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ABSTRACT. Little is known about the breeding ecologfyKittlitz’'s Murrelets (Brachyramphus
brevirostrig, a species suspected to have experienced both local and regional population declines
in recent yearsVe studied aspects tifar breeding ecology on Kodiak Island, Alaska, to better
understand thipoorly described member of tfemily Alcidae. Wefound 53nests oKittlitz's
Murrelets during our study (2008-2011) apldced nest cameras33 nestdo collect data on
parental nest attendanecestling provisioning, and nest survival. Incubation shift exchanges by
adultsgenerallyoccurredeitherprior to sunrise or after sunset. Adults brooded nestfmgsist

one dayafter hatchingand did not attend nests thereafter except during provisioning visits.
Adults pravisioned r&lingsanaverage of 10#mes during nestling periodsiith a single fish
delivered during each visiRacificsand &ance Ammodytes hexapteis highlipid forage fish,
accountedfor 92%f fish deliveredto neslings. Nestlingsgrew rapidly with alogistic growth

rate constant (Kof 0.291, the highest rate yet documented among semiprecocial alcids. Young
fledged an. average of 25adterhatching, wherheir body mass had reached an asymptote of
135.5 g, or.57% of adult body mass. Age at fledging and asymptotic nestling body emaesst (

of adult mass)ywerlw compared to othesemiprecocial alcgl The mean number of young
fledged per nest wak093 with 47 of nests predate@nd nestlings dying prior to fledgirag
21%of nests The low number of parental provisioningis, rapid nestling growthates, and

short nestling periodsreconsistent with adapians toreducethe likelihood ofnest predation

and the energy expended by parents. The risk of nest predatibighrehergetic cosif
breedingmay makehe reproductive successkittlitz’s Murrelets more sensitive to declines in
the availability'and quality of their preitan most othealcids

RESUMEN.Ecologia reproductiva del mérguloBrachyramphus brevirostris en la isla
Kodiak, Alaska

Sesabe.poco sobre la ecologia de la reproduccion del mBrgeloyramphus
brevirostris.una especie de la cual se sospecha ha experimentado declines poblacionales locales
y regionalesien afos recientes. Estudiamos aspectos de su biologia reprodiacisia en
Kodiak, Alaska, para entender mejor a este integrante de la familia Alcidae escasamente descrita.
Durante nuestro estudio (2008—-2011), encontramos 53 nidos de este mérgulo y colectamos datos
de cuidado parental en el nido, abasto a polluelos y sobrevivencia de nidos. Los interdambios

incubacion de adultos generalmente ocurrieron antes del amanecer o después.dad®cas
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adultos criaron polluelos por un solo dia después de la eclosion y no cuidaron los nidos en lo
sucesivo, con excepcion de las visitas de abastecimiento. Los adultos abastecian a los polluelos
en promedio 107 veces durante su periodo en el nido, con un solo pez entregado durante cada
visita. La especidmmodytes hexapterusna especie alimento alta en lipidos, significo el 92%

de los peces.gue fueron entregados a los polluelos. Los polluelos crecieron rapidamante

tasa logistica de crecimiento constante (K) de 0.291, la tasa mas alta documentada entre alcidos
semiprecoces."En promedio, los polluelos abandonaron el niddeXpdés de la eclosion,

cuando su'masa corporal alcanz6 una asintota de 135.5 g 0 57% de la masa corporal de los
adultos. La edad de emancipacion y la masa corporal asintética de los polluelos (porcentaje de la
masa corperalkde los adultos) fueron bajos comparados con otros alcidos semiprecoces. La media
de polluelos'emancipados por nido fue 0.093, con 47% de los polluelos depredados y polluelos
muriendo antes\de la emancipacion en el 21% de los nidos. El bajo nimero de visita®de abast
parental, la altéasa de crecimiento de los polluelos y los periodos breves como polluelos en el
nido son censistentes con adaptadores para reducir la probabilidad de depredadids yd&ni

energia invertida por los padres. El riesgo de depredacion y el alto costtieoetg la
reproduccién-eBrachyramphus brevirostrigodria significar un éxito reproductivo muy

sensible adeclines en la disponibilidad y calidad de sus presas que en la mayoria de los otros
alcidos.

Key wordsBrachyramphus brevirostrisiestling provisioning, forage fish, growth rate, nest
survival, predation, seabird

Kittlitz's Murrelets Brachyramphus brevirostrigrerare and enigmatic alsdf the
North Pacific Brachyramphusnurrelets includingMarbled 8. marmoratusand Long-billed
(B. perdiX). murreletsare anomalous in tHamily Alcidae because their breeding plumage is
cryptic and.they nest nacolonially, usually irmainland areas, rather than colonially on small
islands or_sea cliffgypically inaccessible to terrestrial predat(@aston and Jones 1993y et
al. 2017) These traits suggest the importance redation in the evolution of the breeding
strateges of Brachyramphusnurreletscomparedo other alcidsHowever few nests okKittlitz's
Murreletshave beerstudiedsomany aspects dheir breeding ecology rematmknown. @Gpsin
our knowledge of the breeding ecologykattlitz's Murrelets are especially problematic because
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the species is suspected to have experienced both local and regiauation declines in recent
years BirdLife International 2016)although considerable uncertainty exists regarding current
trends intheir populations (Day et al. 2017).

