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RESPONSE TO THE REVIEWERS

We are grateful to Prof. George Hunt and Dr. David Ainley for their helpful comments
and suggestions. We expressed our thanks to them in the acknowledgements. We

showed our response to the reviewers by red color.

Prof. Hunt G. L. Jr.

General Comment

Kokubun et al examine ecological segregation of two closely related seabirds by
providing a thorough analysis of their diving behavior. They find that the common murre, with
smaller wings, was more agile underwater and brought larger fish to its young than the
thick-billed murre, with larger wings and a heavier body. Prey choice resulted in common
murres foraging at a higher trophic level than thick-billed murres. They suggest that the greater
underwater agility of common murres allows them to be more flexible in the marine habitats
that they inhabit. The paper has two themes, neither of which is developed in much depth. On
the one hand is ecological segregation, a concept that two species cannot inhabit the same
ecological niche. The second theme is that climate change will challenge species to be flexible
in their behaviors as new opportunities emerge and old resources decline. The first theme is
investigated thoroughly using recording devices that document the details of underwater
behavior of the birds, and stable isotope analyses to document differences in trophic levels. The
methods used here are state of the art, and the results are compelling. Fig. 2 is particularly
effective in showing the diving behavior over the daily cycle, whereas Fig. 3 shows how the
dives of the two species differed. In the diet analyses, it was good to have observations of foods
brought to chicks as well stable isotope analyses of red blood cells from adult birds that provide
an indication of foods used by the adults. That said, they do not place their results in the broader
context of where this field has gone. The discussion of the relevance of the differences in
foraging behavior to adaptability to climate change seemed to be an afterthought tacked on at
the end. This theme of the paper is probably of more general interest than the ecological
segregation analysis, as many people are interested in predicting which species will be winners
or losers in a world with a warming climate. | would have liked to see this theme developed in

the Introduction, with the aim of exploring the characteristics that might improve adaptability



and then asking if one of the two murre species was likely to thrive more that the other. For
advancing this theme, it would have been valuable to: 1) describe the observation that common
murres cope with environmental variability better than thick-billed murres; 2) evaluate how the
eastern Bering Sea ecosystem responds to years with late ice retreat and warm water
temperatures and how the prey field likely available to the murres would change; and 3)
hypothesize that the common murres are more flexible in their foraging because they can dive
deeper, turn faster, and take a wider size range of fish.

We are very grateful for the helpful comments provided by Prof. George Hunt. We recognize
that we do not have enough evidence for evaluating how foraging COMU and TBMU respond
to changes in Bering Sea ecosystem due to limited data from only one field season. According
to the suggestions, we have modified the introduction and now mentioned what was our initial
expectation about inter-specific difference in foraging behavior between COMU and TBMU
deduced from previous literatures (L. 62-66, L. 108-111). We have also developed the
discussion on implications of our results (despite limited) about how inter-specific difference in
foraging behavior relates to response to environmental changes in the southeastern Bering Sea
(L. 522-537).

Specific comments:

Abstract- There is a big jump from the first sentence on environmental change to the second on
what you did to look at murre foraging behavior. Do you have ideas about what changes are
expected and what impacts they might have on predators?

We have modified the first sentence accordingly (L. 20-22).

Page 18153, line 22-24: What are the differences in the responses of these two species to long
term changes, or do you mean predict how they might respond? | think that you can do a better
job of setting up the question and/or hypotheses up front, and then telling us what to do and
what you found. It would then be good to finish off with your take on why this research is
important and/or your predictions.

We could not provide a clear hypothesis due to limited information available, nevertheless we

modified the related sentences in Introduction (L. 63-66, L. 108-114).

Page 18154, line 2: There are more recent USFWS reports.
We added the reference (L. 51).



Page 18154, line 6: Add Hunt et al., 2011
We added the reference (L. 53).

Page 18154, line 14: Is this driven by ocean temperature directly, or by something that ocean
temperature affects?

We now added more explanation (L. 56-60).

Page 18154, lines around line 25: There are several Hunt group papers that deal with prey
difference in the two murres at St. Paul and St. George Islands. Also, the nest sites preferred by
the two murre species are quite different.

Now we added the references (L. 71, L. 77-79).

Page 18155, line 7: Again, cite papers on murre prey use at the Pribilof Islands.

Now we added the reference (L. 86).

Page 18155, line 25 - 27: Can you propose this as a hypothesis?

Now we modified the last section of Introduction (L. 108-114).

Page 18157, line 14: ? should this be m"-2?? | am not sure.

Corrected (L. 154).

Page 18158, lines 4-7: Why put mention of the GPS data in if it was not the focus?
Now we removed this part (L. 173-175).

Page 18159, line 21: delete “following”
Corrected (L. 226).

Page 18160, lines 19-23: In thinking about enrichment values, 13 C values vary on and off the
shelf, and with rates of primary production. Also, in summer, micro-zooplankton play a very
important trophic role and can bounce 15N values up by a trophic level. If all of your murre
samples were collected in the same year and at about the same date, this should not be a

problem, but it is something to think about in evaluating your enrichment results.



We now added some consideration about the above matter (L. 252-258).

Page 18163, line 13 - 23: Did you expect to find differences, and if so, why?
Now we added purpose of these analyses (L. 196-202).

Page 18164, line 2: fewer rather than “less”
Corrected (L. 344).

Page 18164, line 14: Did you expect to find differences? This would make a difference between
a one-tailed and a two-tailed test. What about using AIC methods to identify the dive
characteristics that may differ most between species?

We used two-tailed test throughout the paper, because we did not have prior expectations which
sex has larger or smaller values. We did not present the AIC value of each model to make the
manuscript concise, but AIC was lowest when only the term ‘species’ was included (when

significant inter-specific difference was detected).

Page 18165, line 13: When murres are bringing back meso-zooplankton (and maybe squid),
higher quality prey may be scarce. Historical data might show whether, in years when squid
were common in murre diets, growth rates of young were lower.

We are grateful to the suggestion. Now we add a reference regarding it in the discussion (L.
526-529).

Page 19165, line 21: Because of, not “according to”

Corrected (L. 394).

Page 18166, lines 5 — 11: why look at CORT? Did you expect one of the murres to be working
harder to feed its young? | do not recall you mentioning stress or CORT in either the Abstract or
the Introduction.
We now added brief explanation about stress hormone analyses, in Abstract and Introduction (L.
27, L.107-108).

Page 18166, line 14 — 16: Why do you conclude that they use similar foraging areas? One could
be going off the shelf and the other toward the middle shelf.



Now we added some explanation (L. 415-419).

Page 18166, line 19: How did you determine their ages?

Now we added an explanation (L. 423).

Page 18166, line 24: Why? | am a bit confused by this whole sentence. Could thick-billed
murres be switching more to fish when in the chick-rearing period? What do you mean by
isotopic distance? Between what and what?

