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ABSTRACT 

Biological rhythms provide a mechanism for scheduling activity in predictably cyclic 

environments. During summer above the polar circle, the primary timing cue, the 

geophysical light-dark cycle, is highly attenuated or absent, yet some animals will exhibit 

diel rhythms of behavior and physiology under these conditions. How and why diel 

rhythms persist under this ‘polar day’ remains to be fully explored. This work builds on 

previous investigations of the proximate and ultimate mechanisms for maintaining 

biological rhythms during polar day by using an Arctic breeding seabird, thick-billed 

murre (Uria lomvia), that has sex-specific timing of activity above and below the polar 

circle during summer. Thick-billed murres’ sex-specific behavior when breeding was 

rhythmic during polar day with a period length of 24 h, and each sex’s colony attendance 

was antiphase to the other, resulting in an almost complete segregation of the sexes 

across the diel cycle. Corticosterone was not associated with these rhythms: it was 

invariant across the diel cycle and not associated with activity. Melatonin did not rise at 

the beginning of each sex’s quiescent phase, but did have variation in its diel profile 

suggesting a rise when the vertical, ENE-facing cliff where breeding occurs became 

shaded at midday, indicating that their melatonin response may be flexible. The sexes of 

thick-billed murres foraged at different times of day and to different depths across the 

diel cycle, which, in the context of the West Greenlandic food-web, suggested that the 

sexes forage on different prey when rearing chicks. Interestingly, the indirect 

measurements obtained from bird-borne data-loggers indicated the possible presence of 

diel vertical migration of their prey during polar day. Together this body of work adds to 

our understanding of biological rhythms in the polar environment.
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CHAPTER 1 

INTRODUCTION 

Overview 

Time has strong evolutionary significance by subjecting individuals to temporal 

windows of differing selective pressures (Helm et al., 2017; Kronfeld-Schor et al., 2017; 

Kronfeld-Schor and Dayan, 2003). This can lead to the evolution of rhythmic processes 

(i.e., biological rhythms) that provide a scheduling mechanism for organisms exposed to 

predictably cyclic environments. The rotation of the earth and the associated light-dark 

cycle provides a consistent timing cue, or zeitgeber, that imposes a selection gradient or 

boundary that can provide a mechanism that causes segregation by specific traits, such as 

adaptations for nocturnal and diurnal activity (Kronfeld-Schor and Dayan, 2003). At high 

latitude above the polar circles (66.6 °N and °S), the light-dark cycle attenuates greatly 

during the continuous light of polar summer, which may equalize one or more selective 

pressures imposed at sub-polar latitudes by this cycle. Subsequently, animals living in 

this ‘polar day’ exhibit a diversity of activity patterns over the diel cycle at the species 

and individual levels (e.g., Ashley et al., 2013; Reierth and Stokkan, 1998; Steiger et al., 

2013; Williams et al., 2015). The mechanisms that cause this diversity are poorly 

understood, and this knowledge gap provides the opportunity to investigate the ecological 

and physiological determinants of activity patterns, including rhythmic behavior, in the 

absence of a primary zeitgeber. I used thick-billed murres (Uria lomvia), an Arctic 

seabird that exhibits sex-specific activity patterns when breeding above and below the 

Northern polar circle during summer (Elliott et al., 2010; Linnebjerg et al., 2015; Paredes 
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et al., 2006; Young et al., 2015), to investigate the presence and potential causes of 

biological rhythms during polar day. 

 

Presence and persistence of biological rhythms in polar environments 

Polar environments are unique because during summer and winter the light-dark cycle 

attenuates and periods of continuous light and dark persist for days to months, while 

during the remaining seasons the light-dark cycle persists. These periods of continuous 

lighting conditions contrast with subpolar latitudes that maintain a stark light-dark cycle 

year-round. The animals residing at these latitudes can exhibit arrhythmic, entrained 

rhythms (synchronized to the 24 h day), or other rhythms of activity during polar day, 

and activity patterns can vary within and among individuals of the same species (Bulla et 

al., 2016; Steiger et al., 2013). The nature of selection on a rhythm is attributed to its 

persistence during polar day (Steiger et al., 2013; Williams et al., 2015), meaning that the 

variation of the ecological significance of rhythms among species explains the diversity 

of activity patterns exhibited at polar latitudes. In chapter two, I test the hypothesis that 

the thick-billed murre’s sex-specific behavior is rhythmic even under the continuous light 

of polar day. 

  

Physiological mechanisms of diel rhythms during polar day 

At the proximate level, few mechanisms in animals residing under polar day have 

been associated with the persistence of biological rhythms, specifically behavioral 

rhythms under these conditions in nature. Hormones that are commonly associated with 

activity cycles are a good first step in identifying physiological mechanisms associated 
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with rhythmic behavior. Two such hormones in birds are melatonin and the primary avian 

glucocorticoid, corticosterone (Gwinner et al., 1997; Landys et al., 2006). 

 

Melatonin as a proximate mechanism 

Melatonin is a hormone commonly associated in the literature with the presence of 

endogenous 24 h rhythms (i.e., circadian rhythms) in vertebrates (Gwinner et al., 1997; 

Pandi-Perumal et al., 2006; Pevet and Challet, 2011), and melatonin has been the focus of 

studies of biological rhythms in vertebrates at polar latitudes (e.g., Ashley et al., 2013; 

Barrell and Montgomery, 1989; Cockrem, 1991; Hau et al., 2002; van Oort et al., 2007; 

Williams et al., 2015). In birds during polar day, persistent melatonin rhythms have been 

described in association with activity rhythms in Lapland longspurs (Calcarius 

lapponicus; Ashley et al., 2014, 2013; Hau et al., 2002), while in Svarlbard ptarmigan 

(Lagopus mutus hyperboreus) arrhythmic melatonin and activity profiles were exhibited 

over the diel cycle (Reierth et al., 1999; Reierth and Stokkan, 1998). During the southern 

hemisphere’s polar day, penguins did not exhibit cyclic profiles of melatonin at the 

population level, but at the individual level variation among profiles existed (Cockrem, 

1991a, 1991b; Miché et al., 1991).  

