rs (25 OUT oD7), and a Jonglludiual increase in &'5N 

was consistent 111 slightly over h,dflhe fi::ulhers (2Dl. 
Data from all 42 Hawaii~n Perrd fealhers combined, th<: 

average 0l wa~ 1.3 ± 0.6%. for fiDe (equivalenl to an in('rea~e 

ofappI'Oximately one trophic !evel). The average range (hIghest 
minus lowest isotope vllJuc Wl1hlll a feather> of813(' values was 
an equivalent 1.3 ± 0.5%0, sugges(JlIg that Jongitudlllal enrich· 
ment accnunted for the majority of vrcriarion in our 81'C data. 
Conversely, the average range in 81~N values was 1.3 ± J.O%o, 

larger than the average <\ 01'0.11 ± 1.3%0. Thus longitudinal en
nchmenl accounled for only a porllOn oC vll1'1ation ill 81'N. 

A comp~.I·json of eighl known adullS 10 seven juveniles 
from Hawall showed no differenc<: In I\. or range COl' 813(' or 
O'S1\. Average values (or adults and Juveniles. respe<:tivcly, 
w,.;re 0.9 + t1.4%0 lind 1.0 +0.3%0 for !\ of (Sue, 1.0 J 0.3 %0 and 

1.0 ±O 2%0 far range of'oI!C, 0.8 ± 0.89&" cmd 0.8 ±O.6%0 lor III 
of ol~N, amI l.J ± 0.5%0 and 0.9 ± 0.6%0 far Hinge of olsN. 

With respect to oD. our data showed litlle e\'idenc~ of 
longitudinal enrichment, although generally secllon 7 was 
ennched compared to section 1 (Fig. 3). Of the 21 feathers 
analyzed. '\ \Vas positive for J I feathers and th<: average in· 
trafeather range of 8D v,lIues was 11 ± 7'*00. In 20 I-hwaiian 
Petrel remiges (,!N averaged 3.8 ± 0.1. Th<: average L'1~.',' ,1L' 
and range for UN were all - 0.1 ± 0.1. 

NEWELL'S SHEA RW,'l.1'£R FEATHERS 

Like those Cor the HawaiIan Petrel. reSl1lls from lbe se\'en
seclion prolocol lor aU three Newell's Shearwaler r~alhers 

sho"'ed clear increases in 81)c from tjp lo ba,e (Fig. 4). Only 

one feather showed 3 longi1udinnl trend in 61.5N (L\_ = 1.5%.). 

A.	 Newell's Shearwater 

·14,5 rit,------- -iiT------- -#3------·--
-15.0 

-15.50
~ -16.0u 

"., 

7.0 -16.5 1/ Iii 
-17.0 

I-17.5 

B. Newell's 5hearwater 
16 
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13 

12 '
 
11
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9
 
8
 
7
 

Section 
(moving from tip to base of vanes) 

FlGURE 4. Values of (A) Olle and (B) o,sN from Lhree Newell's 
Shenrwatcr feathers (all PI) sampled by the sc""n-,;eCli,)C] protocol 
deSCribed in the texl. IIl(Jivi<.hlul feathers ,Ire ~eraraLed by vertlcai 
ILlles and idenllfied by numbers in upper lef[ corner For c~;:h feather, 
data rr0grcSS,lcfL to right, from sectIOn I (Lip) t[l sc('lion7 (ba,c). 
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FIGL R£ 5. Vailies of t..'.f (sec! ion 4 111 inu;, section I, or rniddle 11~1' 

nus lip) and "'L (:;ce' ion 7 nBOUS seelion I. or base minns Ill') for 1)1 'C 
tmd /)'.11\ in PI of Newell's Shearwatcr. Medians tlfC repre,elltcd by 
thkk lincs, firsL nnd th Ird qnartilcs by upper and lower boundaries of 
boxes, respectively. rongcs by whlsker~, and outl1cr.< by ol'flls; ,) = 10. 
Scaling ofrhc y <I>.i\ III the two panels varie, 

We us(:d t(le three-section protocol on seven Newell's 
Shearw~lrer feathers and compiled data from all ten feathers 
(Fig. 5). As for the Hawaiian Petrel, for l)uC the value of L\ 
in every feather was po~itiv". Additionally. values of L'./oo! in all 
lea{hers were positive. When considered with those of lI