Among gecies in thdamily Alcidae youngvary in the age and body mass (relative to
adult mass).when thdgave nestsvariation unparalleleth other avian familied\estlingsleave
nests to go.to sea aarlyas -2 d post-hatching, wheas small as 15% of adult masgenas
old as 50 ormore days post-hatching, and wdwlarge as 100% of adult mg¥slerberg
1989). Mostalcid species, includiBgachyramphusnurrelets, arsemiprecocial, ¥h nestlings
spending @n extended period in nestd leaing nest capable of powered flight (Sealy 1973).
Variabilitydn juvenile life historiesvithin thefamily Alcidae has been hypothesized to result
from selectionsfor optimal rasef nestlinggrowth relative to parental investment (Ydenberg
1989). This hypothesis assumes that alcid nest sites are relativeipsaferedatorsHowever,
the crypsis, exposed nest sites, and mainland nesting stratBggcbiyramphusnurrelets, along
with observed highates ofnest predation (Nelson and Hamer 1995a, Peery et al. B804rt et
al. 2007 Kaler-et al. 2009%uggesthattheir nest sites at@ greaterisk of predation than those
of other alcids#*Moreover, available information Bnachyramphusuggests that nestling
periods are,shorter than for most other semiprecocial alg@stdn and Jones 199&hich is
expected.n“speciegith high rates of time&lependent mortality (e.g., predation atachastic
weather events) at nest sitgtack 1968, Bosque and Bosque 1995).

Our.primary objective was to obtain information on parental nest attendance, nestling
provisioning;nestling growth and fledging, and nest suna¥#littlitz’s Murrelets, aspects of
their breeding-ecologthatareimportant for conservation and managementaoepoorly
described or absent in the published literature. We also sought to place astextseeiding
ecology ofKittlitz’'s Murrelets within the context oftheir semiprecocial kin in the familxicidae
to better understand the adaptive factors that may underlaythiealbreeding ecology of this
species and.itsvo congeners. We focadon relationships among the semiprecocial Alcidae
becaus®f shared constraints on growth and development invoivezhvng the nest by
powered flight. nally, we sought taleterminaf the atypical breeding strategy of Kittlitz's
Murrelets could make thermparticularlysensitive to changes the quality of fish provided to

nestlings, a topic ahterestgiventhedynamic and potentially changimgosystenof the North
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Pacific (Anderson and Piatt 1999, Royer and Grosch 2006, Pinchuk et al. 2008¢tStusa
2016).

METHODS

Study.area. Our study wagonducted in mountainous terrain adjacent to the Sturgeon
and Ayakulik rivers in southwestern Kodiak Islanoim 2008 to 2011 (Fig. 1). Kodiak Island
liesin the northern Gulf of Alaska ~50 km south of mainl&hakska and is he largest island in
the Kodiak Arehipelagg8975 knf). Our study areancluded foursitescollectively
encompassing ~700 loh alpine habitat dominated by broken-rock ground cav@levations
ranging from80 to 471 m. Theimaryparent rock material in the study area is classified as
ultramafic,'a type of igneous rock containing high concentrations of heavy metdilmited
nutrients, the combination of which inhibttee growth of most plants (Alexander et al. 2007).
Expanses ofiltramaficexposures provide broken-rock nesting habitaKittitz’'s Murrelets at
lower elevationghanalpine areas elsewhere on Kodiak Isldbdcretepatchesof ultramafic
rockin thestudy area wermterspersed with amslirrounded by upland and lowland tundra, forb
meadows, ‘and‘shrub communities variously dominatesitigalder (Alnus viridig, willows
(Salixsppy)«andcrowberry Empetrum nigrum Although Kittlitz’'s Murrelets are often
associatedwith glaciers during the breeding season (Day et al. 2017), thegleeaissd
terrain was-70 km from our study area. Kodiak Island suppsetgerainative mammal and bird
species that could predatettkiz’s Murreles andtheir nestsincluding shortailedweases
(Mustela erminep red foxes(Vulpes vulpes brown keass (Ursus arcto, tundra voles
(Microtus eeeonomysCommonRavens Corvus cora¥k, Bald Eagles Haliaeetus
leucocephalus)PeregrineFalcors (Falco peregrinuy and Blackbilled Magpies Pica
hudsonia.

Field. methods.We located nests by systematically searcifiing sites on mountain
slopes dominated by broken rodeéLawonn et al. 2018r additional details We measured
egg length.an@vidth (= 0.1 mm) with dial calipersand weighed egg(x0.5 g)with a 506g
spring scale. We estimatattubation stage by floating eggs in water, comparing their buoyancy
to egg buoyancy benchmarks (Westerskov 1950, Rizzud&chmutz 2007) scaled to an
assumed incubation period of 30 days (Day et al. 20¥&)orrected for potential error
associated with age estimates obtained fromflegging using the method described in Lawonn
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(2012).1f youngwere in the process of hatng when discovered, watherused nestamera
images (see belovip confirmhatching dat®r estimated hatch date based on the size of the
pipped hole in the egdpased on estimates in Sealy 197 minimize the introduction of
human scent, we wore latex or nitrile gloves when handling eggs, nestlings, or substaates
ness. We visited nests three times during the nestling period to collect dagstimggrowth
rates. We attempted to timarovisits to coincide witmestlingages of 46 days poshatchng,
9-13 days'podtatchng, and 19-21 days pok&tchng. We used 100- or 500-g capacity spring
scales to weighestlingg(+ 1 g). We measured straightened, flattened wing ch@d mm)
using a flexible Imetal rulePotential measurement error was minimized by training research
assistantsbysthe same person throughout our study.