Melatonin is sometimes referred to as the ‘hormone of darkness’ in the literature 

because it generally rises during dark and drops during light (Gwinner et al., 1997; Pandi-

Perumal et al., 2006; Pevet and Challet, 2011). Melatonin is also related directly to 

activity cycles, rising with quiescence and falling with activity (Jessop et al., 2002; 

Kumar et al., 2000). However, the relationship among time of day, activity, and 

melatonin is complex, because variation in the melatonin profile of diurnal birds that 
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migrate at night does not disappear (Fusani and Gwinner, 2005; Gwinner et al., 1993) and 

nocturnal birds have relatively constant melatonin level over the diel cycle (Van’t Hof 

and Gwinner, 1998; Wikelski et al., 2006; cf. Guchhait and Haldar, 1999). However, the 

continued secretion in some species over the diel cycle during continuous light, and the 

association with activity rhythms in at least one of these species (i.e., Ashley et al., 2014), 

suggest that melatonin provides a necessary function for rhythmic behavior and 

physiological maintenance during polar day (Pandi-Perumal et al., 2006; Silverin et al., 

2009). I investigate the association of melatonin with quiescence in thick-billed murres 

over the diel cycle during polar day in chapter three. 

 

Corticosterone as a proximate mechanism 

Corticosterone, the primary avian glucocorticoid, is commonly associated with activity 

and foraging (Jessop et al., 2002; Landys et al., 2006; Quillfeldt et al., 2007; Woodley et 

al., 2003) and modulates energy storage and mobilization (Landys et al., 2006). Little 

evidence is available for diel profiles of corticosterone, and other glucocorticoids, during 

polar day (Barrell and Montgomery, 1989; Steenweg et al., 2015; Vleck and van Hook, 

2002). The available evidence for diel variation in the profiles of glucocorticoids, 

including corticosterone, during continuous light near or above the polar circle indicates 

that cycles do not persist under these conditions (Barrell and Montgomery, 1989; 

Steenweg et al., 2015; Vleck and van Hook, 2002). However, in studies that did discuss 

activity patterns, the absence of diel variation was attributed to activity across the diel 

cycle (Steenweg et al., 2015; Vleck and van Hook, 2002). Also, Adélie penguins 

(Pygoscelis adeliae) that just returned from foraging during the Antarctic summer had 
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higher corticosterone level than when they departed (Angelier et al., 2008). Both 

examples, when combined with the common association among corticosterone level, 

activity, and foraging, suggest that corticosterone level should vary with activity patterns. 

I investigated the association among these factors in chapter three by taking advantage of 

thick-billed murre’s sex-antiphase activity-rhythms that were detected in chapter two 

(Huffeldt and Merkel, 2016). 

 

Ultimate mechanisms of diel rhythms and segregation by sex 

The ultimate cause of rhythmicity at polar latitudes appear to be species-specific and 

related to the ecology of a species. Few examples provide detailed explanations of 

possible ecological underpinnings for behavioral patterns during polar day, but one 

hypothesis that has garnered support is that predator-prey interactions drive cyclic 

behavior under these conditions in certain circumstances (e.g., Fortier et al., 2001; Hays, 

1995; Williams et al., 2015). Additionally, equalization of one or more selective 

pressures over the diel cycle have also been implicated in arrhythmic activity patterns at 

high latitudes (Fortier et al., 2001; Lesku et al., 2012; van Oort et al., 2007). Investigating 

the potential mechanism for thick-billed murre’s activity rhythms is important for 

understanding why these rhythms persist at polar latitudes during continuous light and for 

understanding why the sex’s rhythms are segregated across the diel cycle. 

Sex can be an influential factor in animal segregation. The sexes can segregate by two 

(not always exclusive) modes: habitat segregation and social segregation (Conradt, 2005). 

Under habitat segregation (=”ecological separation”), the sexes interact with the 

environment differently, and this includes sex-specific diets or asymmetrical predation-
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risk, among other factors (Ruckstuhl, 2007). Social segregation can provide independent 

mechanisms from habitat segregation for the segregation of the sexes, such as social 

affinity to the same sex or avoidance of the other sex (Ruckstuhl, 2007; Ruckstuhl and 

Neuhaus, 2005). In ideal examples, social segregation would result in sexes being in 

separate groups in a homogenous habitat and habitat segregation would result in sexes 

occupying habitats that are ecologically distinct (Ruckstuhl, 2007). However, nature 

seldom provides ideal examples, so identifying the mode of segregation in a system can 

be complex because a mechanism attributed to either mode of segregation may cause 

apparent segregation by the other. For example, if one sex excludes the other from a 

certain habitat type because of social factors, then habitat segregation may appear to 

occur because each sex inhabits ecologically distinct habitats. Social and habitat 

segregation can result in spatial separation, temporal separation, or both. In chapter four, 

the application of habitat and social segregation as ultimate mechanisms of thick-billed 

murre’s sexually-segregated activity-rhythms is discussed in the context of testing a 

prediction of the habitat segregation hypothesis. 

My work attempts to address rhythmicity and its causes during the continuous light of 

polar summer. Both ultimate and proximate mechanisms are investigated with varying 

degrees of success, and some interesting discoveries were made. These discoveries add to 

the larger body of work focusing on the ecology of biological rhythms and a better 

understanding of the Arctic ecosystem, all of which have practical applications for 

informing the sustainable use of the region.  
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ABSTRACT 

In contrast to daily rhythms that are common in the presence of the geophysical light-

dark cycle, organisms at polar latitudes exhibit diverse diel activity patterns during 

natural periods of continuous solar light or darkness (polar day and night, respectively), 

from 24-h rhythms to arrhythmicity. In Arctic Greenland (73.7N, 56.6W) during polar 

day, we observed breeding-site attendance rhythms of thick-billed murres (Uria lomvia; n 

= 21 pairs), a charadriiform seabird, which provide biparental care at the colony. We 

found that U. lomvia egg-incubation and chick-brooding attendance is rhythmic and 

synchronized to the geophysical day (mean period length [rhythm duration] ± 95% CI = 

24.13 ± 0.52-h). Individual pair members had temporally segregated, sex-specific colony-

attendance rhythms that were opposite (inverted) to each other and these sex-specific 

rhythms were prominent at the population level. Our results provide a basis for 

investigating circadian systems at polar latitudes and sex-specific parental-care strategies. 