L 
, val

ues of ~'.I indicated a eonslstent increase It1 1)1';[ from tip to 
mJddle to base ofr.lle vanes in every indi\,idual. for onc. both 
~. and the range averaged 1.3 ± 0.2%0. remarkably simJlar to 
reSillls for the Hdwaiian Petrel. Longitudinal trends in 013N 
were less consisttnl. In only lour Newell's Sh",arwa,er leathers 
were positive v~ luts or i\. greater than OUT anal)'llcal errOl', and 
in only three were >'<.llues of .'~M posilLve. The average L\ and 
range 1'01' l) i5N were 0.4 ± 0.6%0 and 0.7 ± 0.5%0, respectively. 
('/N was meawred in seven Newell's Shearw~Jer remige~ and 
averaged 3.8 ± <0.1. The average L1,\] fur C/N was -0.1 ± < 0.1, 
and the average L\ and range were both -0.2 ± <0.1. 

CClMPA RJSON OF SAMPLI NG PROTOCOLS 

Becaus(: the seven-section pro{ocol was comprehensive, we 
,lssumed the wllole·tcarhcr a....erage isotope values it yielded 
to he accurate. W(' assessed thc accuracy of the three-section 
protocol by comparing rbe results fron) this merltod 10 those 
or the seven-section protocol. The difference of 0.1 ± 0.19<'., 
betwecn the tw'O protocob was analytica.l!y undetectable and 
st<ltlsticaJly insignificant (Table 1; I~, n ; 5, P =OA8 lor BLJC, 
P = 0.70 1'01' ol~NJ, We assessed our nllnimalJy llwaSlve barb
sampling protocol by comparing its results with those oC the 
three-section protowl. For l)LJC. 1)15N. and BO. the average 
dif'lerence between these two protocols was analytically un-

TAflLE I. Comparison of prutocol., s3m[Jltng Hawaiian PeLrel 
rCnlJgc5. For cach lenther. average IsutOpe ....alucs for Ihe va:nc, were 
oblalned by (he ,cvell-seellon, three-section, or barb-salllpl>ng 
protocul de"cribed In the text. Vallie' of j, indicaLe ('hc dIfference 
belWCCll protocols III fI!3e, I)';t-of, and 00. 

Compari.50n 

SC"Cll-~cctton vs rhrc..:-scc[jOl1 
Illdll'ldu"ll 00 0.0 
IndLVIdual2 00 0.1 
lndivldual] 0.2 n.o 
lndividulll4 0.0 n.o 
Individllal5 0.1 0.2 
Average (SlJ) 0.\ (0,1) 0.1 (0.1) 

Th rce-section vs. barb 
In<1i,,duaI6 0.0 0.2 3 
IndIvidual? 0.1 n.t (, 

hdividualS 0.0 0.1 I 
Indivldnai 0} 0.1 0.0 
Individual 10 0.0 0.3 0 
Average (SD) 0.0 (0.1) 0.1 (0.1) J (2) 

detectable (0.0 ± 0.1%0 for I)I.1C, 0.1 ± 0.1%0 for 8151\, 3 ± 2%0 
for 8D) and statistically insignificant Crable 1; t~, n '" 5. P = 
0.18 for I)De. P= 0.91 for 815 N, P = 0.51 for 1)0). 

DlSCLSSTON 

Our objecti ves were to cha racterize the degree ofisotopic het
erogeneity within H~walian Petrel alll! Newell"s Shea mater 
reathers and to design sampling protocols that account for this 
variability. AnalySIS of the entirety of the valles was particu
larly important because our goal was to obtain the lungest. 
lenn dietary signals available from a feather: a measurement 
that is clearly notf;;:presented by a single section of vane. In ad
dition, we wished to develop a sampling protocol appropriate 
for museum specinlens that accurately represents tbe average 
isotope v31ue of the vanes or an entire feather with minimal 
destruction. For Hawaiian Petrels and NeweU's Shcarwater 
remiges, isotope values ofsmal1 sections of vane were not repre
scntativc ofihe whole fe.'lther, Although heterogenCJlY wi[hin 
a fearher in 80 generally exceeded analytical error. longitudi
nalncnds were not obvious. [n contras'. we observed largc di
rectLonal trcilds along the length oltbe vanes in I)u[ antll)l'N. 