We placed stitimage, motiortriggered camerad&econyx Inc., Holmen, WI; Primos,
PC 90, PC9001-3 m from ahaphazardly selectelibsebf activenests (camera nejts®
monitor nest activityCameras were painted to blend in with their surroundings prior to
deployment, and fivith visors to reduce glare reflected from the lens and flash surfaces. We
programmedreameras to photograph all motion-triggered events, and most weraksebtwt
photo every 3nin, an interval selected to approximate the minimum time adult Kittlitz's
Murrelesremain at nestwhenfeeding young (J. Piatt and N. Naslund, unpubl. data). In 2011,
three cameras were programmed to take photbsra intervals to determineith greater
precision theduration of nestlingrovisioning visits and incubaticshift exchangesVe used
preserved specimens of Pacg@nd ance Ammodytetiexapterusa common forage fishyving
chord length*edult murrelet (125440 mm Day et al. 2017), and head} length of nestlings
(45-55 mmyMc J. Lawonn, unpubl. data) as references for estimating the length of fish observed
in imagesWe binned fish viewed in images into faize catgories to facilitate analysis
including< 8 cm, >8-12 cm, >12-16 cm, and >16 cm total lengthdetermined dapf
hatchng from nestcamera images that showed eggshell fragmantequent movements ah
attendng adult.omestling we assumed hatttg occurred at midnight on the day of hatchiog
calculatng.length of brooding and nestlipgriods. For noncamera nestsye estimatedhestling
age by comparing wing chords with a fitted line of wing chord as a function of age for known-
agenestlingsWe obtainedlata for sunrise, sunset, and civil twilight for the village of Karluk,
Alaska(Astronomical Applications Degstment U.S. Navy)the nearest locatiofor which daa
were availableKarluk lies on a meridian ~8 km east of the center of our study area. We indexed
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nest activities to ambient light by calculating the difference betiveetime ofnest events and
sunrise or sunset, depending on whias closein time. Visits before sunrise or after sunset
were assigned positive values, and visits during daylight (after sunrise or before sunset) were
assigned negative values.

Statistical analysesWe analyzedhestlinggrowth rates using nonlinear mixedffects
models fran the “nime” packagéPinheiro et al. 2017 the statistical program R (R Core
Team 2012)Nonlinear mixeeeffects models account for a lack of independence associated with
repeated measurements by considering both individual-specific variation (rafidots) eand
overall populatiornwide variation (fixed effectinheiro and Bates 200@ach nest was
considerediaqgrouping unit for random effects in models. To account for potential alédicorr
associatedwith repeated measures of the sasténg we incorporated the autoregressive
continuous correlation structure corCAR1 (Pinheiro and Bates 20@0jit logistic growth
curves of the form:

y = A/1 + gK@ge)

where A ssasymptotic nestling mass, K = growth rate constant; aratje (days @sthatch) at
the inflection‘point of the growth curve. We used the logistic equation as a modekfting
growth inbedy masgSealy 1973). We followed Ricklefs (1983) and fit logistic equations to
body mass-as a function wéstlingageand did not force thasymptote through adult body
mass; we assumeunass afledging was equivalent to asymptotic magée used the slope of the
tangent at the inflection point as a measure of the maximum instantaneot!s rgitew\We
analyzedooddelivay rates across three years mastlingsthat survived to at leagtd post-
hatchng using-generalized additive models (GAMs) from the “mgcv” package(iWédbd
2017).0ur sample size for analysis of growth and provisioning rates was limited in all years
except 2011, so we pooled nests aenrgsars for analyseblowever, weprovide annual
summary statistics to illustrate possible ird@nual differencedVe used Fisher’s exact test to
examinepossibleinter-annual differences ispecies composition arsize of fish deliveredo
nestlings.

We estimated daily survival rates of nests using program MARKité and Burnham
1999, Rotella et al. 2004)Ve developed a list of 28 priori candidate models based on potential
contributing factors to nest survivdiscussed in Rotella et al. (2004). Our candidate models

incorporated overall nest age (days post-laying), nest stage (incubation vsghestktling age
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(days post-hatching), calendar date, ysi,(N = 4), camera treatment (nest camera present or
absent), and quadratic terms for nest age and calendantatszaluated candidate models in
MARK using AICc, and created a confidence set of models by including all models with AlCc
weights greater_than 10% of the top model (Burnham and Anderson 2002). We used a model
averaging function in MARK to estimate daily survival rates for our confidencenseimethods
outlined in\Burnham and Anderson (2002) to average coefficient estimates fosnmodet

confidence'seWalues are presented means = 1 SD.