 

Keywords: Brünnich’s guillemot, circadian rhythm, parental care, polar rhythm  
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BACKGROUND 

Predicting the future would provide a strong fitness advantage. Consequently, nearly 

all organisms have endogenous timing systems, such as circadian and circannual clocks, 

that allow them to anticipate cyclic events [1–3]. At most latitudes the geophysical light-

dark cycle is the predominant environmental cue (zeitgeber) responsible for 

synchronizing (entraining) rhythms to the 24-h day. 

 Above the Polar Circles (latitudes 66.6°N and S) the sun either does not set below 

(polar day) or does not rise above (polar night) the horizon during periods around the 

solstices. Polar species show a range of behavioural patterns in the absence of the 

predominant light-dark cycle, including arrhythmicity, free-running rhythms, and 

entrained rhythms [4,5]. The nature of selection on biological rhythms may dictate 

whether rhythms persist during polar night or polar day [4], such that reindeer (Rangifer 

tarandus) may become arrhythmic to maximize foraging opportunity [6], while 

semipalmated sandpipers (Calidris pusilla) providing biparental care may maintain 

socially synchronized rhythms that may increase breeding success and foraging 

opportunities [5,7]. 

 Thick-billed murres (a.k.a. Brünnich’s guillemots, Uria lomvia) are cliff-nesting 

charadriiform seabirds that breed in large colonies, provide biparental care to a single 

young at the colony, and typically migrate below the polar circle during winter [8]. 

Murres provide paternal-only care at sea to the chick for at least a month after fledging 

[8]. Thick-billed murres have sex-specific diel activity budgets at polar and sub-polar 

colonies, meaning that the sexes feed at different trophic levels and times of day [9–12]. 
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The sex-specific behaviour may partition energetic risk between sexes [10] or match sex-

specific aggression to defence of the breeding site [13, but see 14].  

We found previously that attendance at the breeding colony has a diel rhythm during 

polar day [15]. Here, we investigate the rhythmicity and the duration (period length) of a 

possible rhythm of thick-billed murres’ sex-specific diel activity, during polar day, by 

observing their colony attendance. 

 

METHODS 

We observed 21 colour-marked breeding pairs of thick-billed murres on Kippaku, 

Greenland (73.7N, 56.6W) from July 3rd until July 27th, 2010 (Electronic 

Supplementary Material [ESM] 1). Attendance was recorded continuously to the nearest 

minute West Greenland Time (UTC-3) and reported as bird-minutes per hour. We 

recorded on-duty attendance (egg-incubation or chick-brooding bouts), off-duty 

attendance (attending the breeding site when the mate was on-duty), and total attendance 

(on-duty attendance with off-duty attendance) for each individual. Incubating and 

brooding stages were combined, because evaluation of actograms illustrated minimal 

differences between breeding stages (ESM Actograms) and the amount of on-duty 

attendance between breeding stages is consistent for each sex [9]. Some hours were 

missed due to unforeseen circumstances (ESM 1). Observations resulted in maximum 

time-series for individual birds of 9.25-d (222-h). Most time-series for individual pairs 

were less than the maximum observable time-series (mean ± 95% confidence interval 

[CI]: 142.86 ± 25.7-h, range: 52 – 222-h; ESM 2), resulting in 6,000 bird-hours recorded.  
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Observers were blind to the birds’ sex. At least one pair-member was sexed molecularly 

following standard methods [16]. Both mates were sexed for five pairs: all of these pairs 

had a male and female.  

 Program R v.3.2.0 was used for all statistical analyses. Of the 6,000 bird-hours, 286 

were excluded due to data collection methods (e.g., only complete attendance bouts were 

used in data analyses; ESM 1). Only two instances were observed of a breeding site being 

unattended. These data are excluded with the 286 bird-hours above, as they were 

perceived as outliers (ESM 1); continuous on-duty attendance is obligatory in murres: 

unattended eggs or chicks are atypical [8,pers. obs.]. 

Data were summarized for each individual and at the population level for each sex by 

taking the proportion of bird-minutes observed of the total possible bird-minutes 

observable for each hour of a time-series and used for autocorrelation and cross-

correlation analyses. Autocorrelation analysis was used to detect rhythmicity in 

behaviour [17]. A rhythmicity index (RI) was used to assess the strength of a rhythm, 

allowing direct comparison of rhythms [17,ESM 1]. RI is the correlation coefficient of 

the third peak in the correlogram; lag zero is the first peak. A lag represents the sampling 

interval (i.e., 1-h). Cross-correlation was used to assess the similarity of and to detect the 

timing-difference of rhythms with the same form (phase relationship) between members 

of a pair and between the sexes at the population level [17,ESM 1]. The magnitude (CC) 

and location (Lagmax) of the first peak of the cross-correlation indicates the phase 

relationship of each set of time-series assessed [17].   

Period lengths were estimated using Lomb-Scargle periodogram analysis (R 

command: randlsp::lomb [18], oversampling rate = 5) for unequally sampled time-series 
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data [5,18,ESM 1]. We calculated the period length with the largest test statistic (PNmax) 

for each individual [5,18]. Rhythms were considered entrained to the geophysical day if 

mean period length plus or minus the 95% CI overlapped 24-h and the autocorrelation 

correlogram of the data had persistent 24-h rhythm. Data are summarized as means ± 

95% CIs. 

 

RESULTS 

On-duty attendance was rhythmic and entrained to the geophysical day (figures 1 and 

2, table 1). The sexes had similar on-duty attendance rhythms, except they were inverted 

(‘antiphase’; figures 1 and 2). Each pair was synchronous: each member of a given pair 

had the same period length and similar (but) antiphase on-duty attendance rhythm (figure 

1, ESM 2). The two pairs with the shortest period length for on-duty attendance (22.86-h; 

ESM 2) were the only pairs to fail in their attempt at breeding during the study. 

Actograms for the sexes’, and for each pair’s, attendance types are in ESM Actograms. 

