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ABSTRACT Conditions in Alaska, USA, pose a challenge fonitaring populations oBrachyramphus murrelets using standard census methods, becuse o
strong winds, 2 sympatric species, short nightd,\eatiable nesting habitat. We tested 3 methodsifamitoringBrachyramphus murrelets breeding in the
Kodiak Archipelago, Alaska, in 2010-2012. In additio standard audio-visual and radar methodsgested—for the first time with murrelets in Alaskaet
application of autonomous acoustic recorders fonitpang vocal activity. We completed 74 radar, Edio-visual, and 134 autonomous acoustic surveys,
focused on presunrise activity peaks; this yield@®75 murrelet detections. Marbldgl (narmoratus) and Kittlitz's murreletsB. brevirostris) could not be
distinguished using combinations of radar and atouvscordings; therefore, at-sea surveys will éguired to determine localized species proporti@ighe 3
methods, radar sampled the largest area and deétttatly flying murrelets, providing the mostieddle data on local populations; however, radantifieation
of murrelets was unreliable in winds exceeding @f8Hour. Audio-visual surveys were useful for speddentification and to document behaviors assediat
with local nesting, whereas autonomous acoustiordess allowed season-long monitoring of murretatal activity. Within potential forest-nesting httiof

marbled murrelets, all 3 methods gave similar messsaf presunrise murrelet activity, but only raddiably sampled murrelets commuting between aadt



ocean. Because of their low cost and flexible paogning, automated sound recorders offer an afféedaby to sample vocal activity prior to more irdame
or expensive radar and audio-visual surveys. Wemeeend that population monitoring and habitat gsdifBrachyramphus murrelets in Alaska include
combinations of all 3 methods.

KEY WORDS Alaska, audio-visual, automated acoustic recorddngchyramphus murrelets, Kittlitz’s murrelet, marbled murrelpgpulation monitoring,
radar.

(WILDLIFE SOCIETY BULLETIN 00(0):000-000; 201X)

Marbled murreletsBrachyramphus marmoratus) have an extensive breeding range that extends ¢emtral California through the Aleutian Islandgte
United States. Their congener, the Kittlitz’s miletéB. brevirostris), has a more restricted range in Alaska, USA,easlern Russia, and the 2 species of diving
seabirds breed sympatrically in parts of Aladk@achyramphus murrelets are unique among alcids (Alcidae) inrthencolonial and highly dispersed nesting,
cryptic breeding sites, camouflaged plumage anteige nest attendance. These nesting habits malkicult to census and monitor populations, lgeth
species oBrachyramphus murrelets are of conservation concern in Alaska essult of evidence of large population declioesr the past 25 years (Piatt et al.
2007, 2011; Kuletz et al. 20&1b). Reliable census methods for murrelets are negdathska to refine population estimates, estéblimg-term monitoring
programs and undertake habitat association studies.

Throughout their range, marbled murrelets generadkt in mossy limbs of old-growth conifers, blsoanest on the ground or on mossy cliff ledges
(Nelson 1997, Willson et al. 2010, Barbaree e2@l4). In Alaska, 97% of their at-sea distributthiring the breeding season occurs adjacent totfbedstat
(Piatt and Ford 1993), but recent evidence sugdleatshese birds may not necessarily nest in {{@adaree et al. 2014); in the Kodiak Archipelagoge

populations of murrelets were associated with wedted habitats (Cragg 2013).



Currently, at-sea vessel surveys are the primathoas used in abundance monitoring Boachyramphus murrelets in Alaska (Piatt et al. 2007), but this
method gives imprecise population estimates anddvapower to detect population trends (Kisslinget2007, Kissling 2011). In the southern portadrihe
marbled murrelet’s range, audio-visual and radarests are the principal census and monitoring noitl{&vans Mack et al. 2003, Bigger et al. 208anley
2006). Radar surveys are used to count flying nietses they commute daily between marine forabaigtat and nest sites along predictable flighhpat
providing an estimate of the local breeding popatasize. Audio-visual surveys are designed to tmomurrelet presence and relative abundance within
potential nesting habitats and to detect behawnligative of nearby nesting. Radar surveys hawéhaen widely tested in Alaska because of condstitat
make standard survey methods more challengingitheouthern latitudes, including the presence gfipatric species that are not easily distinguished
reduced period of darkness at night, windier caodd, and highly variable nesting habitat.

Automated acoustic recorders can operate unaitendemote locations for weeks to months and hwweed successful in population and community
studies of other seabirds (Buxton and Jones 204eB et al. 2014, Oppel et al. 2014). A major tation of monitoring murrelet populations usingaadr
audio-visual surveys is the high cost of supporfialgl crews, which often reduces spatial and terape@plication of surveys. Automated acoustic rdom
devices offer an affordable alternative for seasog monitoring with minimal field logistics, buteir effectiveness witBrachyramphus murrelets is unknown.