RESULTS

Nest monitoring, nest initiation, and egg measurementsVe discovered and monitored
53 active Kittlitz’s Murrelet nests durin@@8 (N = 5), 2009 N = 13), 2010 N =15) and 2011
(N = 22), and placed motioaetivated cameras near 33 of those nddtsestscontaineda
single egg (onestling) and were located on the ground on slopes dominated by rocks of various
sizes The median estimated nest initiation (éggng) date across all yeawas 3 JunéN = 53
nests range=-18 Mayl7 July). The distribution of nest initiation dates wasvadetoward later
dates, with'sbnests initiatd 30 days or more after 3 JuAwerage mass of fresh eggs (fwn 3
d of laying)acrossall years was 43.2 3.2 g (N = 8, range = 39.0-47.5 g), ~1863of average
rangewideadult mas®f Kittlitz’'s Murrelets (236 gDay et al 2017). Mean egg length was 57.7
+2.2mm (N = 43, range = 53.8-62.7 mm) and mean egg width was 38.2mm (N = 43,
range = 36.340.8 mm).

Incubatien and brooding. We reviewed images fronivamera nest® determine the
timing of ineubation shift exchange®ost exchangewere inthe morning N = 108,Fig. 2a),
with justthree in the evening (Figa2 Morning incubation exchanges occurred an average of 44
min before sunrise (weighte®D = 28, N = 108 exchangeat 17 nestsrange =93-102min;
negative values denote time after sunrise/before sunset, see Me#vedsng incubation
exchanges.occurred an average oiritid before sunsgiweighted SD = 123\ = 3 exchangeat
threenestsgrange =197—-26min). We determind intervals between incubation shiéisfive
nests where'the two adults were distinguishable based on plumage. The overall weighted mean
for the duration of incubation shifts was 28.5 h (weighted SD =\8=/64 observationat five
nests, range = 21.3-48.5 h
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Age estimatedased on egfloating were withinl d of hatching for 10 of 18ests with
cameras, and withithreedays for 13 of 18 camera nests. The mean duration of continuous
brooding periods (broodingatchlingswithout a break 2 h)was31 + 9.3 h N = 15 nests, range
= 14-47 h).At four nests,adults brooded youraf least once following the cessatiof
continuous.breoding; these discrete brooding bouts brggé(range =4.5-6.8 h) andlways
occurredafter food delivery. We did not observadults attending nestlisgpther tharwhen
provisioningand brooding.

Nestlingprovisioning We captured images of 1232 provisioning visits at 20 riests
2009 to 2011. All deliveries consisted of a single f&ththree nests where cameras were
deployed with=1-min photo intensln 2011, only one of 199 deliveries involved an adult
visiting a nest for less than 3 min. Therefore, we did not use a correctiontteestimae
provisioningrates for the remainder of nesthere cameras were programmedatetphotos at
3-min intervals.Only 24% of provisioningisits occurredefore sunriser aftersunsetThe
distribution, of provisioning visits was bimodal, with peaks occurring 42 min after s.amcs 8
min after sunse(Fig. 2b); 42%and 27%of deliveries occured duringthe 4h period centered on
each of the'merning and evening pealespectively. The remaining 31% of deliveries were
made during intervals between morning and evening peak periodsar8iP% ocwrredduring
the daytime“andight intervas, respectivelyFig. 2b). Provisioning adulteemained at nestan
average of 12.6 = 6.@in (N = 97 deliveriesit 12 nests, range = 3.6—48x#n). For thetwo
nestswith cameras programmedr photo intervals of 1-min, th@eantime adultsspent at nests
afterfeeding'young was 3% 15 sec (\ = 19 deliveries, range = 13-75 sec).

Meanebservechumber ofparental provisioning deliveries testlings monitored by
cameraduring the entire nestling period was 85 in 200%-(1), 81 in 2010 = 1), and 11&

25 deliveries in 2011N = 4, range = 99-15deliverieg. Statistical aalysis of provisioningates
includeddata.from 1éestlingsmonitored in 2009 and 20108l € 2 each year) and 201N €
12).The estimated peak provisioningrates was on day7lposthatch when nestlingsvere fed
anestimatedaverage of 4 times/dy (95% Cl:4.5-5.2).Overall,parents made an average of
114 meal deliverie$95% CIl:104-124) to fledge a nestling durintpe 2009 to 2011 breeding
seasonsbased on model-prixted daily delivery rateandan observed avera@®-d nestling

period.
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Diet composition.We identified 998 (81%) ahe fishdelivered tanestlings(N = 1232
mealg either to specigs.e., Pacificsand lance, capelitallotus villosu$, andPacificherring
(Clupea pallasi), or family (i.e., Salmonidaeldentification offish delivered during 234
provisioning visitg§19%)wasnot possiblalue topoor image quality. We excluded unknown
fish in a subsequent analysis of the proportioditéérentfish species delivered teestlings.

There was\no_significamter-annual difference in the proportion of different fish species
delivered to'nestlingd?(= 0.47, Fisher's)acttest).From 2009 to 2011, fish delivered to
nestlings included (by perceott deliveries)91.7% Pacific sand lance, 7.6% capelin, 0.4%
Pacificherring, and 0.2% salmonids. We foundim@r-annual difference in the proportions of
different sizeelasses of fish deliverechistlings P = 0.10, Fisher’'s exact tesgrom 2009 to
2011, 72 (N ="838) of fish delivered to nestlingsere12-16 cmlong, 27% N = 324)were 8
12 cm long, and 2% were<8 cm or >16 cm long.