We found a robust 24-h rhythm for on-duty colony attendance at the population level 

(figure 2a). Rhythmicity of total attendance was similar to on-duty attendance (Wilcoxon 

signed-rank test of period lengths: W = 1, n1 = n2 = 21, p = 0.2; paired t-test of RI values 

for females: t20 = -1.63, p = 0.12 and males: t20 = -1.06, p = 0.3; ESM 2). Off-duty 

attendance was sex-specific and arguably rhythmic at the population level (female RI = 

0.23, male RI = 0.14; ESM 2). But, individual-level patterns and the relationship between 

sexes for off-duty attendance were disorganized or non-existent (table 1, ESM 2).
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DISCUSSION AND CONCLUSION 

Here we add to the high diversity of biological rhythms at polar latitudes by describing 

a sexually-segregated, antiphase rhythm entrained to the 24-h day that is persistent at the 

individual and population levels (table 1, figures 1 and 2). The phenomenon of individual 

rhythms coupling to form a synchronized rhythm at the population level is congruent 

with multi-oscillator theory and the study of networks [19]. The near uniform results of 

the inverted rhythms for each sex are a product of complementary behaviour of paired 

mates, because one mate must always be on-duty (figures 1 and 2). The remarkable 

results are that the inverted rhythms have a period length equalling approximately 24-h 

(table 1), are sex-specific (figure 1b,c), and are observable at the population level (figure 

2), meaning that nearly a complete segregation of the sexes occurs throughout the diel 

cycle for breeding individuals. Recent studies of activity patterns of murres support diel 

segregation by sex [9–11]. 

Energetic-risk partitioning [10] and sex-specific breeding-site defence [13] are 

hypothesized as explanations for why female and male thick-billed murres appear to 

utilize the temporal niche differentially when breeding at both sub-polar and polar 

colonies [9–12]. Available support is inconsistent for the sex-specific breeding-site 

defence hypothesis [13,14]; however, support is strong for the energetic-risk partitioning 

hypothesis: the sexes feed at different trophic levels and times of day [10,12] and 

foraging of thick-billed murres below the polar circle is constrained by the light-dark 

cycle and the diel vertical migration of prey [20], which, due to their sexually segregated 

activity rhythm, may marginalize one sex to forage at less productive times of day. In 

contrast, semipalmated sandpipers maintain synchronized rhythms that have different, but 
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complementary, period lengths for each mate during polar day, which may allow each 

mate to forage during the most energetically productive time of day [5,7], thereby, 

alleviating a potential constraint on one sex. All the above supports the hypothesis that 

foraging specialization between the sexes drives the sex-segregated diel rhythms of thick-

billed murres. Yet, during polar day zooplankton and polar cod (Boreogadus saida, a 

main forage fish [8]) do not perform diel vertical migration [21,22]. Thus, more research 

is needed to explain the maintenance and potential benefits of sex-segregated activity 

rhythms of thick-billed murres during polar day and to investigate the possibility of 

conflict over parental care and energy acquisition between mates.  

 Foraging theory predicts that discretionary time (i.e., off-duty attendance) is related 

positively to resource levels [23]. It is known for murres (Uria spp.) that the amount of 

off-duty attendance correlates positively with the quality of foraging conditions [24], and 

during this study foraging conditions were perceived as favourable [15,25]. Therefore, we 

believe the attendance patterns represent typical behaviour. If individuals spent prolonged 

durations of time off-duty throughout the diel cycle because of increased discretionary 

time, then total attendance is expected to be arrhythmic. However, we found similar 

rhythmicity for total attendance and on-duty attendance (p-values > 0.05), which may be 

expected if off-duty attendance occurred only immediately before and after on-duty 

bouts. This is congruent with the arguable rhythmicity of off-duty attendance at the 

population level, but the pattern disappears for individuals (table 1, ESM 2). Our results 

indicate that off-duty attendance occurs both when mates exchange on-duty 

responsibilities and sporadically throughout the day, neither of which affect substantially 

the 24-h rhythm resulting from on-duty attendance (on-duty attendance ≈ total 
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attendance). Rhythmicity in total attendance and off-duty attendance may strengthen if 

foraging conditions become poor and the sporadic bouts of off-duty attendance become 

unsustainable due to increased effort required for meeting energetic demands, thereby, 

restricting off-duty attendance to periods associated with the start and end of on-duty 

bouts and chick provisioning. 

Interestingly, the relationship between time of day and the sex-segregated rhythms 

appears to be reversed at some colonies [9–12]. This, and the widespread presence of 

individual-level antiphase rhythms of the sexes, suggests that either the endogenous 

circadian system or its output is flexible or, alternatively, that behaviour is dictated by 

another mechanism. Thick-billed murres’ unique breeding-site rhythm that persists 

during polar day and the possible differences in energy acquisition between the sexes 

provide opportunity to investigate sex-specific parental care. Therefore, thick-billed 

murres offer an interesting study system for both circadian rhythms and parental-care 

strategies. 
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TABLES 

Table 1. Mean period length of colony attendance by thick-billed murres, estimated by 

Lomb-Scargle periodogram analysis. CI = 95% confidence interval. 

 Period length (h)  PNmax  

 Sex Mean CI Median Range Mean CI N 

On-duty attendance        

 Female 24.13 0.52 23.90 22.86 - 28.49 26.83 4.9 21 

 Male 24.13 0.52 23.90 22.86 - 28.49 26.86 4.9 21 

         

Off-duty attendance        

 Female 25.2 12.6 20.1 6.0 - 124.5 6.3 1.0 21 

 Male 30.0 28.9 11.6 2.0 - 298.8 6.74 1.2 21 

         

Total attendance        

 Female 23.58 1.22 23.90 12.80 - 28.49 27.34 5.44 21 

 Male 24.06 0.54 23.90 22.81 - 28.49 28.77 4.8 21 
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FIGURES 

 