Here we compare daily and seasonal detection odtasirrelets with the 3 methods (radar, audio-®isand automated acoustic recorders), covering
both nesting habitat and commuting flyways (fliglaths used daily by murrelets to travel betweem sitss and marine foraging grounds; Burger 1997.
compare the strengths and limitations of each nietbiodifferent aspects @rachyramphus murrelet population management, from monitoringal@ctivity in
small patches of forest to region-wide populatiaonitoring programs. Although focused on Alaskanditions, our study has relevance for censusing and
monitoringBrachyramphus murrelets throughout their ranges.

STUDY AREA



We observed murrelets at 27 sites in the Kodiakhelago, Alaska, from 2010 to 2012 (Fig. 1; Cr20d.3). We sampled terrestrial habitats along an
ecological gradient from tundra ecosystems typi¢alubarctic Aleutian Heath on southwestern Kodi&&nd (Grant Lagoon; 57°28, 154°39W) to sites
dominated by Sitka sprucPitea sitchensis) forests on the northeastern Kodiak Archipelagg.(éMonashka Bay; 57°39, 152°28W). Both Kittlitz’'s and
marbled murrelets are known to breed in the Kodiadhipelago (Piatt and Ford 1993, Stenhouse &048, Lawonn 2013), but Kittlitz’s murrelets weesse in
our study area, both at sed ¢ of allBrachyramphus murrelets observed at sea; Cragg 2013), and iintarrd counts (details below). Consequently weifoc
our analysis on data from marbled murrelets butigderecommendations for population monitoring aggille to both species of murrelets in Alaska.
METHODS

We conducted repeated radar and audio-visual ssiae@rant Lagoon in 2010 throughout the breed#agaen to assess diurnal and seasonal activitysieamdl
the effects of weather conditions on radar count2011 and 2012, we conducted repeated radarpatislial, and acoustic surveys simultaneously at
Monashka Bay. We sampled an additional 5 sites eack by radar and acoustic surveys in 2012 to acenpith results from Monashka Bay. We used counts
from radar surveys conducted in 2011-2012 at 2itiaddl sites in the eastern and the northern Klodiechipelago to assess diurnal activity patteifrig.(1).

All procedures were approved by the University aftdria Animal Care Committee (protocol 2010-018ampling spanned the core breeding period (inctudin
incubation, chick-rearing, and fledging), from gatine through mid-August, in each year.

Field Methods

We used a marine radar to observe flying murrdlégsner et al. 1995, Burger 1997). The radar unitRo 1954C, X-band, 12-kW transmitter, 9,410-MPBiz,
m scanner; Furuno Electric Co., Ltd., Nishinomipgpgo Prefecture, Japan) had been modified by tiltiregscanner upward by 15° according to standard
adjustments for murrelet surveys (Burger 1997, Hagp al. 2004). In 2010 at Grant Lagoon, we cotetliexploratory surveys of 6 hours in randomized
periods throughout the 24-hour cycle to investightenal activity and to permit visual identificati during daylight of other species detected barad/e

found commuting murrelets were active throughoatritght, with a peak of activity that began 2 hduefore sunrise (Cragg 2013). Thus, in 2011-20E2, w



conducted radar surveys only at night, beginningh8@utes before sunset and ending 1 hour afteissior 10 minutes after the last murrelet detection
whichever came last (sunrise and sunset times ¥omv.sunrisesunset.com).

For each murrelet detected by radar, we recoritgiet behavior in an attempt to distinguish murteligom other species. We identified targets (Fig.
2A) on the basis of 4 criteria: 1) flight speesh km/hour; 2) flight type (direct or sinusoidaB); flight path consistent with the likely route dser commuting
flight between potential nesting areas and marmmading sites; and 4¢4 sequential images of the target (hits). If atirideria were met, we recorded the target
as a ‘murrelet’; we recorded targets meeting fetlvan 4 of the criteria as an unknown species. Werded the actual species if verified by the audsoal
observer (see below). We categorized murreletfflifiection shown on radar as inbound (landward)uibound (seaward). We recorded weather conditions
(wind speed, measured with an anemometer; and ditadtion, measured by compass) at the start ad@eeach survey, plus weather events during theegu
that would affect the reliability of data (e.g.ghiwinds or rain showers). Rain showers produceescclutter on radar that reduces visibility ofittiargets;
therefore, if rain persisted for >10 minutes dunegk activity periods (2 hr presunrise), the sydata were not used in analyses.

We conducted audio-visual surveys in conjunctidtiwadar surveys at dusk (from radar survey statil civil twilight) and at dawn (1 hr before
sunrise until 1 hr after sunrise). We used standadio-visual protocols (Evans Mack et al. 2003)etmord murrelet detections, including speciestitiewhen
possible, and behaviors indicative of potentiatingsnearby (i.e., flight below the forest canopgrial dives, and low-altitude circling).