Nestling.growth. We monitored growth of 1Bestlingsfrom 2009 to 2011 (Fig. 4). For
our modelef.growth rate, the estimate for the logistic growth rate constanb().291 (95%

Cl = 0.232=0.387), the inflection point (1) of the fitted curve was 6.07 d (95% CI = 5.34-6.79),
and the asymptote (A) was 135.5 g (95% CI = 125.7-145.3). Point estimates for parameters in
the logisticsgrowth model fit to all data on agpgecificnestlingbody mass were sitar to those

that included only data fromestlingswhose hatch dasewereknown (95% Cls: K = 0.222—-

0.384; 1 =5.51-7.19; A = 127.1-148.2). The maximum instantaneous rate of growth, based on
point estimates.from theestfit model, was 9.8 g/d at the inflection point of the fitted curve. The
time required for a nestling to grow from 10% to 90% of asymptotic body mass Ricklefs

1967) was 1571 days.

Fledging. Mass(asymptotic body masgf young at fledging from our growth model
(135.5 g)was57% of the rangewide average adult mas$Kittlitz’'s Murrelets (236 gDay et al.
2017). Time-and date of fledgingevedetermined by cameréar sevennests, and by a
scheduledestwisit <24 h prior to fledgg atone nest (fledigg was confirmed by nest visit
the following day) Mean agef youngat fledging wa®5 + 2 d post-hatchingcross all years\
= 8 young, range = 22-28 dylean fledging age wa&3 d in 2009 = 1 nes}), 22+ 0.6d in
2010 (N = 3, range = 22-23 d), and 27 + d3n 2011(N = 4, range = 25-28 d). No fledging
occurred at monitored nests in 2008. Six of seven young fledged an average ofiai+ 18

(range =1-42 min)eitherbefore sunriseN = 3) or after sunseiN(= 3).Onenestling fledged
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3.7 h before sunrise. Median fledge date was 7 August (mediaralday of year = 219\ = 8
nestlings, range = 204—-244 day of year

Nest fate and nesting succes¥oung fledged at nine of 53 nests, an apparent nest
success rate df7/%. Redation was thenaincause of nest failuréredation events detected
eitheron-camera or by visiting an active nest and finding it empty accounted for 47% (25 of 53
nests) of all.nest fates. Of 25 predated nd&<$/2%) and seven (28%jere predateduring the
incubation and nestling stages, respectively. Of 12 mggtcamerasvhere predation was
documented, 10 were predated by red foxes. We could not identify nest pratatar siests
because the predator failed to trigger the canM¥sfound 11 nestlingdeadin their nests,
accountingsfar21% of total nest fatiesm 2008 to 2011. Subgeent analysis of a sample of
dead nestlings®found in 2010l € 5) and 2012N = 3) revealed that exposure to saxitoxin, a
biotoxin associated with paralytshellfish poisoningwasa primary cause ofhick mortality
(ShearrBochsler et al. 2014). Seven of 52 eggs were abandoned during our study.

Ourconfidence set of nest survivabdels comprisetbur models within~4 AAICc units
of thebestfittmodel (Table 1)After averaging parameter estimates for our confidenceheet, t
odds of nest survival were negatively associated with the year RG9O8 estsand with the
nestling period (95% CI for conditional odds ratios: 0.07-0.47 and 0.001-0.45, respectively).
Assuming-an average #bnesting period (incubation andstling periode€ombined), overall
survival rate for nests as derived from the confidence set of madeiaged.076 (95% Cl =
0.004-0.275jrom 2008 to 2011. Camera deptognt at nesthad nosignificant effect on daily
nest survival rat¢d5% CI for conditional odds ratio: 0.0450), although the proportion of
camera nests'whenestlings fledged (0.21) was higher than the proportion oftaomera nests
wherenestlings fledged (0.10). ¥\treated a second confidence set of masligfouta camera
term to derive a final estimate of nest survival rate. Based on this confidence set, the overall
annual nest.sufvival rate, or number of young fledged per pair (assuming no successful re-
nesing attempts), was.093 (95% CI = 0.007-0.299).

DISCUSSION

Nest initiation, egg massand brooding period. Initiation of somenests as late as @ 6
weeks after the median nésitiation datesuggestse-nesting attempts by failed breeders.
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Suspectede-nestinghas been reported for Kittlitz’'s Murrelets (Day et al. 201l @onfirmed
for Marbled Murrelet§Nelson 1997, Barbaree et al. 2014).

Mean egg mass ittlitz’'s Murreles in our study (43.3)gvas slightly lower thathat
of five eggs at Agattu Island (46.6 g, Kaler et al. 2009). Taken tog#tlearsults othese two
studies suggeshategg mass oKittlitz’s Murrelets, relative to adult body mass, is among the
highest of the semiprecocial alciflsable 2).Suchlarge eggs arexpectedor precocialneonates
(Starckand'Ricklefs1998b), andreconsistent withthe short brooding periodnd presumed
rapid development of thermoregulatory abilityserved irour study.

Nestlingson Kodiak Island were brooded by parents for a shorter periochéstimgsof
any other semiprecocial alogkceptMarbled Murreles. Suchbrief brooding period are
remarkablegiven thaBrachyramphusnurreletsuse &posed nest sites, whamnestling
thermoregulatory costrepresumably highRapid development of thermoregulatioray
provide a net energetic benefit to the paiafdpring unit, allowing both adults to provision
nestlingssoon after hateéhg. Such a strategpcreases the potential rate of food deliveries to the
nestling, analiminaesthe need for periods of parental fasting gratompanyorooding.