Figure 1. Individual-level rhythmicity of on-duty attendance by thick-billed murres 

during polar day. Dotted lines represent 95% CIs (0.13). A) Autocorrelation correlogram 

of individual birds. B) Mean proportion of on-duty attendance for each hour of the day 

for each individual. Error bars are 95% binomial CIs using Bayesian inference. The 

dashed line is a GAM regression line. C) Cross-correlation correlogram of individual 

pairs. Lagmax = 0, CC = -1.0  0.00009. 
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Figure 2. Population-level rhythmicity of on-duty attendance by thick-billed murres 

during polar day. Dotted lines represent 95% CIs (0.13). A) Autocorrelation 

correlogram with only females shown because sexes were nearly identical. B) Cross-

correlation correlogram of the sexes. Lagmax = 0, CC = -1.0.  
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ELECTRONIC SUPPLEMENTARY MATERIAL 1 

Supplementary material 1: further methods 

Huffeldt, N.P. and Merkel, F.R. Sex-specific, inverted rhythms of breeding-site 

attendance in an Arctic seabird. Biology Letters 

 

Table of contents 

1. Observations 

2. Excluding data and handling of outliers 

3. Statistical analyses 

a. Autocorrelation analyses 

b. Cross-correlation analyses 

c. Lomb-Scargle periodogram analyses 

1. Observations 

Observations consisted of three 66-h (blocks 1-3) and one 24-h (block 4) sampling blocks 

during polar day, using continuous observation and video recording (1.5 d separated 

blocks 1 from 2 and 3 from 4; 11.5 d separated blocks 2 from 3). Birds were marked on 

the breast using coloured permanent marker and with coloured plastic leg-rings labelled 

alphanumerically. Observers took three-hour shifts; continuous video recording 

supplemented and validated observations. A video camera was positioned at the 

observation site (~25 m) with a 45º angular view of the breeding sites, so all colour marks 

were visible. Recordings were in colour using HD (SP) AVCHD quality. Some missing 

hours arose due to adverse weather (e.g., a 24-h storm from July 23rd to 24th) and, to a 

limited extent, camera failure. Observing the supplementary video recordings 
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compensated for missing hours. Duration of attendance bouts were rounded to the nearest 

whole minute. 

 

2. Excluding data and handling of outliers 

We removed all hours that were not included in full bouts of on-duty colony attendance 

or that had <90% on-duty attendance (two parents’ attendance combined) for a breeding 

pair during a particular hour. Less than 90% attendance was primarily attributed to data 

collection methods and rounding errors. During periods when both parents are present at 

the breeding site (i.e., periods of off-duty attendance) and chicks are near fledging age 

(≥15-d), both parents may stand side-by-side or switch between on-duty and off-duty 

attendance rapidly, thereby, making the identification of the on-duty parent difficult 

(pers. obs.). During data collection, both parents were marked as off-duty for these cases. 

This resulted in some hours for a particular pair having less than the maximum possible 

bird-minutes for an hour. More rarely, it was due to the atypical behaviour of an egg or 

chick being left unattended for more than 6 min (90% of 60 min = 54 min); only two 

instances of this were observed during our study. 

 

3. Statistical analyses 

a. Autocorrelation analyses 

Autocorrelation is a standard method for the analysis of time-series and provides a sound 

measurement for rhythmicity of a time-series, including the amplitude of the signal 

across the range of the data. Autocorrelation is also able to assess the decay of the signal 

in the data over time [Ref. 17 in main text]. The rhythmicity index (RI) is a standard 
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method used in research of circadian rhythms for evaluating the strength of a rhythm 

[17], and the magnitude of the RI is correlated positively with the strength of the rhythm, 

with a value of one being the highest. The RI allows for direct comparisons between data 

because the value is a correlation coefficient, which is normally distributed and 

dimensionless [17]. Rhythmicity is identified if the autocorrelation has clear peaks and 

troughs that are sinusoidal [17]. 

 

b. Cross-correlation analyses 

Cross-correlation is a standard method used to assess the similarity of two time-series, 

and is used in the research of circadian rhythms to assess phase relationship [17]. Phase 

relationship is the timing difference of two rhythms of the same form. The form of the 

correlogram and the correlation coefficient at the first peak closest to lag zero (denoted as 

CC in the main text) describes the relationship of two time-series: a value of one means 

the two time-series are the same; a value of zero means the two time-series are 

completely different; and a value of negative one means the two time-series are of the 

same form but are exactly inverse of each other [17]. Cross-correlation allows for direct 

comparisons between data because the correlation coefficients are normally distributed 

and dimensionless [17]. 

 

c. Lomb-Scargle periodogram analyses 

Lomb-Scargle periodogram analysis for unequally sampled time-series data was used for 

identifying period length. We used the command ‘randlsp’ from the R package ‘lomb’ 

with 5,000 permutations [Ref. 18 in the main text].   
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ELECTRONIC SUPPLEMENTARY MATERIAL 2 

Supplementary material 2: supplemental results 

Huffeldt, N.P. and Merkel, F.R. Sex-specific, inverted rhythms of breeding-site 

attendance in an Arctic seabird. Biology Letters 

 

Table of contents 

1. Description of total attendance 

2. Description of off-duty attendance 

3. Supplemental figure 1: Population-level rhythmicity of total attendance 

4. Supplemental figure 2: Individual-level rhythmicity of total attendance 

5. Supplemental figure 3: Population-level rhythmicity of off-duty attendance 

6. Supplemental figure 4: Individual-level rhythmicity of off-duty attendance 

7. Supplemental table 1: Rhythmicity and duration of rhythms (period lengths) of 

on-duty attendance 

8. Supplemental table 2: Rhythmicity and period lengths of off-duty attendance 

9. Supplemental table 3: Rhythmicity and period lengths of total attendance 
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1. Total attendance 

Total attendance of thick-billed murres (a.k.a. Brünnich’s guillemots, Uria lomvia) at the 

population level had a robust 24-h rhythm (supplemental figure 1), which was also 

present at the individual level (supplemental figure 2). The sexes had similar on-duty 

attendance and total attendance, with no timing differences between the rhythms that 

would cause a rhythm to shift earlier or later (phase difference) between attendance types 

(male: location of the lag of first peak of the cross-correlation [Lagmax] = 0, cross-

correlation coefficient at the first peak [CC] = 0.97, female: Lagmax = 0, CC = 0.98).  