In pelagic seabirds. unlike terrestrial birds, oD is not ex
pected to vary with latitude because pelagic bird, rdy an an 
isotopically homogeneous WaLeI' source of 00/00 (Craig 1961, 
Lecuyer et al. 19(7). A few studies have considered the inllu
ence of trophic le~'el on 80. but no consensus h~b been rca.:hed 
(EStep and Dabrowski 1980. BirchC\ll et al. 2005, Wolf ct al. 
2009). However, temporal vanation in the amount of deulerj
unl-depJeled water lost 1llrough evaporrttion might contribute 
to the observed variation of oD within k<ll:hers (Schoeller et 
al. 1986. McKcehnie ct ~l. 20(4), 
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The most salient leature ofour uata, a positive t.\[. for (;1.\C 
values, was evidenl m every feillh<:r: 42 Haw,\liall Petrel anu 
10 Ne\~ell's Shearwiller remiges. These positive \'alue~ indi
cate thal the ijlJC value of the oldest material (It Ihe tip of the 
{cather ,'ane '.... as lower than the youngesl materiRI atth<: base. 
(11 the majority of l11diviuuals th<: longitudmal treud in IiI.'N 
\Vas slmilHr, Although our srudy was not design<:d to constrain 
causes of variation within a teath<:r experimentally. we be
lieve It Important to expJore fHctors that might contribute to 
the prevaIling trends, 

SOURCES OF ISOTOPTC VARIATiON 

WITHIN L\ FEATHER 

VanatlQn in the nC cOlltenr of avian tissues IS o1't~n ~lIribuied 

to differences in the location where birds forage. However, 
location of foraging i~ nOl a parsimonious explanation for our 
n:mhs. III the North J'aci[ic OceHIl, there is a negative rela
tjonship bel ween latitude und the ijlle value of phyloplank
ton thal permeat<Js through th<J food web lo organisms 5u~h a~ 

,qUid and seabirds (Goericke and fry 1994. Kelly 2000, Takai 
el ,t!, 2000). Therefore, lhe /)uC values orHawHiian Petrel and 
Newell'" ShearwaLer feathers are expected 10 Increase as birds 
sp<Jnd more lime loraglng In southern latlludes. We observed 
a positive !'Il' ur increase In one from lip to base, in ever;, 
feather- For this trend to have resulted froln a l::hang<: inlorag
jng locanon. every adult must have traveled -10" south (Kelly 
2000) while growing its remiges, III addition, chicks must 
have been provi:;ioned with prey from increasingly southern 
lantudes over the -25 days then P J was growIng. Because we 
ob"erved no di [Terence in average 2.

L 
between adult and hatch

year Hawaiian Petrels from the island of HawHil, there must 
also he no difference In the degree to which adults move south 
liS they proviSIOn chicks and the degree 10 which they move 
south la:ler in lhe year, when tltey grow their own remiges, Fi
nally, hecause average i\ values in Hdwai ian Pet,els and New
ell's Sh<Jarwaters did nO! diner, these two species must have 
moved soulh by the saine disrance duriug growth or 1'1, de
spile known differences in foraging rang<J (Spear et al. 19(5). 
[n addition to uniformly positive value, of <\., we observeu 
thaI multiple feathers Within an inulvidual begin their growth 
",.. it.h roughly the same low oue va[ue al the tip c,f the vane" 
for lhis observiltion to be explain<Jd by loraglng location, in
dividuals mLlst grow feathers only while trawling south and 
a!\,'ays begin relnex growth in the same location. Therefore, 
lndiv iduals must make repealed trips south anu north, grow
ing their feathers only while mO\'ing south. Because t.hese 
~cenar:os seem improbable. we conSIdered alternative expla
natIons for our uata. 