Sorry for the confusing description. Now we provided detailed explanation (L. 427-432).

Page 18167, line 6: Can you test this with your data?

We could not test this with our data, due to the lack of simultaneous records of feeding events.

Page 18168, line 10-13: There is an old Hunt et al. paper that discusses the impact of living in a
larger colony.
We added the reference (L. 486-489).

Page 18169, lines 18- 29 and top page 18170: This is really the first that you have brought this
up. If prey niche breadth and foraging behavior breadth are tied to better performance in a
variable climate or a poor one, then highlight this in the Introduction as an hypothesis.

We could not provide a clear hypothesis due to limited information available, nevertheless we
modified the related sentences in Introduction (L. 63-66, L. 108-114) and Discussion (L.
522-537).

Fig 2: Do you have any idea as to the depth at which light is sufficient for visual predators? Are
prey bioluminescent?

According to Regular et al., 2011 Plos One, it seems that both COMU and TBMU foraged
under light levels higher than ambient moonlight, which means they mostly use visual cue
during diving. We have no evidence that the prey observed in this study was bio-luminescent.
As we considered that this was out of scope of this study, we omitted these descriptions in the

manuscript.

Fig. 3. Are there differences in wing stroke characteristics in the upper water column in day and



night? Do the murres work as hard or harder at night?

Now we added some explanation about the above matter in Discussion (L. 369-371).

Dr. Ainley D. G.

General Comment

Other than perhaps some editing here and there so that in places it conforms better to
proper English, the paper is suitable for publication. | would think that the two English-speaking
co-authors could correct this. Otherwise, in fact, it is a very interesting synthesis of morphology
with ecology and foraging behavior, and thus a very valuable contribution to our understanding
of the ecology of marine birds. Thus | recommend its publication. The one issue that I might
mention, and it is a minor one, revolves around what is said at line 15, p 18155, in regard to
species attempting to avoid competition. It is competition for a resource that drives the
separation of abilities among individuals, eventually leading to differing adaptations between
species that allow access to the resource in question. Without competition, there would be no
between-species divergence. Adaptations are a way to solve competition, not necessarily avoid
it.
We are very grateful for the positive comments provided by Dr. David Ainley. We have now

modified the sentence accordingly (L. 98-99).
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Abstract

Sub-arctic environmental changes are expected to affect the foraging ecology of marine

top predators, but the response to such changes may vary among species if they use

food resources differently. We examined the characteristics of foraging behavior of two

sympatric congeneric diving seabirds, common (Uria aalge: hereafter COMU) and

thick-billed (U. lomvia: hereafter TBMU) murres breeding on St. George Island located

in the seasonal sea-ice region of the Bering Sea. We investigated their_foraging trip and

flight durations, diel patterns of dive depth, and underwater wing strokes, along with

wing morphology and blood stable isotope signatures and stress hormoness.

Acceleration-temperature-depth data loggers were attached to chick-guarding birds, and

behavioral data were obtained from 7 COMU and 12 TBMU. Both species showed
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similar trip duration (13.24-2%4-79 h for COMU and 10.45=+7095 h for TBMU) and

similar diurnal patterns of diving (frequent dives to various depths in the daytime and

less frequent dives to shallow depths in the nighttime). During the daytime, the dive

depths of COMU had two peaks in shallow (18.1-+=6-0 m) and deep (74.2-=8-+% m)

depths, while those of TBMU were 20.2—+=7%4 m and 59.7=%=%9 m. COMU showed

more frequent wing strokes during the bottom phase of dives (1.90—=%-0-1%1 s) than

TBMU (1.66—=0-15 s™). Fish occurred more frequently in the bill-loads of

in-COMU (85%) than in TBMU (56%). 8*°N value of blood was significantly higher in

COMU (14.47+0-275%0) than in TBMU (13.14-+-0-36%o). Relatively small wing area

(0.053-+-0.007 m?) of COMU compared to TBMU (0.067-+-0-007 m?) may facilitate

their increased agility while foraging and allow them to capture more mobile prey such

as larger fishes that inhabit deeper depthsmake-them-mere—agHeunderwaterand-thus

depths. These differences in food resource use may lead to the differential responses of

the two murre species to marine environmental changes in the Bering Seaferaging
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1 Introduction

The southeastern Bering Sea has one of the most productive continental shelf

areas in the world’s ocean, and hosts large colonies of seabirds (Sowls et al., 1978; Hunt

et al., 1981b; Dragoo et al., 2015). During recent decades, the area has experienced a

series of warm and cold regimes thattead—te—differentwhich result in contrasting

responses of plankton and nekton communities (Coyle et al., 2011; Hunt et al., 2011),

and sympatrie—predators (Barger and Kitaysky, 2012). Common murres (Uria aalge:

hereafter COMU) and thick-billed murres (U. lomvia: hereafter TBMU) are abundant

and closely related diving seabirds and often breed sympatrically in sub-arctic regions

(Gaston and Jones, 1998). A range-wide comparison of COMU and TBMU population

trends demonstrated that they have different favorable oceanographic temperature

regimes for population growth reflecting importance of bottom-up effects of climate

variability on their populations (Irons et al., 2008). Leng-termpopulation-trends-en-St:




population-growth-(lrons-etal-2008): However, how these two species respond to local

variation in the environment, where their ranges overlap, is still not well understood

(but see Barger et al., 2016, and references therein). Comparisons of foraging

characteristics would provide insight into the respective ecological niche of these diving

seabirds. A more narrow niche would be indicative of a species with specialist strategy

which is predicted to show more sensitive responses to environmental changes than a

species characterized as a generalist (Clavel et al., 2011; Gallagher et al., 2015).Fhe

Ecological segregation is a common mechanism that enables closely related

species to coexist sympatrically (Pianka, 1981). In diving seabirds, segregation in

foraging behavior has been found in horizontal, vertical and temporal dimensions

(Kokubun et al., 2010a; Masello et al., 2010; Navarro et al., 2013), or in_the use of prey

species (Croxall et al., 1997; Hunt et al., 1981a). Both intrinsic and extrinsic factors




affect the patterns of segregation. Intrinsic factors include physiology, morphology or

energy requirement in relation to breeding stages, and can influence diving depth (Mori

and Boyd, 2004), flight distance (Thaxter et al., 2010) or foraging habitat use

(Linnebjerg et al., 2013; Barger et al., 2016). Extrinsic factors include oceanographic

conditions and prey availability, and may affect the degree of inter-specific competition

for food resources (Lynnes et al., 2002; Barger and Kitaysky, 2012). In addition,

microhabitats for nesting are often seqregated (Squibb and Hunt, 1983: Linnebjerqg et al.,

2015), which may affect allocation of time to the nest attendance vs foraging. Potential

effects of climate or human-induced environmental changes may appear—manifest

differently among species with different foraging characteristics (Kitaysky and

Golubova, 2000; Trivelpiece et al., 2011). Therefore, it is important to understand the

mechanisms of foraging segregation and #s— underlying processes among—elosely

relatedin marine predators.