We deployed Song Meter automated acoustic se(idbldlife Acoustics, Inc., Concord, MA; SM1, SM2 frestrial and Night Flight; see Cragg et al.
[2015] for details on model performance) during timerrelet breeding season (Jun—Aug) in 2011 an@.2R&cordings were analyzed using automated
recognition models developed in Song Scope acosstiware (Wildlife Acoustics, Inc.) that identiflg@otential murrelet vocalizations within recordshahich
were then checked by a human observer on a spestnagnd grouped into call types according to Denhé$998). Details of field sampling and acoustic
analysis are in Cragg et al. (2015). Song Meterg\weogrammed to record for 2 hours each day,istg?t hours before sunrise, to match the peak ofefat

activity observed by radar.



At Monashka Bay, we deployed Song Meters in 201dL.201.2 within forested potential nesting habitang@rs FOR1 and FORZ2, located in the same tree to
compare sensor performance; Cragg et al. 2015akmdy an unforested flight path used by murrelé¢siified by radar (FP; Fig. 2B). For testing diffleces
among other sites, in 2012 we deployed sensorsige$in the northern Kodiak Archipelago in potainforested nesting habitat within the radar séagareas
(Fig. 1); at one site no forested nesting habitas$ available and we placed the Song Meter belosmarting flight path. Multiple Song Meters could bsed
within one radar-station scanning radius becauskeofmuch smaller area sampled by Song Meter (68¢ns; Cragg et al. 2015) compared with the radar-
scanning radius (1.5 km).

Definitions of Detections

The murrelet ‘detection’ was the common unit of pamison among survey methods. In radar surveysjreehet detection was defined as a seriesdofadar
echoes that have the appearance, flight speedligidpattern characteristic of a murrelet (Man306). For audio-visual surveys, we defined a elatr
detection as “the sighting or hearing of one orenmourrelets acting in a similar manner” (Paton 1998), with gaps between calls of >5 seconds censdl
separate detections (Evans Mack et al. 2003). Wigagly defined an automated acoustic murrelet cteda as a series of murrelet calls not separayeebb
seconds (Cragg et al. 2015).

Exploring Diurnal and Seasonal Trends and Wind Effects

Only one site provided radar sampling spanning rabatbreeding season (Grant Lagoon; 14 overnigiveys, 3 Jun—27 Jul 2010). We used mean murrelet
counts per hour for each survey to show seasograd$rin activity (Table 1A). We also used theseatgd counts to test whether increasing wind spesdted
in higher counts of murrelet targets (due to appiéy@reater flight speed of birds caused by taildd) using linear regressiom £ 0.05 for all statistical tests).
We then removed outlier counts from wind eventserling approximately 18 km/hour from the linearesgion to assess whether the trend remained

significant. Despite the relatively open and exploseastline of the Kodiak Archipelago, high wingd8 km/hr) did not affect a high proportion of seys



across all sites (11.1% of all surveys attempte2Dih0—2012), whereas high winds prevented onlyr@esuattempts. We did not use data from surveyscegti
by high winds in other analyses.

To examine diurnal activity patterns in radar andio-visual surveys at all other sites in 2011 20#2, we calculated the proportion of murrelets
flying inland in each survey’s counts within 30-mia intervals (relative to sunrise), calculatedrtiean proportion in each interval across all sées, used the
coefficient of variation of the mean as a meastineadability in activity (Table 1B). We used meaaunts per hour at Grant Lagoon rather than usiogts of
murrelets flying inland per 30-minute interval puasse, because of the low counts at this station.

We made season-long tests of Song Meters witl@matar scanning area at Monashka Bay on Kodiakdslat 2 locations from 15 June to 3
September 2011, and from 1 June to 27 August Z04BI¢ 1C; Fig. 2B). To illustrate similarities irasonal activity trends, and to demonstrate dififegs in
seasonal coverage by different survey methods,leteed repeated counts for the 3 survey methodssadhe breeding season from Grant Lagoon (ra640)2
and Monashka Bay (radar, audio-visual, and Songi@011-2012) using local polynomial regressidtintj.