Diet'composition and rate and timing of provisioningMost fish delivered tmestlings
in our studywerelarge (12—16 cmpacific sand lance and capehwhich ae lipid-rich compared
to many_other potential forage fishes in the Gulf of Alaska (Van Pelt et al. 1997, Anthadny e
2000, Iverson et al. 200ZPresumably as r@sult of feedindnigh-quality(large,lipid-rich) fish
to theirnestlings, adulKittlitz’'s Murrelets on Kodiak Island mad&ewer provisioning trips
during themestling period than other fish-provisioning semiprecocial alcidstheitexception
of corgenerie-Marbled Murrelstand noairnal Rhinoceros Auklst(Cerorhinca monocerata
Fig. 5). Providing nestlings withigh-quality meak seemsadaptivein termsof both adult and
nesting survivalbecausdt limits exposure of parents to potential predation associated with meal
deliveries(especially from avian predatoisissling et al. 2015, Day et al. 2013@nd limis
activity at nestthat could attract predas(Martin et al. 2000)At the same time, such a strategy
couldreduceroverall parentahergy expenditureecausehe total energy regred for raising
youngcanbe met with relatively fevprovisioning visits.

We found that ~30% of provisioning visiiscurredduring the daylight intervddetween
morning and evening peaks of provisioning actividgytime nest visitpresumably expose
provisioning adults tancreasedisk of attack by avian predators amayincreasehelikelinood
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of nest detection by diurnal predators. Conversely, daytime provisioning may reduce the
probability of nest detection by nochal predators such as red foxkat were commonly
observed near murrelet nesting habitat (M. J. Lawonn, pers. obserd ywere responsible for
the loss of some nest@aytime provisioning of young has also been reporteMarbled
Murreles (Nelsorand Hamer 1995bbut few data exist for compariso

Nestlinggrowth and developmentThe growth rate constant (KQr nestlingKittlitz's
Murreles on"Kodiak Island (0.291yashigher than that afestlingsat Agattu Island in the
western Aleutians (K = 0.096 = 4, Kaler et al. 2009), the onlyath available for comparison
This differenceseemdikely to reflectdifferencesan the quality or quantity of food provided to
nestlings athetwo sites(lUSFWS 2013). The average duration of the nestling period at Kodiak
Island (25 dWwasshorter tharthat fa two nestlingsat Agattu Island 80 days, Kaler et al. 2009),
but similar tonestling periodsit single nesteeported by Bailey (1973) and Naslueidal.(1994)
at Cold Bay and Katchemak Ba#laska, respectivelfestimated 24 dandmeannestling
periodsin southeastern Alask&3.7 daysN = 9 nestsUSFWS 2013).

Average mass diedgingof youngKittlitz’s Murreletsin our studywas57% of azerage
adult massgompared to 47% of adult body mass at fledging reportekgattu IslandKaler et
al. 2009).The greaterfledging mass othe comparatively fagjrowingnestling in our studys
consistent-with an observed inverstationshipbetween agand mass at fledging among many
alcids(Ydenberget al 1995), and seems likely to be related to the apparent high quality of
nestlingdiets in our study.

Thesgrowth rate constant for nestlikgtlitz’'s Murreletsin our study(K = 0.291)was
the highestwyeteportedamong emiprecocial alcids, wvdreaghe asynptotic mass ohestlings
wasthe lowesi(57% adult magsAssociated with these two factomyr resultssuggesthat
Kittlitz’s M urreletshaveshorter nestlig periods than otheemiprecocial alcidsThe rapid
growth ofchicks,andabbreviatedhestling period of Kittlitz’s Murrelets compared withtheir
confamilialsareconsistent witran adaptiveéesponséo minimize the risk oftime-dependent
mortality associated withighisk nest site§Bosque and Bosque 1995). Rapid growith
nestlingsmay also havenportantenergetic benefits for pareriiecausdastergrowth rates
appear taignificantly reduce cumulative energy requirements of nest{iMgaithersl 992),
translaing to feweroverallprovisioning visits required for fledging. Overal; kestricting
energy demand at negi®.,one small, rapidly growing nestlingith low asymptotic mass),
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Kittlitz’s Murrelets on Kodiak Island were able to raigming that fledged quickly despite adults
makingrelatively fewprovisioning visits during the nestling period.

Nest survival.Our estimate of nest success for Kittlitz’s Murrelets was 0.08&8ea
muchlower thamaverage nest survival rates fif otherspecies of alcidf).33—-0.86, De Santo
and Nelson,2995)his low rate seeminsufficient to maintain éongtermmurrelet population
in our study. aredecausegevenwith a generous assumption of 90% adult survivest success
rates greaterthan 0.2 would be needed to maintain a stable population (Day and NigreVv2004).
acknowledge that our research activities could have increasadkiog predation risk fonests
in our study (Piatt et al. 1990), but beligteés isunlikely because of odimited number of nest
visits, and.because nestere novisitedduring incubationwhen most nest predation occurred.
Given low nest'survival rates in our study, it is unclelhetiver the contemporary presente
Kittlitz’s Murrelets in ourstudy area is a result périods marked by very hightrinsic
productvity, immigration from more productive areas, or a combination cktiwe factors