Ecolegical-Foraging segregation between merphelegicathy-similar-COMU and

TBMU has been studied mostly by the observation of chick diet. Several studies have

pointed out that COMU use fish almost exclusively, whereas TBMU use divergent-a



variety of prey (Hunt et al., 1981a; Barrett et al., 1997; Bryant et al., 1998; Barger et al.,

2016Barger-et-al—inreview). Whether/how, their foraging behavior contributes to these

prey differences is, however, not well known. Several-A few studies have revealed inter-

or intra-specific differences in the foraging behavior of COMU and TBMU from the

aspects of morphology (Paredes et al., 2015) and breeding ecology (Barger et al.,

2016Barger-et-al—inreview). Paredes et al. (2015) revealed-showed that, within TBMU

populationscolonies, smaller birds-individuals are-adaptedtended to fly longer_distances

and dive shallower whereas the opposite pattern was observed in larger individuals,

likely reflecting their body mass and wing loadinglargerbirds-are-adapted-to-fhy-sherter

. TBMU have also shown

inter-sexual differences in the diel patterns of diving behavior (Jones et al., 2002;

Paredes et al., 2008), however the presence of such habitat partitioning appear to vary

by geographical region (Elliott et al., 2010). Between COMU and TBMU The-the

overlap in horizontal and vertical foraging habitats and/or in prey species are-is greater

during the-incubation period-than the-chick-rearing-period, possibly to enhance resource

partitioning between the species during the energy-demanding chick-rearing




2010)—In this context, a fine-scale studies-study of murre diving and flight behavior

combined with dietary and morphological analyses would-be-eriticalis needed to better

understanding the differences in the ecological niches of these closely related

species.their—ecological-niche—inthe—marine—ecosystem- We anticipate that fine-scale

studies on foraging segregation between COMU and TBMU will provide insight into

whether/how their responses to environmental change in the Bering Sea ecosystem may

differ. a

components-of the Bering Sea-ecosystem-

Here we investigated the differences in fhght-and-divingthe foraging behavior

between COMU and TBMU with depth-temperature-acceleration data loggers.; Stable

isotope analyses, observation of prey delivered to chicks, and stress hormone analyses

were used to examine inter-specific differences in diet and consequent nutritional stress.




Based on results of previous studies, we predicted that COMU would consume higher

trophic level prey and show more specialized foraging behavior on fish prey compared

to TBMU, which might be also associated with inter-specific differences in wing

morphology. We combine detailed foraging behavior, diet, and morphology to discuss

how inter-specific differences in the foraging behavior may affect the responses of two

murre species to environmental change in the southeastern Bering Sea. and—discuss

2 Materials and methods

2.1 Study site

We conducted field-work on St. George Island, southeastern Bering Sea, home

to one of the largest murre colonies-ef-urres in the world (Sowls et al. 1978: 190,000

COMU and 1,500,000 TBMU);—located—in-the-southeastern—Bering—Sea. Birds were

captured at High Bluffs (56°36° N 169°39°W) on the northern side of the island. At our

study teeation-colony, where avian predators are nearly absent, COMU and TBMU form

mixed colonies on narrow open ledges where—avian—predators—are—nearly—absent—yet



and adults spent most of their non-foraging time at the nest attending-brooding the chick.

Instruments (see below) were deployed on chick-rearing birds guarding—ehicks—from

30th July to 13th August 2014. During the study period, sunrise and sunset ranged

between 07:17-07:44 and 23:33-23:02 lecaltimeLT. The start and end of nautical

twilight (when the sun is less than 12° below the horizon) ranged between 05:07-05:57

and 01:45-0:52 LT. We defined the time between sunrise and sunset as “daytime”, and

the time between sunset and the next sunrise as “nighttime” which includes dusk (sunset

to end of nautical twilight), dark night (end of nautical twilight to start of next nautical

twilight) and dawn (start of nautical twilight to sunrise).Fhe-start-and-end-of-nautical

twilight (when the sun is less than 12° below the horizon) ranged between 05:07-05:57

2.2 Deployment of data loggers



We used aceelerationdepth-temperature-depth—acceleration data loggers to

record behavioral and environmental data during the foraging trips of adult birds. The

loggers (ORI-380 D3GT: housed in a cylindrical container, 12 mm diameter, 45 mm

length, mass 10 g, Little Leonardo, Tokyo, Japan) were deployed on 13 COMU and 15

TBMU. The Weight-weight of the logger corresponds to 1.1 £ 0.1 % and 1.0 = 0.1% of

body mass for COMU and TBMU, respectively. We captured chick-rearing birds with a

5 m noose pole, weighed them to the nearest 5 g by a Pesola® balance, and then

attached a logger alongside their keel with strips of Tesa® tape, and cyanoacrylate glue

(Loctite ®401) to secure the end of the tape. Handling time for each bird was less than 9

min. The loggers were set to record tri-axial acceleration (heave, surge and sway) at a

rate of 20 Hz (every 0.05 s), as well as depth (at a resolution of 0.1 m) and temperature

(at a resolution of 0.1°C) every second.

The birds were recaptured between 1 to 6 days after deployment. The loggers

were removed and the data were downloaded to a laptop computer. Upon logger

retrieval, blood samples were taken for stable isotope_and stress hormone analyses, and

body size (body mass and wing area) were measured. The wing area of each bird was



analyzed following Pennycuick (2008). We put the bird’s right wing extended on a

white flat board with a black colored 5 cm x 5 cm square as reference, and took pictures

of the wing from the-above. The wings were then traced en-in the digital picture and the

pixels of the wing trace_were counted using IGOR Pro (WaveMetrics Inc., Lake

Oswego, OR, USA). The pixel number was converted in-theto area (m?) using the

reference square with known area, and the total wing area was calculated by doubling

the area for one wing including ‘root chord” (Pennycuick, 2008). Wing loading (N m-)

was calculated from body mass (kg) X g (gravity acceleration: 9.8 m s7) divided by

wing area (m?).