Comparison Between Radar, Audio-visual, and Autonomous Acoustic Detections

We compared audio-visual and Song Meter detecfansurveys conducted at Monashka Bay, which wastily location where audio-visual observers were
within 300 m of the Song Meter. We conducted siamgous surveys on 6 mornings in both 2011 (10-0&4dd 2012 (16-24 Jul). We compared the total
number of audio-visual detections with Song Mettedtions during the period starting 1 hour beunmerise when surveys overlapped (Table 1D). We
compared total audio-visual detections (visual amdhl) with acoustic recordings rather than commgaanly aural detections (ignoring visual obseisas) to
assess whether acoustic sensors provided detdiurencies comparable to a human observer. The @8th were collected slightly earlier in the seasod
had lower overall counts than 2012; therefore, sramared the yearly mean Song Meter and audio-visualts separately using 2-samptests. In addition,
we compared counts from radar, Song Meter, ancdatidual surveys in each year for the Monashka 8&yusing a one-way ANOVA for the period during

which all 3 surveys were conducted simultaneouklyr(presunrise; Table 1E).



For spatial comparisons, we used radar and SongrMetints at 6 sites where surveys were condunt2@1?2 to test for correlations in counts acrossssi
(Table 1F; Fig. 1). The goal was to compare tardetscted by radar that could potentially be detbbly a Song Meter; however, because radar sufeeysed
on counting all flying birds within the scanninglias, it was not possible to track the distanceaufh target from the Song Meter location. Rathbere
obvious flight paths distant$00 m) from Song Meter locations were found, wdwked those radar data from comparisons with SoateMWe compared the
frequency of vocal detections from Song Metersa{tdetections per morning) with the total numbeinebming commuting murrelets observed by radaaah
site (with the exception of excluded flight pati&)e surveyed 5 of the 6 sites only once (Cragg 048 we conducted multiple surveys at Monashkga Ba
Thus, we used a mean count of daily Song Meteradar detections from Monashka Bay for this analydie tested for correlation between radar and Song
Meter detections across the 6 sites using a Spe&mank test.

We conducted a within-site comparison of radar &adg Meter counts at Monashka Bay, where we regdeaincurrent radar and Song Meter surveys
on multiple mornings in 2011 and 2012 (Table 1@) tdst whether radar and Song Meter counts wereleted, we compared Song Meter counts from the
sensor location FOR1 (Fig. 2B) with radar countstiie flight path closest to this sensor using egdman’s rank test for pooled counts from bothgear

To test for on-site habitat effects, we compariéf@mdnces in vocalization rates recorded by Soregdyk in relation to radar counts for Song Meters
located in 2 habitat types within the radar scagmirea at Monashka Bay: 1) a forested likely ngstirea, where 24% of murrelet targets observeddgrr(N =
587) engaged in circling flight (suggesting sitewgancy; Evans Mack et al. 2003); and 2) a higffitraommuting flight corridor, where 96% of mure|
targets N = 926) were commuting (fast direct flight). We quemed mean counts between Song Meter and radaténtial nesting habitat (sensors FOR1 and
FOR2), and for the commuting corridor (sensor FEMg Welch’s 2-sampletests (Fig. 2B; Table 1H).

RESULTS

Survey Effort



In 2010-2012, we completed 74 radar surveys (inictuthe dawn activity period and other samplingqes at Grant Lagoon), 124 audio-visual surveysv(da
and dusk), and 134 dawn Song Meter surveys, yigld61375 murrelet detections (Table 1). We usedetgtof radar surveys for different comparative
analyses: 35 surveys throughout the 24-hour cyd&rant Lagoon to assess diurnal activity pattemr2010 (Table 1A); 36 overnight surveys to assigmal
activity trends across 26 sites (2011-2012; TaBle 4nd 12 surveys at Monashka Bay for comparisith audio-visual and acoustic surveys (2011-2012;
Table 1E-H).

Species Differentiation and Wind Effects

Murrelet targets flew on average 35 km/hour fasitan other species visually identified during raslanveys (mean murrelet flight speed + SE: 83.05: 0
km/hr,N = 1,796). Direct or sinusoidal flight paths wereshcommon for murrelets (89.9% of recomds; 2,330), and we observed circling behavior (9.1%)
when radar stations were located near forestedhpat@esting habitat. Differentiation between Kiitfs and marbled murrelet targets by radar waspossible,
even at Grant Lagoon where Kittlitz's murrelet vka®wn to nest (Lawonn 2013). In our pooled datecss identity was confirmed by visual observatifors
<1% of radar detections (most murrelets appeardadsaslying silhouettes) and all murrelet vocatipas recorded were by marbled murrelets.

Audio-visual surveys were useful in identifyingesges that could be confused for murrelets on remlenh as red-throated loorGalia stellata),
mergansers\ergus spp.), cormorantsPpalacrocorax spp.), and eaglesiéliaeetus |eucocephalus); however, audio-visual observers were unablecsterthine
the species identity of the majority of murrelegtts on radar. Over the 3 field seasons and >8Q€stof observation, no Kittlitz’'s murrelets werasjtively
identified by audio-visual surveys. All audio-visuetections summarized in this study/%£ 2,239) were of marbled murrelets or unidentifsgechyramphus
murrelets. Audio-visual detections were greatestr@imurrelets engaged in social interaction neterpial forest-nesting habitat, producing 653 débes of
behavior indicative of nearby occupancy of nesss{toccupied detections’; Evans Mack et al. 2003).