In addItion to foraging 10cHtion, trophIC kvcl is known 
to influence sue and 81'N \'alucs of consumers. SpecificaUy, 
withm marine food webs, ol.'N shifts by -3%0 and /)"C shifts 
by ~l%o (Michener and Schell 1994). [ftrophic leycl control~ 

the longitudinHI t.rends lTl our data, !'II. values must reflect 

changes in trophic level during feather growth. However. in 
th<: Hawail.m Petr<:I, tiL for IiI'C (1.3%0) represents an increa,e 
of at leasl one fLllllroph!c level. while the L'>J for li l

'[\; (0.6%/)) 
signifies a shift of 0.2 trophic levels. ThIS dlsparily is even 
luger for the l'ewelJ's Slu:arwater, ill which the average tiL 
tor Ol3C is 1.3%'" thoLlgh only 0.4%0 fc)r i)15N. Therefore, while 
changes ill trophiC level may contribute to mrrafeather varia
tion, they are unhkdy to be the predominant control. 

As an alternative to trophIC level and foraging location, 
we c0nsidcred the possible role of metaholiSln in controlllllg 
Al . There arc two problems in formulating hYPolhcses related 
to mClaholism: little is known ahOHt avian JIltenncdJary me
tHbolisrn, and few fractionation faetors «(~) associated WIlh 

metabolic transformations exist In hiI'd:;. Because rcaction
rUle constanl~ lor the isotopically light and hea\ y molecules 
(required fOT d<:termlning u) are dllTicuh to estimale, i~olope 

shiCt~ are onen described as net isotope effects (NIE). A NIE 
is th<J difjerence in isotope \'aJue betv.,een the suhstrate and 
product' for a reaction consisting 01' multiple steps (O'Lemy 
1\l81). In J~\Ci, ,\ NIE describes complicated processe~ such 
as Irophic fnlctionation despite uncerlainties in intermcui
ar) metabolism (Ind associateu l'ractkHll1tion factors. Thus, 
Ihough spCcobtlve, it seems reasonable 10 consider potenllal 
metabolic explanations for!'ll la "JIE) and ulfferences m the 
Inagn itude of1\ between 81'c and ('its!\. 

Although the diffe.rencc in 'c'L between I)I~C and ;S1~N 

might be explained as a difference between carbon and nitro
gen in the NIE for feather syntheSiS, this would not account for 
our longitudinal trends, Instead, because the Nil is inlluenced 
by reservoir size, differences in rhe sizcs of carbon and nllro
gen reservoirs may cOlllrol <\. This rea;;oning requires an un
derstanding of fractionation. At the onset of the reaction, the 
hght Isotope (I~C or 1'/\) is transferred to the producl rapIdly, 
yielding a product with an isotope vahl<: lower than that orlhe 
substrate. As the substrate is converted lO product, the ratio 
of DC to 12C or I~N lO j'N in the produci increase~ (O'Leary 
1(81). Therefore, as {he substrate resen'oir uiminishes. the iso
[ope vHlue of the product will increase. A~ Ihe reaclion nears 
completion, the Isotope value oflhe product becomes similar tll 
thaI oflhe initi~l substrate and an estimat<J ofNIE ba~eu un lhe 
dilTerenl::e between the isotope values of the initial subslrale 
and lln,ll prodllci approaches zero. Consequently, an inaease 
in oue or oSlIN oftbe product is observeu only if the reservoir 
is large und deplet.ed slowly. If the reservoir of a substrate is 
small or depleted qlliddy, a change in the iSlltope value oftbe 
product and NIE is more difficult to detect 

In birds, carbon and nitrogen reservoir~ differ in t.ams 
or their storage, potential size, and utilization, The carbon in 
the feather pro[ein keratin is derived from dietary protem or 
glucose, Nitrogen. however, is ultimately dCrJv~d from dietary 
protein. Whereas carbon can be ~tored \[] the (orm of glycogen 
([he metabolic precursor to glucose), proreitl e~n1101 be .~(orcd 