2.3 Foraging trip and dive parameters

During the chick-rearing period, parent murres alternate foraging at sea with

guarding-brooding their chicks at the colony. We defined the duration of foraging trips

(to the nearest second) as the time between departure and return to the colony. This

transition was clearly marked by a rapid change in bird’s body angle associated with a

rapte-shift in temperature (Takahashi et al., 2008). We classified the behavior of the



birds during foraging trips into diving, flight, or sitting on the water, using acceleration,

depth, and temperature (Watanuki et al., 2006). The timing and duration of flight events

was determined from the heaving acceleration. Foraging trips consisted of several series

of dives separated by flight events (Falk et al., 2000). Because the birds move among

the foraging locations by flying, we defined the series of dives as ‘dive bouts’

(Takahashi et al., 2008). We also estimated the potential maximum distance from the

colony by calculating total flight duration during foraging trips. We used a regression

between time spent in flight (h) and maximum distance from the colony (km) during

foraging trips, obtained from GPS-tracked TBMU with time-depth recorders attached to

their leg (n = 17 foraging trips: maximum distance from the colony (km) = 27.284

(regression coefficient) X total flight duration (h): R? = 0.787). Fheregression-analyses

using-GPS-track-was-hot- the-main-foeus-of this-studythus-the-The GPS-tracked birds

did not carry accelerometers—, Fhe-the GPS data were collected concurrently to this

study, and_the detailed results are reported in Yamamoto et al. (submitted—to—this

sste2015).

For each dive we determined dive depth, dive duration, bottom time (the time



between the start and end of the time-period when birds showed depth-change-6f0-mno

change in the diving depth), descent and ascent time (the time between the start of the

dive and the start of the bottom phase, and the time between the end of the bottom phase

and the end of the dive, respectively). A dive was considered to occur when dive

depth exceeded 0.5 m (Watanuki et al., 2001; Takahashi et al., 2008). We calculated the

number of wing strokes per unit time during the descent, bottom and ascent phases

using the heaving (dorso-ventral) acceleration, as an index of their underwater activity

(Watanuki et al., 2003; Watanuki et al., 2006). We applied a high-pass filter 1 Hz to

heaving acceleration such that active body movements induced by wing strokes were

highlighted. Peaks in the filtered acceleration exceeding a threshold amplitude (0.2 x 9.8

ms2) were counted within a 1.0 s time window, and summed during diving descent,

bottom and ascent phases of each dive, then divided by descent, bottom and ascent

duration to calculate the wing stroke frequency in each phase. The analyses on wing

strokes were made with the analysis software Igor Pro version 6.0 (Wave Metrics Inc.,

Lake Oswego, OR, USA).



2.4 Environmental parameters

We used—calculated four ecean—thermal-parameters from temperature data

obtained from bird-borne data loggers to characterize at the bird’s-thermal environment

of murre’s foraging locations: as-ndices-of-environmental-use-{(Kokubun-et-ak—2010b)-

Ssea surface temperature (SST), thermocline depth, thermocline intensity and water

temperature at depth >40 m (Kokubun et al., 2010b). These parameters are known to

vary spatially in the southeastern Bering Sea continental shelf (Coachman, 1986). In the

vicinity of the Pribilof Islands, the areas close to the islands are expected to have lower

sea surface temperature, higher temperature at depth and less intense or no thermoclines

due to tidal mixing, whereas areas far from the islands are expected to show the

reversed pattern: higher SST, lower temperature at depth and a more intense

thermocline due to heating of the sea surface (Kinder et al., 1983; Takahashi et al.,

2008). were-recorded-by-the-loggers: Vertical temperature profiles were determined for

each dive bout, using the temperatureVertical-temperature-profiles-were-determined-for

each-dive-beutusing data from the deepest dive of the bouts (only dives > 20 m were

used). Because the temperature sensor had a slow response time, we corrected the



temperature data for the response time following Daunt et al. (2003) and Takahashi et al.

(2008). We defined thermocline depth as the depth where dT/dD was-the-maximum-(T:

temperature, D: depth)—enby—when—dHdB_ was the maximum and—was >0.25°C

(Takahashi et al., 2008). We defined thermocline intensity as the difference between

averaged temperatures above and below the thermocline (Kokubun et al., 2010b). The

averaged water temperature below 40 m was assumed as water temperature at depth

because the thermocline depth was shallower than 40 m for most dives in the study area

(Kokubun et al., 2010Db).

2.5 Diet

Chick diet was recorded from direct observation of adult birds (both with and

without data loggers) carrying prey items to their nest. Prey items were visually

identified to their lowest taxonomic level possible during observation or later from

photographs.

We collected blood samples (n = 14 COMUs and 18 TBMUs, including 7

COMUs and 7 TBMUs with successful recordings of acceleration-temperature-depth



data) upon retrieval of data loggers to analyze carbon and nitrogen stable isotope ratios

to investigate inter-specific differences in trophic levels between COMU and TBMU

(Hobson et al., 2002). We followed Barger and Kitaysky (2012) for the sampling and

analyses procedures. Blood samples were collected by heparinized syringes, transferred

to 1.5 ml microtubes, and stored cool until centrifugation (usually no more than 8 h after

collection). Whole blood samples were centrifuged for 5 min to separate plasma and red

blood cells. The red blood cells were stored frozen until following stable isotope

analysis (SIA) in the laboratory for **C and °N. A small portion of freeze-dried samples

(0.100-0.400 mg) were placed in a tin capsule, sealed and deposited in an EA

autosampler. The stable isotope data was obtained using continuous-flow isotope ratio

mass spectrometry (CFIRMS). The instrumentation used was a Delta+XP interfaced

with a Costech ESC 4010 elemental analyzer. Stable isotope ratios are reported in 6

(Delta) notation as parts per thousand (%.) deviation from the international standards

3*3Cpps and 5™ Nair according to §X = [(Rsample/Rstandard)-1] % 1,000, where X is *C and

N, Rsample and Rstandgard are the corresponding ratio *C/*2C or “N/*N of samples and

international standards. Replicate measurement of an internal laboratory standard



(Peptone) indicated measurement errors to be £ 0.16%0 for N and + 0.13%. for C.

Samples were analyzed at the University of Alaska Fairbanks Stable Isotope Facility.

A Bayesian Mixing Model approach was used to infer murre diet compositions

based on the stable isotope signatures of bird red blood cells and those of their potential

prey, following Parnell et al. (2010) and Barger et al. (ir+eview2016). This approach

allows for simultaneous analysis of §!3C and °N and quantifies the uncertainty of the

contributions of multiple sources to the diet of the birds. The model combines the

likelihoods for the observed &3C and §*°N data from the sources (N = 7 potential prey

species) caught in the vicinity of the colony (<100 km). In this process, we had 2

constraints. First, we did not sample the sources in the study year, and so used source

samples caught in 2009 instead (methods of SI analyses of prey previously reported in

Barger and Kitaysky 2012). Second, there were no available source samples of age-1

walleye pollock (Gadus chalcogrammus) within 100 km from the colony, a distance in

which birds are more likely to forage (Yamamoto et al., submitted-in-this-issue2015).

Because both murres are known to deliver walleye pollock to their offspring (and thus

may consume them as well) we used data from outside the 100 km range (133 to 161



km distant, n = 6 source samples, located on the shelf, northwest of the study colony).