Automated acoustic sensors recorded 4 types dflethmurrelet vocalizations and 2 nonvocal soumdsd beats and jet sounds), yielding 5,870

detections. No Kittlitz’s murrelet vocalizations reedetected over 134 surveys (268 hr of recordings)



High winds limited the reliability of using flighiehavior to differentiate murrelets from other speavith radar. Strong tail winds increased fligheeds of all
birds and head winds reduced them; in either aifferentiating murrelets from slower flying birtt@came problematic. In 2010 surveys at Grant Lagaen
observed a positive relationship between murreants and wind speeé{(;; = 10.94,R = 0.39,P = 0.004). However, when we removed high wind esent
(>18 km/hr) from the analysis, the relationship wadonger significantR; ;5= 0.083R? = 0.01,P = 0.78).
Diurnal and Seasonal Activity Patterns
Diurnal activity patterns observed by radar showedrelet activity peaks at dawn (1.0 hr presunmisean + SE of 27.3 £ 0.7% of total detectidds; 36; Fig.
3) and dusk (5.5 hr presunrise, 3.7 £ 0.3% of dietes, N = 35). Dawn counts were both higher and had alawefficient of variation (CV = 38%) than dusk
counts (CV = 81%). Landward flight activity peak&tl + 3 minutesN = 49) before sunrise, whereas seaward flight ggtpeaked 48 + 6 minutes presunrise (
= 47). Diurnal activity patterns at Grant Lagooffetied from those at sites with greater murreletretance. At Grant Lagoon, a prolonged period cftietly
constant activity began at sunset (6 hr presunaisd)lasted until 2 hours postsunrise, with thenm@aportion of total activity dispersed throughthg night
(ranging from 7.0% to 15.9% of all activity; mearSE of 11.1 + 0.8%). In contrast, at other sitesiviy was concentrated at dawn (2 hr presunrige—1
postsunrise), accounting for 82.3 + 2.3% of alked#dbns, with very little activity occurring befotkis period (mean of 4.4 £ 0.8% of detections/hr).
Comparing seasonal activity across all 3 survethous, there was a consistent trend in increasidtg¢hrough June and July, with a peak of adyivi
occurring in late July, followed by a decline thghuAugust (Fig. 4).
Comparison Between Radar, Audio-visual, and Autonomous Acoustic Detections
There was no difference in annual mean countsl afeéctions between audio-visual (AV) and Songevi¢EM) surveys in 2011 (mean + SE: AV =56.3 +
11.5, SM = 77.5 + 8.9; 2-samptigest;t = 1.453, df = 10P = 0.177) or 2012 (mean + SE: AV = 109.0 + 9.0, SMI00.0 + 11.2t = 0.569, df = 10P = 0.582).
Although there was no difference in annual meamtobetween survey methods, daily counts from threethods were not correlated when detections from

both years were poole& € 168,rs = 0.41,P = 0.185).



Radar detected more murrelets during dawn sunbveys ¢ither audio-visual or automated acoustic mithahen all flight paths were considered, prinyaril
during dark twilight (Fig. 3). However, when als8rvey methods were compared in likely nesting tiaalait Monashka Bay (excluding distant radar flight
paths), there was no difference in mean presundsats (one-way ANOVAF, ,;= 0.579,P = 0.567), although audio-visual and Song Metemtethad higher
variance (Fig. 5).

In addition to similar presunrise counts, simbahavior was observed between radar and audiohganeeys: there was no difference in the mean
number of circling murrelets observed between r@eran + SE: 38.1 £ 7.6/survey) and audio-visualeys (33.4 + 7.1/survey) for pooled counts froml 20
and 2012 at Monashka Bay (Wilcoxon signed-rank ¥#st59.5,P = 0.683). Song Meter detections did not providerimation on the flight behavior of
murrelets, with the exception of rare detectionsioig beats and jet sounds (0.2 detection$hw,148 hr). By comparison, audio-visual surveysdedd site-
occupancy behaviors (below-canopy flight, circliagrial dives; Evans Mack et al. 2003) on averd&ygres/hour I = 26 hr).