 

2. Off-duty attendance 

Individual-level period lengths had low PNmax values (the maximum test statistic of the 

Lomb-Scargle periodogram analysis [see references in main text for description]) and did 

not have clear rhythms (supplemental figure 4). The individual level RI for off-duty 

attendance was not reported because all but two males were considered arrhythmic 

(supplemental table 2). Additionally, phase relationship was reported neither for off-duty 

attendance at the population level because the apparent rhythms had different forms nor 

at the individual level because only one pair had a rhythmic pattern (supplemental figures 

3 and 4, supplemental table 2). 
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3. 

 

Supplemental figure 1. Population-level rhythmicity of total attendance by thick-billed 

murres during polar day (n = 21 pairs). Dotted lines represent 95% CIs (0.13). A) 

Autocorrelation correlogram. B) Cross-correlation correlogram of the sexes. Lagmax = 0, 

CC = -0.95. 
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4. 

 

Supplemental figure 2. Individual-level rhythmicity of total attendance by thick-billed 

murres during polar day (n = 21 pairs). Dotted lines represent 95% CIs (0.13). A) 

Autocorrelation correlogram of individual birds. B) Mean proportion of total attendance 

for each hour of the day for each individual. Error bars are 95% binomial CIs using 

Bayesian inference. The black line is a GAM regression line. C) Cross-correlation 

correlogram of individual pairs. Lagmax = 0, CC = -0.87  0.03.5. 
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5. 

 

Supplemental figure 3. Population-level rhythmicity of off-duty attendance by thick-

billed murres during polar day (n = 21 pairs). Dotted lines represent 95% CIs (0.13). A) 

Autocorrelation correlogram. B) Cross-correlation correlogram of the sexes.
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6. 

 

Supplemental figure 4. Individual-level rhythmicity of off-duty attendance by thick-

billed murres during polar day (n = 21 pairs). Dotted lines represent 95% CIs (0.13). A) 

Autocorrelation correlogram of individual birds. B) Mean proportion of off-duty 

attendance for each hour of the day for each individual. Error bars are 95% binomial CIs 

using Bayesian inference. The dashed line is a GAM regression line. C) Cross-correlation 

correlogram of individual pairs. 
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7. Supplemental table 1. Rhythms and period lengths for individual pair members’ on-

duty attendance. 

Pair Sex 

Period 

length 

(h) 

PNmax RI Lagmax CC 

# of 

hours 

observed 

# of 

hours 

after 

data 

exclusion 

A7     0 -1.0 134 132 

 F 23.676 23.89 0.163     

 M 23.676 23.8 0.160     

C11     0 -1.0 155 148 

 F 23.95 46.253 0.346     

 M 23.95 46.073 0.348     

C12     0 -1.0 155 148 

 F 23.95 21.4 0.262     

 M 23.95 21.342 0.258     

C13     0 -1.0 199 190 

 F 23.846 29.232 0.262     

 M 23.846 29.318 0.264     

C14     0 -0.999 52 47 

 F 24.333 9.8407 0.172     

 M 24.333 9.7525 0.171     

C15     0 -0.999 63 58 

 F 24.706 19.949 0.255     

 M 24.706 20.01 0.253     

C16     0 -1.0 67 65 

 F 22.857 20.178 0.217     

 M 22.857 20.221 0.215     

C17     0 -1.0 67 65 

 F 22.857 13.964 0.182     

 M 22.857 13.985 0.181     

C18     0 -0.999 155 146 

 F 23.9 30.977 0.123     

 M 23.9 31.233 0.127     

C19     0 -1.0 222 212 

 F 24.16 48.032 0.253     

 M 24.16 48.171 0.256     

C20     0 -1.0 197 189 

 F 23.899 27.557 0.166     

 M 23.899 27.638 0.164     

C21     0 -1.0 155 147 

 F 23.9 24.857 0.287     

 M 23.9 25.05 0.286     

C22     0 -1.0 205 196 
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 F 24.052 37.372 0.255     

 M 24.052 37.435 0.255     

C23     0 -1.0 130 123 

 F 25.542 28.519 0.296     

 M 25.542 28.46 0.295     

C24     0 -1.0 155 147 

 F 23.9 29.593 0.277     

 M 23.9 29.887 0.282     

C29     0 -1.0 150 142 

 F 28.494 17.05 0.064     

 M 28.494 16.812 0.070     

C3     0 -0.999 63 58 

 F 23.333 11.201 0.161     

 M 23.333 11.317 0.160     

C30     0 -1.0 211 200 

 F 24.068 32.429 0.245     

 M 24.068 32.665 0.250     

C4     0 -1.0 222 214 

 F 23.76 37.242 0.173     

 M 23.76 36.933 0.173     

C49     0 -0.999 88 82 

 F 23.793 15.178 0.219     

 M 23.793 15.324 0.217     

C5     0 -1.0 155 148 

 F 23.713 38.63 0.277     

 M 23.713 38.699 0.272     

         

Mean  24.13 26.84 0.22 0 -1.0 142.86 136.05 

95% 

CI 
 0.35 3.31 0.02 0 0.00009 25.7 24.8 

         

Mean F 24.13 26.83 0.22     

95% 

CI 
F 0.52 4.9 0.03     

         

Mean M 24.13 26.86 0.22     

95% 

CI 
M 0.52 4.9 0.03     
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8. Supplemental table 2. Rhythms and period lengths for individual pair members’ off-

duty attendance. 

Pair Sex 

Period 

length 

(h) 

PNmax RI Lagmax CC 

# of 

hours 

observed 

# of hours 

after data 

exclusion 

A7     NA  134 132 

 F 6.3889 5.777 NA     

 M 73.182 10.277 NA     

C11     NA  155 148 

 F 16.866 7.512 NA     

 M 11.57 7.795 NA     

C12     NA  155 148 

 F 23.713 6.689 NA     

 M 7.2139 14.87 NA     

C13     NA  199 190 

 F 6.7229 8.46 NA     

 M 6.3844 6.313 NA     

C14     NA  52 47 

 F 11.774 4.401 NA     

 M 26.071 7.908 NA     

C15     NA  63 58 

 F 6.4615 3.301 NA     

 M 6.7742 4.551 NA     

C16     NA  67 65 

 F 24.615 4.324 NA     

 M 5.8182 4.94 NA     

C17     NA  67 65 

 F 24.615 7.352 NA     

 M 1.9876 4.757 NA     

C18     NA  155 146 

 F 20.427 6.164 NA     

 M 298.75 4.071 NA     

C19     NA  222 212 

 F 6.1432 4.954 NA     

 M 9.5199 6.184 NA     

C20     NA  197 189 

 F 6.0023 5.972 NA     

 M 15.788 7.934 NA     
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C21     NA  155 147 