The enrichment factors were set to -0.19%o and 2.25%. for §*3C and §°N respectively

following Barger et al. (ir—+rewview2016). We recognize that prey stable isotope

signatures may vary spatially (Jones et al., 2014: between on-shelf and off-shelf) and/or

temporally (among years). However, we are primarily interested in comparing COMU

and TBMU diets within the same season at the same breeding location, and thus use

these source values as a proxy to compare the relative trophic position and obtain

insights on potential inter-specific differences in prey composition (e.q. Fig. 6). The

enrichment factors were subtracted from the isotope values of red blood cellsadded-to

the-data prior to the analysis. The analyses were conducted using the “SIAR” package

(Parnell et al., 2010) in R® 3.1.1 software (R Develop Core Team, 2014).

2.6 Stress hormone and sexing

We measured circulating levels of baseline corticosterone (CORT) in the

plasma samples to infer the level of nutritional stress parents experiences as a result of

foraging conditionsefparents (n = 11 COMUs and 22 TBMUSs). All birds were sampled




according to a standardized technique (Benowitz-Fredericks et al., 2008), with a blood

sample_was collected within three minutes of capture.

We conducted-used DNA extracted fromsex—determination—of red blood cells

to genetically sex our study birds using (see Griffiths{Griffith et al., 1998) using the

blood samples. However, in some cases, we did not collect blood samples from the

instrumented birds (n = 5 TBMU). In the-these cases that-the-genetic-sex—information

was-not-avaHable,-we employed a linear discriminant analysis (LDA: cf. Niizuma et al.

1999) using external traits (bill length, bill depth, head-bill length, tarsus length and

wing length) with known sex (n = 53 TBMU), previously collected at the study colony

(N. Kokubun, unpublished data). The efficiency of the discriminant function was-is 80%.

We considered that the morphologically determined sex data-frem-3-eut-efthe-5-in three

TBMUs was reliable, because their posterior classification probability was larger than

80%, but we could not determine sex of the other two individuals with posterior

classification probability lower than 80%. We used “MASS” package in R® 3.1.1

software (R Development Core Team, 2014) for LDA analysis.



2.7 Statistics

Morphology (body mass, wing area and wing loading), foraging trip

parameters (trip duration, total flight duration, number of dive bouts per trip and bout

duration), baseline CORT and stable isotopic values were compared between the species

by one-way ANOVA. The proportion of different prey types was compared between the

species by a y? test. The proportion of daytime/nighttime dives, or deep/shallow dives

were compared between the species by generalized linear models (GLM). A binomial

error distribution was used for GLMs. Sea surface temperature (SST), temperature at

depth (>40 m), thermocline depth and thermocline intensity where dive bouts occurred

were compared between the species by generalized linear mixed models (GLMM). Also,

dive depth and number of wing strokes were compared between the species by GLMMs.

In the GLMMs, species was set as a fixed factor, and bird identity was included as a

random factor. In the analyses of number of wing strokes, we included the dive depth as

a fixed factor, as dive depth can affect buoyancy and wing stroke frequency (Watanuki

et al., 2006). In the GLMMs, a Gamma error distribution was used, and the models with

and without the effect of fixed factors (species) were compared using a Likelihood



Ratio Test (LRT). We compared the foraging parameters between the sexes if applicable.

We used Minitab® v. 14 for one-way ANOVA and ¥ tests, and the “Ime4” package in

R® 3.1.1 software (R Development Core Team, 2014) for GLMs and GLMMs. Data are

presented as mean values * standard deviation (SD), with significance set at the 0.05

level.

3 Results

3.1 Data recovery

We recaptured 11 of 13 instrumented COMUs and all of 15 instrumented

TBMUSs. The remaining 2 COMUs were not observed after the planned timing of

retrieval. Among the retrieved data loggers, 4 from COMU and 3 from TBMU did not

record data properly due to memory malfunctions. Overall, we analyzed behavioral data

from 7 COMU (consisting of 4 males and 3 females) and 12 TBMU (consisting of 3

males, 7 females and 2 unknown sexes). These data covered 14 and 21 foraging trips

that included 64 and 79 dive bouts, for COMU and TBMU, respectively (Table 1).

COMU had smaller body mass than—TFBMU—-(COMU: 94576 = 4485 g,



TBMU: 1622.91023 + 64-464 g, one-way ANOVA, F 1,17 = 7.8, P = 0.013), had-smaller

wing area-than-TFBMU (COMU: 0.053 + 0.007 m?, TBMU: 0.067 + 0.007 m?, one-way

ANOVA, F 117 =16.4, P = 0.001), and had-greater wing loading than TBMU (COMU:

1759176 + 261 N m?, TBMU: 1511151 + 19.720 N m?, one-way ANOVA, F 117 =

56, P = 0.031). There were no significant differences in these morphological

parameters between the sexes in either the—-COMU or TBMU-merphelogicaldata

(one-way ANOVA, P> 0.05).

3.2 Trip parameters

Foraging trip duration, total flight duration and dive bout duration did not

differ between COMU and TBMU (Table 1). There was no significant difference in trip

and bout duration between the sexes in COMU and TBMU (one-way ANOVA, P> 0.05).

The total flight duration of male COMU were longer than those of females (2.1% + 0.73

h for males and 1.02 £ 0.28-3 h for females: one-way ANOVA, F 11> =13.7, P = 0.003).

There was no significant difference between the sexes in TBMU total flight duration

(one-way ANOVA, P> 0.05). The maximum distance from the colony during foraging



trips estimated by total flight duration was 42.6 + 21.1 km (ranging 12.8 - 81.2 km) for

COMU and 38.1 £ 21.9 km (ranging 4.4 - 76.4 km) for TBMU, respectively. With these

small foraging ranges, both COMU and TBMU probably foraged on the continental

shelf (bottom depth <200m: Yamamoto et al., this-issue2015).

3.3 Environmental use

The sea surface temperature (SST), where the dive bouts occurred did not

differ between COMU and TBMU (Fig. 1 A, B: COMU: 11.9 + 0.4°C, TBMU: 11.8 +

0.7°C, GLMM with LRT, »* = 0.01, P = 0.91). The temperature at depth (>40 m) where

the-dive-beuts-eceurred-did not differ between COMU and TBMU (Fig. 1 C, D: COMU:

4.8 + 0.9°C, TBMU: 4.9 + 0.7°C, GLMM with LRT, 4> = 0.02, P = 0.90). The

thermocline depth (19.6 + 2.2 m for COMU and 21.1 £+ 43 m for TBMU) and

thermocline intensity (5.4 £ 1.1°C for COMU and 5.3 = 1.1°C for TBMU) where-the

dive-bouts-eceurred-did not differ between the species (GLMM with LRT, P> 0.05).

There were no significant differences between the sexes in either the COMU or TBMU

environmental use data (GLMM with LRT, P> 0.05).