The greatest difference between radar and audiotsavas along a commuting flight path at MonadBé&sg (where no audio-visual surveys were
done); commuting murrelets were generally silendl eadar counts averaged 11 times higher than Biatgr counts (mean + SE =174.4 + 11.8 radar
detections; 16.0 = 1.3 Song Meter detections)ommast, there was no significant difference betwtbe mean number of radar and Song Meter deteciion
likely forest-nesting habitat (mean + SE = 103.6.8& radar detections; 95.4 + 2.7 Song Meter detesit = 0.563, df = 11.8P = 0.584). Although mean counts
did not differ at Monashka Bay, there was no catieh between Song Meter and radar counts in patergsting habitat across the breeding seasom, fro
pooled 2011 and 2012 survey®s<111.8rs= 0.32,P = 0.364). There was also no correlation betwedarrand Song Meter counts made at 6 sites sampled i
2012 §=8,rs=0.77,P = 0.103), even when data from one outlier siteewemoved$= 2,r; = 0.90,P = 0.083). However, our sample size was snivH (L0
within site,N = 6 comparing across sites), which greatly redunedpower to detect a correlation.

DISCUSSION

Diurnal Activity Patterns



Diurnal activity trends described by radar surveyKodiak Island (57°N) showed that commuting migtiewere active earlier and for longer periodsakpef
activity beginning 120 min before sunrise and tegtl50 min) relative to sunrise, compared with pafons at lower latitudes. In British Columbia,r@aa,
and Washington, USA (47-49°N), activity peaks rdeorwith radar typically began 60 minutes befonerise and lasted 60 minutes (Burger 1997, 2001;
Cooper et al. 2001). Similarly, vocal activity deted by acoustic sensors and audio-visual survegkad in the hour preceding sunrise, earlier tictinity
peaks in southeastern Alaska (S. K. Nelson, Or&iate University, personal communication) and safithlaska (Rodway et al. 1993, Naslund and
O’Donnell 1995). Patterns of activity at high latie corresponded to earlier civil twilight and lendwilight periods, suggesting that murrelets ocegpto light
cues in timing their inland flight activity. Protols for monitoring populations of murrelets shotlidrefore be adjusted with earlier start timesgttér latitudes
to account for longer twilight and activity periodsmurrelets (Naslund and O’'Donnell 1995). At thegtude of the Kodiak Archipelago this corresponals
starting radar surveys 120 minutes presunrise, iB0tes earlier than standard protocols establigh@&titish Columbia (Manley 2006).

Seasonal Activity Patterns

Logistical and funding constraints prevented sangpthroughout the entire breeding season by rattheadio-visual methods, whereas automated acoustic
sensors provided the most complete seasonal cavar@11 and 2012. All 3 survey methods showedlairtiming of seasonal trends in activity. The
increased murrelet activity in mid-July, recordedali 3 survey methods, indicates an increase irr@hets commuting to the nesting habitat (evidefnom
radar counts), as well as more vocal activity dytiis phase of the breeding season (evidence $omg Meters and audio-visual surveys). These tresftésct
the timing of phases in breeding chronology (Haarat Nelson 1995, Kuletz 2005), where peak actnatyesponds to the onset of chick-rearing and early
fledging stages. South of Alaska from CaliforniaBritish Columbia, seasonal trends have been daténtsome cases by radar (Cooper et al. 2001 xadio-
visual surveys (reviewed in O’Donnell et al. 199%)wever, no seasonal trends were observed in sthdies restricted to the core periods of thedireg
season (Jodice and Collopy 2000, Burger 2001).clder seasonal activity trend in high-latitude relet populations highlights the need for monitoring

protocols to factor in seasonal changes in aburejasither by keeping monitoring consistent withmikar periods of the breeding season (low activiy high



activity) or by sampling across the breeding seas@ach year. Autonomous acoustic monitoring cquti/ide a useful and inexpensive way to identify t
seasonal activity patterns in different areas form the timing of radar surveys for monitoring jpidgtions.

Comparison of M ethods: Strengths and Limitations

Radar, audio-visual, and automated acoustic suweysde information on the relative abundance laalavior of murrelets at 3 scales of activity: coumingy
flight (away from nesting habitat), near or aboesting habitat, and at the nest site. Of the 3 austhested, radar detected much higher numbersiottats
flying silently on commuting flyways over habitatsuitable for nesting. Both acoustic sensors axibavisual observers recorded activity above ornea
nesting habitat, whereas only audio-visual obse@matcould identify likely nesting behaviors.

Our study confirms the superiority of radar asethnd for censusing and monitoring populationsreéding murrelets. Radar sampled a much larger
area (1.5-km radius compared with approximately @0f@r audiovisual and 60 m for Song Meters; Evisiaek et al. 2003, Cragg et al. 2015) and radar toun
had lower variance than audio-visual or automatedistic surveys (Burger 1997; Cooper et al. 20@per and Blaha 2002; Bigger et al. 2806). Radar
counts represent an estimate of local-breeding4atipa size within ‘catchment areas’ or watersheisctly inland of the radar station. These courage high
statistical power to detect population trends (Biget al. 2008, Cooper et al. 2006), and provide information ohite associations in areas where murrelet
flight paths are confined by fjords and valleys (@ar 2001, Raphael et al. 2002, Burger et al. 2004 differences among the methods were accegtuate
during the dark twilight when few murrelets calleud human observers were unable to see flying hetsrdRadar surveys provided more detailed infoionat
on flight behavior, including commuting flight dogon, circling flight, and spatial patterns ovewale area.