 F 25.426 4.737 NA     

 M 15.223 5.474 NA     

C22     NA  205 196 

 F 46.5 9.373 NA     

 M 8.6111 9.791 0.157     

C23     NA  130 123 

 F 21.2 7.166 NA     

 M 21.2 5.795 NA     

C24     NA  155 147 

 F 10.814 6.14 NA     

 M 11.065 5.728 NA     

C29     NA  150 142 

 F 124.47 10.876 NA     

 M 10.194 4.038 NA     

C3     NA  63 58 

 F 8.4 3.963 NA     

 M 7.2414 5.189 NA     

C30     NA  211 200 

 F 20.142 5.124 NA     

 M 19.32 7.728 0.169     

C4     NA  222 214 

 F 28.465 11.246 NA     

 M 12.182 7.763 NA     

C49     0 0.219 88 82 

 F 16.829 3.939 NA     

 M 24.643 5.556 NA     

C5     NA  155 148 

 F 72.576 4.766 NA     

 M 36.846 4.855 NA     

         

Mean  27.57 6.52    142.86 136.05 

95% 

CI 
 15.08 0.74    25.7 24.8 

         

Mean F 25.17 6.3      

95% 

CI 
F 12.56 1.01      

         

Mean M 29.98 6.74      

95% 

CI 
M 28.89 1.17      
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9. Supplemental table 3. Rhythms and period lengths for individual pair members’ total 

attendance. 

Pair Sex 

Period 

length 

(h) 

PNmax RI Lagmax CC 
# of hours 

observed 

# of hours 

after data 

exclusion 

A7     0 -0.808 134 132 

 F 23.676 22.184 0.179     

 M 23.676 31.738 0.182     

C11     0 -0.9 155 148 

 F 23.95 44.588 0.315     

 M 23.95 43.541 0.326     

C12     0 -0.733 155 148 

 F 24.192 20.014 0.291     

 M 23.95 35.494 0.328     

C13     0 -0.887 199 190 

 F 23.846 29.485 0.212     

 M 23.846 33.606 0.312     

C14     0 -0.748 52 47 

 F 24.333 14.059 0.176     

 M 22.812 10.81 0.156     

C15     0 -0.872 63 58 

 F 24.706 19.464 0.262     

 M 24.706 18.731 0.249     

C16     0 -0.871 67 65 

 F 22.857 18.949 0.231     

 M 22.857 19.46 0.171     

C17     0 -0.793 67 65 

 F 12.8 12.096 0.301     

 M 22.857 14.072 0.172     

C18     0 -0.927 155 146 

 F 23.9 28.984 0.134     

 M 23.9 33.185 0.166     

C19     0 -0.929 222 212 

 F 24.16 47.588 0.255     

 M 24.16 49.278 0.221     

C20     0 -0.855 197 189 

 F 23.899 25.64 0.148     

 M 23.899 34.919 0.249     
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C21     0 -0.895 155 147 

 F 23.9 20.692 0.281     

 M 23.9 27.761 0.319     

C22     0 -0.821 205 196 

 F 24.052 42.418 0.336     

 M 24.052 34.081 0.218     

C23     0 -0.864 130 123 

 F 23.82 31.862 0.296     

 M 25.542 27.949 0.25     

C24     0 -0.915 155 147 

 F 23.9 29.007 0.284     

 M 23.9 33.901 0.259     

C29     0 -0.866 150 142 

 F 28.494 19.946 0.229     

 M 28.494 15.674 0.149     

C3     0 -0.831 63 58 

 F 23.333 10.756 0.170     

 M 23.333 14.844 0.164     

C30     0 -0.943 211 200 

 F 24.068 33.385 0.239     

 M 24.068 29.26 0.282     

C4     0 -0.862 222 214 

 F 23.76 51.35 0.201     

 M 23.76 36.961 0.179     

C49     0 -0.937 88 82 

 F 23.793 14.179 0.201     

 M 23.793 18.489 0.250     

C5     0 -0.916 155 148 

 F 23.713 37.474 0.281     

 M 23.713 40.337 0.250     

         

Mean  23.82 28.05 0.24  -0.87 142.86 136.05 

95% 

CI 
 0.64 3.48 0.02  0.03 25.7 24.8 

         

Mean F 23.58 27.34 0.24     

95% 

CI 
F 1.22 5.44 0.03     

         

Mean M 24.06 28.77 0.23     

95% 

CI 
M 0.54 4.8 0.03     
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ELECTRONIC SUPPLEMENTARY MATERIAL ACTOGRAMS 

Supplementary material: actograms 

Huffeldt, N.P. and Merkel, F.R. Sex-specific, inverted rhythms of breeding-site 

attendance in an Arctic seabird. Biology Letters 

 

Table of contents 

1. Universal description of actograms presented in this document 

2. On-duty attendance: population-level actogram 

3. On-duty attendance: individual-level actograms 

4. Total attendance: population-level actogram 

5. Total attendance: individual-level actograms 

6. Off-duty attendance: population-level actogram 

7. Off-duty attendance: individual-level actograms 

 

On-duty attendance = egg-incubation or chick-brooding bouts 

Off-duty attendance = attending the breeding site when the mate was on-duty 

Total attendance = on-duty attendance with off-duty attendance 
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1. Universal description of actograms presented in this document 

 

All actograms are double-plotted and illustrate the proportion of a particular hour of the 

day spent attending the colony (bird-min h-1). The actograms illustrate the colony 

attendance of each sex at the population level or each individual within a pair. Each row 

represents 48 consecutive hours (2 d), and the height of the coloured bars indicates the 

proportion of colony attendance for that hour of the day. 

 

Please see Electronic Supplementary Material 1(supplemental methods) for the schedule 

of observation blocks, as observations were not conducted throughout the entire study 

period. For example, the period between July 10th and July 21st was not included in the 

observation schedule. 