3.4 Dive parameters

Both COMU and TBMU showed a diel diving pattern that indicated more

dives with divergent depths in the daytime and less-fewer dives with shallow depths in

the nighttime (Fig. 1). Proportion of the daytime and nighttime dives did not differ

between the species (62.0 + 21.5% and 63.1 + 28.7% for daytime, and 38.0 + 21.5% and

37.0 + 28.7% for nighttime, for COMU and TBMU respectively, GLM, t = 0.528, P =

0.605). During the daytime, birds dove to both shallow (<40 m) and deep (>40 m)

depths in regard to the maximum thermocline depth (Fig. 3 A, B, C, D: 58.0 + 25.7%

and 42.4+16.4% for shallow dives, 42.0 £ 25.7% and 57.6 + 16.4% for deep dives, for

COMU and TBMU respectively: GLM, t = 1.952, P = 0.068). In the nighttime, both

COMU and TBMU dove almost exclusively to shallow (<40 m) depths (Fig. 3 G, H:

88.9 + 8.5% and 86.5 + 8.8% for shallow dives, 11.1 + 8.5% and 13.5 + 8.8% for deep

dives, for COMU and TBMU respectively: GLM, t = 1.193, P = 0.254). There were no

significant differences in the proportion of daytime and nighttime dives or shallow and

deep dives between the sexes in either COMU or TBMU (GLM, P> 0.05).



During the daytime, the shallow diving depth (<40 m) did not differ between
the species (Fig. 3 C, D: 18.1 £ 6.0 m for COMU and 20.2 = 7.4 m for TBMU: GLMM
with LRT, y* = 0.30, P = 0.581). On-the-ctherhandHowever, the deep diving depth (>40
m) was deeper for COMU (74.2 + 8.7 m) compared to TBMU (59.7 £ 7.9 m: Fig. 3 C,
D: GLMM with LRT, ¥ = 7.04, P = 0.008). In the nighttime, the depth of shallow dives
(<40 m) did not differ between the species (Fig. 3 G, H: 15.4 + 4.0 m for COMU and
19.1 + 6.2 m for TBMU: GLMM with LRT, ¥ = 1.12, P = 0.289). There were no
significant differences between the sexes in either COMU or TBMU dive depths
(GLMM with LRT, P> 0.05).

The number of wing strokes during the bottom phase of day and night dives
was higher in COMU than in TBMU (Daytime: Fig. 3 E, F: 1.95 + 0.16 s for COMU
and 1.68 + 0.20 s for TBMU: GLMM with LRT, 5 = 5.978, P = 0.014 and Nighttime:
Fig. 31, J: 1.84 £ 0.07 s for COMU and 1.57 + 0.21 s for TBMU: GLMM with LRT,

x> =6.545, P = 0.011). The number of wing strokes during the bottom phase of the dive

was slightly higher during the daytime for both COMU (GLMM with LRT, y* = 8.551,

P = 0.003) and TBMU (GLMM with LRT, y* = 20.052, P < 0.001). The number of wing




strokes during the dive On

descent phase did not differ between the species either in the daytime (2.29 + 0.07 s!

for COMU and 2.18 + 0.21 s for TBMU: GLMM with LRT, »* = 3.301, P = 0.069) or

the nighttime (2.23 + 0.11 s for COMU and 2.19 + 0.16 s for TBMU: GLMM with

LRT, 5 = 1.387, P = 0.239). There were no significant differences between the sexes in

the number of wing strokes in COMU-erTBMUeither species (GLMM with LRT, P>

0.05).

3.5 Diet

We observed 20 and 39 prey items for-delivered by parent COMU and TBMU

to feed their chicks, respectively. The proportion of fishes (consisting of 6 walleye

pollock (Gadus chalcogrammus), 1 sculpin (Cottoidae), 1 flatfish (Pleuronectidae) and

9 unidentified fishes for COMU, and 9 walleye pollock, 2 sculpins, 1 prickleback

(Stichaeidae) and 10 unidentified fishes for TBMU) was higher for COMU compared to

TBMU (y? test, y> = 6.108, P = 0.047). Conversely, the proportion of invertebrates

(consisting of 1 eephaloped-squid (Gonatidae) for COMU, 12 eephalepeds-squids and 1



unidentified mese-zeoplanktencrustacean for TBMU;) was higher for TBMU compared

to COMU.

The stable isotope analysis for red blood cells showed differences in the

potential adult diet between the species. 8*°N was higher in COMU than in TBMU (Fig.

4: 14.47-5 + 0.273%0 for COMU and 13.14 + 0.364%o0 for TBMU: one-way ANOVA,

F130 = 134.84, P <0.001). $*3C was also slightly higher for COMU compared to TBMU

(Fig. 4: -19.36-4 + 0.26%0 for COMU and -19.76-8 + 0.172%. for TBMU: one-way

ANOVA, Fi130 = 37.71, P <0.001). There were no significant differences among the

sexes in COMU stable isotope data (one-way ANOVA, P> 0.05). According-toBecause

of an inequality in number of male and females (n = 2 males and 16 females) in TBMU,

the effect of sex could not be analyzed, but males generally showed higher 5*°N value

(13.#7%0 _for both males4%oe—and—13-65%.) compared to those of females (13.0741 +

0.32%o, ranging 12.37-4 to 13.798%.), while §'3C value of males (-19.667%. and

-19.778%0) was similar to those of females (-19.77-8 + 0.18%o, ranging -20.63-0 to

-19.354%o).



Based on the Bayesian Mixing Analysis for estimating potential food sources,

COMU were inferred to have fed on more fishes such as age-1 walleye pollock e+and

age-0 flounder, whereas TBMU were inferred to have fed on more invertebrates such as

euphausiids and squids (Figs. 6 and 7).

3.6 Stress hormone

The baseline CORT did not differ between the species (log transformed mean

=0.43 + 0.25 ng ml*! for COMU and 0.37 + 0.27 ng mI for TBMU: one-way ANOVA,

Fi131 = 0.35, P = 0.559). There was no significant difference between the sexes in

COMU baseline CORT (one-way ANOVA, P> 0.05). Baseline CORT of males (log

transformed mean = 0.17 + 0.31 ng mlIt) was slightly lower than that of females (0.44 +

0.23 ng mIt) in TBMU (one-way ANOVA, F120 =4.92, P = 0.038).

4 Discussion

This study investigated the_fine-scale differences in foraging behavior between

two closely related seabirds, common and thick-billed murres;—at-a—fine-seale. Both



species showed similar_foraging ranges and diel patterns of diving (Table 1, Fig. 2).

Both species used and-appeared-to—use-similar thermal environments at sea, with no

significant inter-specific differences in SST, temperature at depth, thermocline

depthforaging—areas—(Figs—t and intensity (Fig. 2—Fable 1). Thus the two species

appeared to forage in similar stratified water masses, presumably in the middle- or outer

shelf domains around St. George Is. (Kinder et al., 1983; Takahashi et al., 2008).