In our study, 13% of nests faileldie toabandonment of eggs. Althoughssible reasons
for this aresuncleame cannot discount our research activities as a contributing {&twns
1980,Piatt'et'al. 1990Rodway et al. 1996), even though we attempted to minimize the
likelihoodref.abandonment by limiting nest visits to the post-hatch s&egetoxin toxicity
appears.terhave been a contributing fafiomany of the 21% of nestgth unexplained deaths
of nestlings, but thiseems likely to be a sispecific mortality factor rather than a population
wide phenemenorPredation was the main cause of nest failure in our studgestingthat
Kittlitz’'s Murrelet nestsin our study werender high risk of time&lependent mortality arttiat
selective pressumaaythereforefavor shortnesting periodsto reduce this risk

Conclusions The high predation rates for Kittlitz’s Murrelet nests observed at Kodiak
Island and Agattu Island (Kaler et al. 2009) suggest that productivity may be owtstrg nest
predation in.some areds.contrast, nofBrachyramphusilcids are genatly less exposed to
predation pressure because thegtin areaghat are usually inaccessible to grotbaked
predators,.and benefit from the predadatamping effect associated with colonial nesting
(Gaston and Jones 1998). Thus, redlavailability of high-quality foragdish could
disproportionately impair productivity of Kittlitz’s Murreleand otheBrachyramphuspecies)
because a compensatangrease in the number of food deliveries along with slower chick
growth (and a consequeengthening of the nestling period) could increase exposure of
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nestlings and adults fweddion risk Forage quality may also impact Kittlitz’'s Murrelets via
energetic constraintRecentwork suggestthatthe energy expenditure of adult Kittlitz’s
Murrelets relative to their metabolic capacity is high compared to other alcids, and may be close
to their maximum physiological potential during breeding (Agness et al. ZD&efore, a
reduction inferage quality could involve unusually hegtergetic costkor adultKittlitz's

Murrelets as aresult of compensatory increases in the number of provigigrsmgeeded to
raiseyoung Taken together, the potential effects of poor quality forage on both predation risk
and parental'energy demand suggestKitditz's Murrelets may be especially sensitive to
declines in forage quality compared to other alcids. Congelaribled Murreles have aimilar
breeding ecolegpndseemlikely to experiencesimilar energetic constraints during breeding.
Such asendivity could be contributing teecent apparemteclines in populations dittlitz’s

and Marbled murrelsin some areas the Gulf of Alaska (Piatt et al. 2007, Day et al. 2017)
thatappear teoincide with shifts inheabundance acdomelipid-rich forage fishin this region
(Anderson.and Piatt 1999).
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Table 1. ,Confidence set of nest survival modelittitz’'s Murrelet nests on Kodiak Island, Alaska, 2008—2011.

Confidence
Number of ; AlCc
Model AAICc _ set AICc
parameters weights .
weights
Nest agB+ hest stade+ nestling age+ camera + yeaf 8 0.00  0.37948 0.44
Nest age=+nest stage + nestling age + camera 5 0.06 0.36847 0.43
Nest age + nest stage + nestling age + year 7 3.50 0.06599 0.08
Nest age +=nest afye camera + year 7 4.13 0.04813 0.06

®Age of nest when discovered (days post-laying).

®Indicatot.variable for incubation (0) aestling (1) periods.

‘Age of nestlings; coded as an interaction term. Inclusion in models suggests déferstape for survival of eggs vs. nestlings.
dIndicator-variable for nestvithout camera (0) or with camera (1).

°Factor variable for study year. Reference group is 2011.

"Lowest AlGwaludor a confidence set model = 268.8
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Table 2. Btimates of reproductive parameters for 15 species of semiprecocial alcids (Family Alcidae)

Maximum

Mean egg _ o Estimated
~ fledging _ Minimum
mass Brooding Maximum ' mean
b . Adult . mass nestling
ID Species (percent  period K _ number  Sourceb
mass (g) (percent o period o
adult body (days) (logistic)® deliveries
adult (daysy 1
mass) . day
massy
. 7,11, 14,
1 Dovekie 150-202 19 2-5 82 0.259 27 8
25, 28, 30
2 Spéctacled Guillemo 680 8 ? 91 ? 35 11.7 20, 22, 31
, 4,8, 13,
3 Black Guillemot 378-393 12 1-6 101 0.165 37 16.4
14, 30
4 Rigeon Guillemot 450-507 12 3-7 98 0.171 35 18 9,13, 30
6, 19, 23,
KIMU  =Kittlitz’s Murrelet 212-244 19 il 57" 0.291 23 4.7
32,35
MAMU Marbled Murrelet 205-220 18 1-2 71 0.230 27 3.2 15, 24, 29
10, 13, 17,
7 Crested Auklet 260 14 1-6 94 0.197 33 3 30
8 Least Auklet 82-87 22 5-7 108 0.244 29 3.5 3,30
Whiskered Auklet 112-118 ? 4-10 92 ? 39 5,13, 16
10 Cassin’s Auklet 167-185 16 3-6 90 0.150 41 1,13, 30
11 Parakeet Auklet 254-276 14 2-7 79 0.183 35 4 13, 18, 30
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2,13, 30,
12 Rhinoceros Auklet 491-569 16 4 73 0.126 48 2

34
13 Tufted Puffin 721-829 12 1-4 78 0.153 38 4 27,33
14 Horned Puffin 497-633 15 57 66 0.144 34 4 26, 33

11, 14, 21,
15 Atlantic Puffin 405-480 15 67 75 0.181 38 5 30

®Estimatés obtained frosummary or primariiterature and refledummaries of average annual parameter estimates per study area,

or summaryestimateper studyarea when annual estimates unavailable.