Despite their advantages over other survey methradar studies can be limited by low samplingiogplon (either temporally or spatially) due to tos
logistical constraints, unsuitable topography, Hreleffects of weather (rain masking radar detastiand unreliable counts during high-wind eventshur
comparison, automated acoustic sensors obtaindaetiteseasonal resolution of the 3 survey methatsat much lower cost than radar surveys (cosépeg

Meter unit US$700 andl hr to process each survey, compared with rad@petent cost of >$10,000 and 5 hr field-crew timnedgy). In addition, costs of



transporting radar units are also high (heavy, yetkuipment necessitates transport by boat, veloclgoatplane). Site access can be difficultfi@as with few
roads or a lack of suitable anchorages, and ragtges also require a clear field of view, whictm ¢se problematic in forested areas. Other sitaifeatsuch as
low topography can be unsuitable for radar couatabse murrelet flight paths are dispersed oveéde area (Burger 1997, Raphael et al. 2002). Bineddar
surveys cannot detect below-canopy flight behavimdgcative of nesting, which reduces the likelidaaf identifying stand occupancy.

Autonomous acoustic sensor systems can eitherleomept radar studies (e.g., giving greater seasanadrage) or provide a low-cost alternative to
radar surveys for fine-scale assessments of relatimndance and seasonal patterns of vocal adivibgalized patches of habitat. The similaritpnesunrise
rates of detection by all 3 methods at suitabledtnesting habitat gives support for the use tdreamous recorders for pilot or monitoring studigsvided
that the limitations of this method are considefdtk similarity in detections by audio-visual andaanated acoustic sampling was surprising, given th
murrelets were also detected visually by the awiiaal observer and the 2 methods have differanptiag radii (approx. 200 m and 60 m, respectivelyyo
factors might explain the similarity. First, oumaparison was confined to the dark twilight hourdsefsunrise, when visual detections were difficBiécond,
our comparison was conducted in high-quality neshiabitat (high densities of potential nest platfsy where murrelets were often observed flying low,
circling, and vocalizing frequently. In habitat Witewer potential nest sites or along commuting/flys, murrelets might be less likely to be detetig&ong
Meters because their vocal behavior may be lesspicumous.

Acoustic sensors are able to detect vocal actofitpurrelets near or above nest sites, but catommistently detect behaviors indicative of nearby
nesting (stand occupancy). Because murrelets larg sit or near their nests, inferences about &abge (nesting) from indices of vocal activity gslilbbe made
with caution. Audio-visual surveys, which provideth vocal and behavioral information remain thet loesthod for detecting stand occupancy (local ngti
MONITORING RECOMMENDATIONS
There is no single ideal method for censusing aaditaring Brachyramphus murrelets, particularly in Alaska. Radar survesavjle the most reliable

population estimates, but the inability to sepath&?2 species with radar and audio methods wdllire complementary boat surveys in adjacent neaesh



waters to estimate the proportions of Kittlitz’sdamarbled murrelets. Radar surveys on Kodiak Isiaeck correlated with at-sea counts of murreletliwis—
15 km of radar stations (Cragg 2013), but suchetations might not apply where commuting distartoetsveen nests and foraging grounds are greater 8.9
km in southeastern AK [Whitworth et al. 2000]; & kn Prince William Sound [Kuletz 2005]). Local armation on commuting distances and the numerical
proportions of the species at sea would improverpretation of radar censusing.

Boat-based surveys are likely to continue as aitmiang tool in Alaska; therefore, we recommendtttalar counts be integrated into these population
monitoring programs, using vessels as radar plagdrom which to conduct surveys of local breediogulations at suitable shoreline anchorages. Radar
surveys should be conducted at carefully seledttbas that have suitable topographic featurentdine murrelet flight paths along predictabletesuto
provide the most reliable estimates of abundanggulation trends, and habitat associations.

Localized seasonal trend data from automated sean be used to inform the timing of radar susvaysubsequent seasons, or can be used to
calibrate surveys done within the same seasonregard to seasonal activity peaks. Breeding chamyobf murrelets can vary between local breeding
populations even at the same latitude (McFarlaaaduilla et al. 2005), potentially affecting theing of seasonal activity peaks, which is an imgotfactor
to consider in timing radar surveys.