However, despite similarities in geographic location, COMU dove to deeper depths in

the daytime and showed more frequent underwater wing strokes during dive bottom

time, compared to TBMU (Fig. 3). In addition, COMU used higher trophic level prey,

presumably consisting of larger fishes such as age-1 walleye pollock, as estimated from

SIAR models, whereas TBMU used lower trophic level prey, which possibly includes

squids and meso-zooplankton (Figs. 4, 5, 6 and 7). Arguably—stable-isetope-of+Red

blood cells reflect adult dietreflects-conditions during incubation and early chick-rearing,

according-to-is—relatively-slow-turnoverrate-(hal-half-life ~4 weeks: Barger et al., in

review2016; Hobson and Clark 1993). A recent study suggestedAssuming that, under

good foraging conditions, the dietary differences between sympatrically breeding




COMU and TBMUisetopic-distance becomes greater #-during the chick-rearing period

rather—thancompared to the incubation or pre-laying_period (Barger et al., i

review2016).; Therefore, it is likely we-anticipate-that in this study the differences in the

the—inter-specific—difference—in-trophic levels betweenlevelis—also—apphicableto-the

chick-rearing COMU and TBMU were even greater than suggested from our results

based on stable isotope analysis of red blood cellsperiod.

Several studies have shown horizontal segregation of foraging habitat between

sympatric, closely related, diving seabirds (e.qg. Lynnes et al., 2002; Barger et al., 2016),

whereas few studies have reported vertical segregation in spatially overlapped foraging

areas (but see Mori and Boyd, 2004). Mori and Boyd (2004) found that smaller

macaroni penquins dove to shallower depths than larger gentoo penguins, and suggested

that differences in diving capacity based on body mass contributed to the observed

vertical segregation. The effect of body mass on vertical segregation is not clear in our

study, because the smaller COMU dove to deeper depths below the thermocline (>40 m)

in the daytime than the larger TBMU (Fig. 3). Contrary to expected relatively poor

diving capacity of COMU compared to TBMU, COMU foraged at deeper depths in the




daytime probably to capture larger fishes.

Larger fast-swimming fishes, including age-1 walleye pollock are distributed at

deeper depths in the daytime compared to smaller age-O pollock, and migrate up to

thermocline depths at night (Lang et al., 2000; Schabetsberger et al., 2000)—Furthermeore;

juvenile—poHeck—swim—faster—as—they—grew—(; Hurst, 2007). Diving seabirds are

considered to feed mostly during the diving bottom phase (Elliott et al., 2008).

Accordingly, we observed theFhe deeper diving depths in the daytime and more

frequent wing strokes during the bottom phase of COMU dives;-. eembired-Combined

with higher trophic levels of their prey, these data suggests that COMU tended to forage

on more mobile prey such as large fishes, compared to TBMU. There are several

possible factors affecting the inter-specific differences/ similarities in foraging behavior

between closely related COMU and TBMU, such as 1) physiology and morphology, 2)

breeding stages and nest attendance, and 3) prey availability.

Croll and McLaren (1993) suggested thatAeccording-to-apreviousstudy: resting

or diving metabolic rates are expected net-to_be differ—similar between COMU and

TBMU-(Crol-and-Mekaren;—1993). On the other hand, COMU-and-TBMU at the-our



study colony had largerdiffered-merphelogicathy—in body mass, larger wing area and

wing—loading—FBMU—which—had—smaller wing loading—and—targer—bedy—mass—are

expected-to-fly-furtherand-dive-deeper than COMU. {ef-According to previous studies

(-Thaxer et al., 2010; Linnebjerg et al., 2013), alcid species with larger body mass are

expected to dive deeper, and that with smaller wing loading are expected to fly farther.

However, these predictions were not supported in ourbut-this-wasnot-the-case-in-this

study. A morphological study pointed out that the smaller wings of COMU enables them

to swim more agilely than TBMU (Spring, 1971). COMU’s more frequent wing strokes

during the dive bottom phase (Fig. 3 E, F, 1, J), are possibly due to pursuing larger fishes,

and may support the observation by Spring (1971) and-reflectthat their small wing-size

enables them to chase down large fast-moving juvenile fishmerphelogical

This study was conducted during the chick-rearing period of both species when

thelr—the energy demand—fordemands of parents are highest (Ricklefs, 1983). High

energy demands may force both COMU and TBMU to forage closer to the colony,

compared to during incubation (Barger et al., #n+review2016) and post- or pre-breeding



periods (Linnebjerg et al., 2013). In addition, one member of a pair_of COMU

consistently guarded their chicks_like during incubation on the narrow open ledges at

the study colony. This aspect was different from COMU at other locations where nests

are more protected, and parents can leave their chicks alone and spend more time

foraging (Linnebjerg et al., 2015). Potential foraging range and the diel patterns of

diving were similar between COMU and TBMU at the study colony (Table 1, Fig. 2),

which may reflect the necessity to guard chicks, along with the similar nest attendance

patterns.

There are few available data on local food availability during the study period.

In terms of nutritional stress, both COMU and TBMU showed lower concentrations of

stress hormone in the study year, compared to those reported in other years on St.

George Island (Harding et al., 2013; Paredes et al., 2015) and elsewhere (Barger and

Kitaysky, 2012)--), suggesting that the food conditions of the study year were favorable

for both species (Kitaysky et al. 2007; Kitaysky et al. 2010; Barrett et al. 2015). In

addition, theA




to-be-good—forbeth-species—n—additien; abundance of age-0 pollock in the eastern

Bering Sea (in the 150 km radius around Pribilof Islands) measured within the upper 15

m of the water column was high in 2014 compared to other years since 2003 (W.

Strasburger, Ted Stevens Marine Research Institute Juneau, Alaska, personal

communications, 2015). Although seabirds breeding on St. George Island may be prone

to experience food shortage due to high bird density (Hunt et al., 1986), murres were

not food-limited during the study period, and the inter-specific foraging niche

partitioning occurred under favorable foraging condition. Barger et al. (2016-Bargeret

al—(inreview) suggested that the resource partitioning proactively increases during this

period of elevated energetic needs without apparent food limitations. Fhis-Our study

provides further support thatalse—suggests—the—resource—partitioning—during—the

chick-rearing peried—between—COMU and TBMU breeding on St. George Island

proactively partition resources when food conditions are relatively good.