PScientifienames (ID)(1) Alle alle, (2) Cepphus carbo(3) Cepphus grylle(4) Cepphus columbgKIMU ) Brachyramphus
brevirostris (MAMU ) Brachyramphus marmoratué/) Aethia cristatella(8) Aethia pusilla (9) Aethia pygmaeg10)
Ptychoramphus aleuticugl1) Cyclorrhynchus psittaculg12) Cerorhinca monoceratg13) Fratercula cirrhatg (14) Fratercula

corniculata and (15)Fratercula arctica

‘Average.percerddult mass aseported; otherwisesalculated by dividing average egg mass by average locgiienifc pre-laying

female adult massr average adult mass if locatispecific female mass wasavailable.

daverage perceradult mass aseported; otherwisegalculated by dividing average fledging or asymptotic nestliags by average

location-specificadult mas®r speciespecific adult mass if locatiespecific adult mass was unavailable.

“Intraspecificgrowth and developmental paramet varyconsiderably in théamily Alcidag, complicating ingrspecific comparisons
We attemptedo standardize comparisons by using parameters that achieve their presumed(ftedging masskK) and minima

(nestling period) under favorable conditidos nestling growth (Ricklefs 196&,denberg et al. 1995
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'Sources (and references there{tt):Ainley et al. 2011, (2) Bertram et al. 1991, (3) Bond et al. 2013, (4) Butler and Buckley 2002,
(5) Byrd and Williams 1993, (6) Day et al. 2017, (7) Evans 1981, (8) Ewins 1®8bw(ns 1993(10) Fraser et al. 1999, (11) Gaston
1985, (12) Gaston and Dechesne 1996, (13) Gaston and Jones 1998, (14) Harris and Birkhead 1985h @t=alH11881, (16

Hunter et,al.2002, (17) Jones 1993, (18) Jones et al. 200 K4[ED et al. 2009, (AKitaysky 1994(21) Lowther et al. 200222)
Minami et al. 1995, (23) Naslund et al. 1994,)(Rélson 1997, (25) Norderhaug 1980, (26) Piatt and Kitaysky 2002aR{&t and
Kitaysky2002b, (28) Roby et al. 1981, [Z®mons 1980, (30Starck andRicklefs 1998a, (3L Thoresa 1984, (32) USFWS 2013,

(33) Wehle.1983, (34) Wilson and Manuwal 1986, and {3bs study.

9Rangewide ault mass = 236 g (Day et al. 2017).
"This study.

'Only known growth data frortwo nests(Simons 1980, Hirsch et al. 1981).
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FIGURE LEGENDS

Fig. 1.Map ofour study area on Kodiak Island, Alaska. Ligi&y areas represent ultramafic
outcrops dominated by broken rock. Ovals encomgiéssvhere nessearching occurreflom
2008 to 2011.After Lawonn et al. 2018.

Fig. 2.(a) Timing of incubation shift exchangéy breeding pairs of Kittlitz’s MurreletdN = 17
nests) and(b) timing of provisioning visits to nestsy adult Kittlitz’s MurreletN = 20 nests)
on KodiaksIsland, Alaskgrom 2009 to 2011 (AlaskBaylight Timé. Solid lines represent
sunrise and's@et; dashed lines represent civil twilight.

Fig. 3. Average meal delivery rates to nestling Kittlitz’s Murrelets by adultsodiak Island,
Alaska during 2009 = 2nest$, 2010 N = 2 nest3, and 2011 = 12nests). Dashed lines
represent 95%enfidence intervals.dits reflect data for individual nests; points jittered for

clarity.

Fig. 4. Body mass of nestling Kittlitz’s Murrelets as a function of age on Kodiaidisfdaska,

from 2009t0"2011. The curve represents a logistic model fitted to the data points.

Fig. 5. Number of provisioning visits required for successful fledging of young fepddes of
semiprecocial alcids, segregated by parental provisioning strategy. Number abpiogisisits
determinedsby=multiplying daily provisioning rates by themimumduration of the nestling
period. Provisioning rates f@epphuspeciesverebased on a brood size of one nestliDgta
and sourceare provided infable 2. Common namese (1) Dovekie (2) Spectacled Guillemot,
(3) Black Guillemot, (4) Pigeon GuillemdKIMU) Kittlitz’s Murrelet, (MAMU) Marbled
Murrelet, (7) Crested Auklet, (8)dast Auklet, (9) Whiskered Auklet, (10) Cassin’s Auklet, (11)
Parakeet Auklet, (LZRhinoceros Auklet, (13) Tufted Puffin, (14) Horned Puffin, and (15)
Atlantic Puffin:

Fig. 6. Maximum fledging masgérceniof adult mass) as a function of minimum nestling
period (days) for 15 species of semiprecocial alcids (Rfterl in Ydenberg 1989, data from
Table 2). Common namese (1) Dovekie (2) Spectacled Guillemot, (3) Black Guillemot, (4)
Pigeon Guillemqt(7) Crested Auklet, (8) Least Auklet, (9) Whiskered Auklet, (10) Cassin’s
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Auklet, (11) Parakeet Auklet, (12) Rhinoceros Auklet, (13) Tufted Puffin, (14) Hornech Puffi
and (15) Atlantic Puffin.
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