(stem [976, Slewns 19961. Be,'ause molt i~ somelllnes brwf 
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and may require synLhesis (lran amount orprolein egll,llto one 
fourth of a bird's toral prolein mass, niLrogen balance during 
moll can be dirliGolL (Myrcha ,tlllJ Pinowskl 1970, Srevens 
19(6) Some herbivorous species may increase nilrogen ab
sorption and decrease nitrogen excrelion duri ng molt (Fox and 
Kahler! 1999), and others develop fe,ithers at rhe expense of 
muscle (PierSlna 1(88). Owing to their depend~nce on Hight, 
carnivorous seabirds, such as those we studied, are unhkelyto 
rely heavily on muscle as a protein reserVOir but place a high 
demand on exogenous sources to lneet nl[rogen needs, such oS 
moll. Consequently, nitrogen is likely derived pril norily or ex
clusively from the diel and j,s rapidly depleled, making It dif
ficult to observe isotople variation In kemtll1 as It IS produced, 
This is eonsistent with the low /:,.. we observcd for 015N. Be

l. 

cau,e carbon used for keratin synthesis can be derived from 
all endogenous carbon store (glycogen), there is greaterpoten
tial for the trend (c,g., large AI.) in 6;;C (0 be larger than rhat 
in 8"N. Although our data COITIpaflng feathers are sparse, we 
did noi lind a continuous increase in the 8D c from one feather 
to another that grew at a later time (e.g.. (he oue of the tips of 
secondary and primary fe:Hhers were SImilar). Thus, jf our 
('xpl~n;Hion is corre~l. glycogen reservoir~ ue depleted and 
replenished intermittently. Clearly_ the potential for metabolic 
influences on isorope values feathers is an Important topic of 
future iuvestigation. 

The last factor that we conSidered as a control for isoto
pic variation ·\~·ithin feathers was pigmentation. In the species 
""e studied, coloration is denved predominantly from eumcla
nin, whose concentrailon vaned substanrially from thc dark ti.p 
to the white base of each feather (see Fig. 1, /\1 and HI), [n
mclanlll is synthesized from the amino acid lyIosme. whleh tS 
typically depleled in JJC relalive [0 hulk tissue (McCullagh et 
al. 2005, 2006). If the ope ofeumelanin mirrors its precursor 
tyrosine, isolope vaJues ofdark eumelanin-rich feather material 
should be lower than in while elll1\clanm-free material. Indeed. 
we observed thiS pattern within all 52 Ha""aiian Petrel and 
"lewell's Shearwaler feathers. Allhough lhe pattern of lil~N in 
29 of 42 Hawaiian PeLrel feaLhers was parallel, eumelanin may 
all.erol'N \·alues ro a lesser extent than It doe> 81.'C values. Like 
that ofo13C. lhe <51'N v~lue of tyrosine call be low rela.live to 
hHlktissue tMcClelhmd et al. 2003) However, the high CfN ra
(10 ofeumelanin (810 9) relative 1.0 that in pigment-free leathers 
(3 to 4) Indlcat.es that eumelanin makes a smaller contnbution 
to the nitrogen re,;ervoir than to Ihe carbon reservoir (Jilnbow 
et al. [984, Tiqula et al. 2005, McGraw et ,II. 2007). Any rrend 
In ol~N r-:soJting it'om eome/anin eoncentmtlon ,hould there
fClI'e he weaker than the analogous trend iu 011(' and more eas
ily off~ct by ot.her sources of isowpic variation. (jlven the [ow 
concentration of melanin within t~1thers «1 to 60 mg g-I), 
Its isotope values would necd to be subslamively differem froll1 
those of pigment-free fearber to eause lhe Observed longitudi
naltrends (Md,Iraw 2006). While a longitudinal gradlenl in 
melanin concentration is visihle within every leather, we ex

plored the possibility that e!N dal.a might also reneet tillS trend. 
The ~bsence of ~kar longit.udinal trends In ON within Hawai
ian Petrel reathers likely reflects Ihe difficulty 1Il observing a 
small change in the conlribution of melanin when keratin pre
domina.tes, Newell's She,lrwaler (cathers showed small bllt 
observable longitudinal trends. W'e hod ,even-section dam on 
C/N tor tour feathers (one Bawaiian Petrel and three Newell's 
Shemwater Pl). The: clear linear decrease In ('IN observed in 
the three Newell's Shearwarer fe3thers i~ Conslsten\ with the in
terpretation that the negative 1'.M and Ll.L observed in all New
cll's Sheal'water reathers reH<)ets a longi[udinal d,lcrense in rhe 
contribution of me/an in. Wc are nnahlc to nssess the influence 
of rne!<lnin further because the isotope vulues of melanins and 
[heir carbol1 contribution (.0 fe·athers arC' unknown. Because 
melanin pigmenls are nearly ubiquitous in birds, [heir ini1uence 
on isotope values deserves further alten.llOlI. 