Overall, at the study colony, chick-rearing COMU and TBMU foraged in

similar foraging ranges with a similar diel pattern of diving_frequency. Inter-sexual

foraging differences were not clear compared to other colonies (cf. Paredes et al., 2008;

Linnebjerg et al., 2015). Segregation in prey species with different vertical distribution

and mobility may allow the use of similar foraging ranges of these closely related

species, and may possibly reflect inter-specific morphological differences. Other studies

have found similar—patterns—ef-prey segregation in other regions, however horizontal

and/or vertical foraging segregation have also been reported between chick-rearing

COMU and TBMU (e.g. Barger et al., inreview2016). Barger et al. (in+eview2016)

reported chick-rearing COMU and TBMU used different foraging habitats, as reflected

in travel distances to foraging areas and sea-surface temperature distributions of their

foraging dives. TBMU performed shorter foraging trips, deeper dives and fed their

chicks squid, while COMU foraged farther from the colony, performed shallower dives,

and delivered fish to feed their chicks. Such a spatial segregation by distance was not

observed in our study (Table 1). TBMU populations exhibit divergent—various

behavioral patterns, which may be due to inter-regional differences in morphology



(Paredes et al., 2015). TBMU from St. Paul Island with larger body mass and wing

loading performed shorter foraging trips and deeper dives, whereas TBMU from St.

George Island with smaller body mass and wing loading performed longer foraging

trips and shallower dives (Orben et al., 2015; Paredes et al., 2015). Thus segregation

patterns between COMU and TBMU may differ among regions partly because ¥BMU-s

their morphology differs at a regional scale.

It has been reported that, in other regions, COMUJs-COMU prefer larger, more

mobile fish including walleye pollock and capelin (Mallotus villosus), whereas TBMU

use more divergent—various prey including benthic fishes, cephalopods and

meso-zooplankton (Hunt et al. 1981a; Barrett et al., 1997; Bryant et al., 1998; Barger et

al., inreview2016). Spring (1971) and Ogi (1979) suggested that COMU’s more slender

bill and palate, along with their corneous tongue, reflects their more piscivorous

tendencies, whereas the wider bill and palate, and less corneous tongue of the TBMU

reflects their invertebrate feeding habits. H-the—segregation—in—the—prey—types—was




the Bering Sea, recruitment of age-1 walleye pollock remained high during cold regimes

whereas it fell during warm regimes (lanelli et al., 2009; Coyle et al., 2011},-). During

warm regimes, distribution of age-0 walleye pollock shifts northwards, their abundance

increases over the southeastern Bering Sea shelf and their lipid content decreases

(Wvllie-Echeverria and Wooster, 1998: Hunt et al., 2011). A recent study suggests that

breeding success of TBMU was higher in years when parents fed more on on-shelf fish

species including walleye pollock, rather than oceanic fish (myctophids) or

invertebrates (Renner et al., 2014). pessibly—enabling-COMU—to—capitalize—on—their

foraging-behaviorin-—celd-years—Although-rReproductive success was similar between

the species at the study colony in 2014 (0.61 for COMU and 0.55 for TBMU) and it was

higher than long-term averages (Mudge et al., 2015). This is supported by the relatively

low level of stress hormones measured in our study birds which suggest that the




behavioral data shown in this study represent a year with favorable feeding conditions

for both COMU and TBMU. In order for a clear prediction to be made regarding how

these two species will respond to environmental change it would be necessary to

determine whether the segregation patterns observed in this study persist in years with

relatively unfavorable foraging conditions.)—theleng-term—population—trend—shows

In conclusion, inter-specific comparison of foraging behavior between closely

related common and thick-billed murres in the Bering Sea showed that both species

foraged in similar foraging ranges with a similar diel pattern of diving_frequency.

However, common murres dove to deeper depths below the thermocline (>40 m) in the



daytime, showed more frequent underwater wing strokes during the bottom phase of

dives and used higher trophic level prey, compared to thick-billed murres. Common

murres had-have smaller wings that-which potentially enables te-the pursuit_of more

mobile prey;—cempared-to-thick-billed-murres. These results suggest that common and

thick-billed murres segregated prey species in relation to differences in their

morphology. These differences in food resource useSueh-ecelogical-segregation may

lead_to the differential responses of the two murreclosebyrelated species to respend-te

teeatmarine environmental change-differenthys in the Bering Sea.
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Tables

Table 1. Trip parameters of common murres (COMU) and thick-billed murres (TBMU)

breeding on St. George Island, Bering Sea.

Species

Common murre (COMU)

Thick-billed murre (TBMU)

One-way ANOVA, F and P

values

No. of

birds

12

No. of

trips

14

21

No. of

dive bouts

64

79

No. of dive

bouts per trip

457+271

3.76 £ 2.86

F133=0.70

P =0.409

Duration (h)

Trip Total flight ~ Dive bouts
1321+479 156+0.77 1.79+3.74
1045+£7.09 140+080 1.87+342
F133=1.62 F133=0.36 F1,157 = 0.02
P=0.212 P =0.552 P =0.892



Figure captions

Fig. 1. Frequency distribution of dive bouts in relation to (A, C) sea surface temperature

(SST) and (B, D) mean temperature at depth (>40 m) in the water column. Upper panels

represent data for common murres (COMU) and lower panels represent data for

thick-billed murres (TBMU).

Fig. 2. (A, C) Frequency distribution and (B, D) depth distribution pattern of dives in

relation to time of day. Left panels represent data for common murres (COMU) and

right panels represent data for thick-billed murres (TBMU). Means = standard deviation

(SD) are shown in B, D, calculated by individual bird data. The timing of sunrise and

sunset is shown by marks on the top horizontal axis.

Fig. 3. (A, B) Vertical temperature profiles where foraging dive occurred with (C, D, G,

H) frequency distribution of dives and (E, F, I, J) number of wing strokes per diving



bottom phase, in relation to dive depth. Upper panels represent data for common murres

(COMU) and lower panels represent data for thick-billed murres (TBMU). Panels C, D,

E, F represent data for the daytime, and panels G, H, I, J represent data for the nighttime.

Means + standard deviation (SD) are shown excepting for A and B, are calculated from

individual bird data. Sample number of birds (N) and dives (n) are shown in C, D, G, H.

Fig. 4. Diet composition of (A) common murres (COMU) and (B) thick-billed murres

(TBMU) based on direct observations of prey delivered to nests.

Fig. 5. Carbon (5'C) and nitrogen (5'°N) stable isotopic ratio values of common murres

(COMU: open circles) and thick-billed murres (TBMU: closed circles) measured in red

blood cells. Smaller circles show individual data, and larger circles with error bars show

Means * standard deviation (SD).

Fig. 6. Carbon (8*3C) and nitrogen (8*°N) stable isotopic ratio values of potential food

samples caught around the vicinity of the study colony. Different symbols represent



each potential food item. **The enrichment factors -0.19%o. for §'*C and 2.25%. for

3N were preliminarily applied to the bird data (open circles for common murres and

closed circles forthick-billed murres). Note that the potential food samples were

collected in 2009, as no data were available in 2014.

Fig. 7. Diet compositions of common (COMU: open boxes) and thick-billed murres

(TBMU: closed boxes) as estimated by Bayesian Mixing Analysis of stable isotope

values of birds (red blood cells) and those of their potential prey items (whole body

tissues). Means = 95% credible intervals of the fractional contribution (p) of seven

different prey items are shown. Note that the potential food samples were collected in

2009.
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