For murrelets, combinations of radar, audio-visaall automated acoustic surveys can be usedfferatit monitoring purposes, providing
information on population units and terrestrial it@bassociations at finer spatial scales thanerirat-sea monitoring in Alaska. For example, radaveys can
be used to identify large or important populatiohsurrelets by censusing flyways into watershedlmaent areas (Burger 1997, 2001), followed by
assessment of vocal activity within specific hatjtatches by acoustic sensors (Cragg et al. 2@).application of this combination of methods vdoloé to
investigate the use of nonforested nesting habjtamarbled murrelets, which may be potentially mordespread than previously assumed in Alaska @rag

2013, Barbaree et al. 2014). Acoustic sensors amadce the need for repeated audio-visual assessmiehabitat, by providing an index of murrelet



abundance based on vocal activity in the study taaiacould be followed by targeted audio-visuakeys of the most likely habitat patches to detesmi
occupancy.

The remote nesting locations and sympatric distidm of AlaskarBrachyramphus murrelets creates unique challenges for populationitoring and
research, yet this region supports the majoritglobal populations for these 2 threatened sealpddston and Jones 1998, Piatt et al. 2007). Addidgr,
audio-visual, and automated acoustic surveys tomefjat-sea monitoring programs will provide gezgiower to detect population trends and improve
knowledge of terrestrial habitat associations.
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Figure 1. Radar and audio-visual sites surveyed for breeBraghyramphus murrelets from 2010 to 2012 in the Kodiak ArchigrlaAlaska, USA. Sites with

additional automated acoustic surveys are indichyestars.

Figure 2. A) Radar screen image overlaid over a satelli@@lf Monashka Bay, Alaska, USA, showiBgachyramphus murrelet targets commuting along a
flight corridor in the lower left side of the cieclLarge red patches are areas of land detecttebpdar scanning beam. Red dots are murreleadtsangth echo
trails showing their flight path and speed (disebetween white dots). B) Locations of Song Me(E@BR1 and FOR2 in likely forest habitat and FP urade
commuting flight path) with the scanning radiugtoé radar (white circle). Typical flight paths a&fgown by white arrows, with circling occurring aleov
potential forest-nesting habitat and commuting ogoeg over unforested habitat.

Figure 3. Mean = standard error detectionsBoachyramphus murrelets by radar, audio-visual (AV), and Song &€5M) surveys relative to sunrise (indicated
by arrow). Radar surveys were conducted from 2012012 in the Kodiak Archipelago, Alaska (USA) beging 7 hours before sunrise to 1 hour after senris
whereas AV surveys began 1 hour before sunrisé Lihtur after sunrise, and SM surveys began 2shbefore sunrise until sunrise (* no AV or SM syrve

no AV survey, *** no SM survey).



Figure 4. Seasonal trends in detectionsBoachyramphus murrelets for radar, audio-visual, and Song Metevesys conducted in the Kodiak Archipelago,

Alaska (USA) from 2010 to 2012, with smoothed tréind (local polynomial regression).

Figure5. Boxplots of simultaneous daiBrachyramphus murrelet detections from radar, audio-visual susv@&V), and Song Meters (SM) during the 1 hour

before sunrise in forested habitat at Monashka Blska (USA), 2011 and 2012 pooled. Boxplot inthsamedian and interquartile range; whiskers show

minimum and maximum values.

Table 1. Summary of survey method comparisons (radar, aiglial; and acoustic), survey effort, and locatiopyear, used for

monitoringBrachyramphus murrelets breeding in the Kodiak Archipelago, ABsWSA, 2010-2012. * For this analysis, repeated

counts from Monashka Bay were averaged to use ombder for comparison with the other 5 sites.

Goal Survey methods used Y ear L ocation Sampling period No. surveys
A) Explore seasonal and diurnal Radar 2010 Grant Lagoon 6-hr sampling blocks 35
activity patterns, test effects of (24 hr)
wind
B) Identify diurnal activity pattern Radar 2011- 26 sites in Kodiak 30-min presunset until 36
across multiple habitat types 2012 Archipelago end of dawn activity
peak or 1 hr after

sunrise

C) Identify seasonal and diurnal Acoustic 2011- Monashka Bay 2 hr presunrise 134



activity trends

D) Compare counts in potential Audio-visual,
nesting habitat Acoustic

E) Compare counts in potential Radar, Audio-visual,
nesting habitat Acoustic

F) Correlation test of counts across Radar & Acoustic
sites

G) Correlation test of counts at one Radar & Acoustic
site across breeding season
H) Compare mean counts between Radar & Acoustic
potential nesting habitat and

commuting flight path

2012
2011-
2012
2011-
2012
2011-
2012

2011-
2012
2011-
2012

Monashka Bay
Monashka Bay
Monashka Bay & 5
sites in northern
archipelago

Monashka Bay

Monashka Bay

1 hr presunrise

1 hr presunrise

2 hr presunrise

2 hr presunrise

2 hr presunrise

6/yr

6/yr

6*

10

Radar: 10;
Acoustic: 34
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