CO,,·t PA RISON or SA MPLING PROTOCOLS 

Among our approaches. tile seven-seclion protocol ~acriJkc; 

time and money for higb resolution and is thereJore appropriate 
Jor studies ofisolope variation within leathers, The three-sec
tion protocol is less expensive and more practical tor sllIdies 
reqUiring longitudinal isotope data from a large number or 
individuals. In ~OnITasl, the barb-sampling protocol IS ideal 
when the average isotope value ofa fe,lrher is desm:d but longi
tudinal daHl 3re unnecessary. This protocol requires minimal 
preparation time and expense. Because it also prese:rves the 
integrity of rhe feather, barb sampling IS a C'rttica\ innovaLion 
for studies US11lg museum specnnens or mher scenarios where 
maintenance of fcather integrity is deSirable (Fig. 6), I-"or <)x
ample. barb sampling may prove: useful for invcsngations of 
liw individuals of threatened or endangered sp<)cies. Barb 
sampling of flight feathers is far less invasive than collection 
of entire rerniges and provides a record of diet over a longer 
term than doe~ a ~mall s<x:tion or vane. Vihile collection of body 
contour feathers froln Jive birds is often an allnlctive option. 
isolope values from relnlges are preJerable in species suC'h as 
the H~walian Petrel in which the timing of hody-reather molt 
cannot be ""ell constrained (W3rham 1996). 

Avefilge isotope values lOr feathers may also be oblained 
by homogenizing en lire leathers, that is, reducing them 10 

powder and taking an aIiquOI. A Ithough thiS protocol req ui re~ 

tile isotopIc !lnillysis oronly onc sample, th", barb protocol ac
complishes the same task while preservmg mo,tofth", fearher 
ill its onglnal form, avoiding :iny diffIculties associated with 
homogenization and leaving open the po<;slbiliry of longitudi
nal sampling. 

Th<) barb prOloeol provided 3 reliable <)srimate of average 
isotope volues in fenthers of the Hawaiian Petrel becnuse It 
took inl0 account both illtrafeather isotope variation and 1n3SS 
dis{fJbution, factors that may vary by species and feath.cr lype, 
Clearly. the barb pl"Orocoll11ay require modiflcation for usc In 
future stlldies, ill which barb and whole-feather isotope value, 
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FIGLRE 6. Photographs of PI of a flawaiian Petrel before and 
aliee sampliog for isotope analysIs by the barb prolocoL As illus
trated, this salllpling protocol preserves the gross morpholugy of the 
ti:arher, wIth mimmal dl~rupllon to the wne 

should be compared to ensure accuracy. Even with Ll1odtfica

lion, thc barb protocol will compromise the feather minimally 

because its premise is to take only [he mass of barb; rcquired 

for iSOlopeanalysis (ca. l.0 rng) rrolIl strategic locations a!c)ng 
lhe (ealher. Owing to hmi\ations or sample size, Ihe barh 

proiocol offers [he greateSI advan[age for analysis or large 

fealhers in which the mass of the vanes greally exeeeds that 

required for stable-isolope analysis. 

CONCLUSIONS 

Variation In oUC and 61~N within Hawai ian Petrel and Nev.·· 

cU',; Shearwurcr rem iges h,lS importanrecological implications. 

Because the range uf I.3X., for olsN could imply that (TOphlo 

level varies by 330,:, within a feather, there is appe<ll in obtalOing 

illne-integl'3[ed 3vaage isotope val.ues of whole remiges. [s

tablishmg a time-integrared average isotope valLLe is an impor

[ant obJective in light or recent studies doeumenting historical 

declines in the troph i.e level orseveral marine spec ies (lenni ngs 

and Warr 2003, Norris et al. 2007). Moreover, we envision lhat 

Increased knowledge ofva-riation within fcadle!'s tnayyield new 

Insights into the melabolism and ecology of birds. 
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