 

Inc = egg-incubation stage 

Brd = chick-brooding stage 

F = female 

M = male 
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2. On-duty attendance: population-level 

actogram of male and female on-duty attendance 
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3. On-duty attendance: individual-level 

actograms of individual pair’s on-duty attendance 
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4. Total attendance: population-level 

actogram of male and female total attendance 
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5. Total attendance: individual-level 

actograms of individual pair’s total attendance 
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6. Off-duty attendance: population-level 

actogram of male and female off-duty attendance 
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7. Off-duty attendance: individual-level 

actograms of individual pair’s off-duty attendance 
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CHAPTER 3  

MELATONIN AND CORTICOSTERONE PROFILES UNDER POLAR DAY IN 

A SEABIRD WITH SEXUALLY SEGREGATED, ANTIPHASE ACTIVITY 

RHYTHMS 
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ABSTRACT 

The 24 h geophysical light-dark cycle is the main organizer of daily rhythms, scheduling 

physiology and behavior. However, this cycle attenuates greatly during the continuous 

light of summer at polar latitudes, resulting in species-specific and even individual-

specific patterns of behavioral rhythmicity. The physiological mechanisms underlying 

this variation are poorly understood. To address this knowledge gap, I studied two 

hormones: melatonin and corticosterone; they associate broadly with the circadian system 

and sleep. I capitalized on behavior of thick-billed murres (a.k.a. Brünnich’s guillemot, 

Uria lomvia), a charadriiform seabird with sexually opposite (‘antiphase’) activity 

rhythms on a 24 h cycle during the continuous light of polar summer, to better understand 

the roles of melatonin and corticosterone in rhythmic behavior during polar day. 

Melatonin level rose in quiescent birds during midday coinciding with a sudden decrease 

in light intensity as the colony became shaded, and corticosterone level did not vary with 

time of day or activity. I discuss how a sensitive melatonin response and little diel 

variation of corticosterone may be adaptive in thick-billed murres, and other polar 

vertebrates, by equalizing corticosterone’s influence on physiology across the diel cycle 

and facilitating the benefits provided by melatonin via behavioral modulation of 

perceived light intensity. Taken together, these phenomena may prime polar vertebrates 

to take advantage of periods of inactivity for rest or sleep despite the continuous 

illumination of polar summer.  

 Keywords: activity rhythm, Arctic physiology, biological rhythm, circadian rhythm, 

glucocorticoid, hypothalamus-pituitary-adrenal axis, pineal, polar day, seabird, sleep, 

Uria lomvia 
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INTRODUCTION 

Biological rhythms are important traits that organize physiological and behavioral 

processes by providing an endogenous time-keeping system that predicts the timing of 

cyclic events. Some of the best-understood biological rhythms are those corresponding to 

the 24 h geophysical day (i.e., circadian rhythms). These rhythms are highly conserved 

phylogenetically (Dunlap, 1999) and can couple closely with sleep (Daan et al., 1984). 

Twenty-four hour rhythms entrain primarily to the light-dark cycle, promoting the 

appropriate rhythmicity and scheduling of behavioral and physiological processes for a 

given organism (Pittendrigh, 1993). In captivity, these rhythms persist in unchanging 

environments; in the wild, a variety of patterns have been reported when the light-dark 

cycle is weak (e.g., Bulla et al., 2016; Reierth and Stokkan, 1998; Steiger et al., 2013; van 

Oort et al., 2007; Williams et al., 2015), with some organisms maintaining rhythmic 

behavior (e.g., Ashley et al., 2013; Bulla et al., 2016; Silverin et al., 2009; Steiger et al., 

2013). The proximate drivers of such differences remain unclear. Here, I use a 

charadriiform seabird, the thick-billed murre (a.k.a. Brünnich’s guillemot, Uria lomvia), 

that has sexually segregated and antiphase activity rhythms with durations of 24 h during 

the continuous light of polar summer (Huffeldt and Merkel, 2016). I investigated the 

importance of melatonin and corticosterone (the primary glucocorticoid in birds) for the 

persistence of activity-rhythms in these birds during polar day. 

Melatonin and corticosterone are two hormones that modulate diel rhythms of many 

animals and are considered elements of the circadian system in some taxa (Dickmeis, 

2009; Gwinner et al., 1997; Pevet and Challet, 2011; Son et al., 2011). In most 

vertebrates they assume stable phase relationships with activity and the light-dark cycle 
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(Gwinner et al., 1997; Landys et al., 2006; Pandi-Perumal et al., 2006; Pevet and Challet, 

2011). It has been proposed that the change in light intensity over the diel cycle is 

adequate to confer information to birds via the melatonin cycle (Kumar et al., 2000). 

Corticosterone is widely accepted as a modulator of energy storage and mobilization and 

is commonly linked with activity and foraging (Jessop et al., 2002; Landys et al., 2006; 

Quillfeldt et al., 2007; Woodley et al., 2003). The baseline corticosterone level of birds is 

reported to increase during the quiescent phase and decreases during the active phase 

(Breuner et al., 1999; Landys et al., 2006; Schwabl et al., 2016; Tarlow et al., 2003).  

The relationship among time of day, activity, and melatonin is complex, because the 

melatonin cycle may associate independently with each factor and can vary with life-

cycle stage (e.g., Gwinner et al., 1997; Helm et al., 2012; Kumar et al., 2000). Melatonin 

is suppressed by light and is generally referred to as a main physiological signal of the 

light-dark cycle (Gwinner et al., 1997; Pevet and Challet, 2011), and melatonin’s 

variation is also associated with activity (Fusani et al., 2013; Jessop et al., 2002; Kumar 

et al., 2000; cf. Fusani et al., 2011; Gwinner et al., 1993). Melatonin level rises during the 

quiescent phase and falls during the active phase in the activity cycle of diurnal animals 

(Jessop et al., 2002; Kumar et al., 2000). Interestingly, melatonin level in nocturnal birds 

seems to remain near a constant level over the diel cycle (Van’t Hof and Gwinner, 1998; 

Wikelski et al., 2006; cf. Guchhait and Haldar, 1999), and diurnal birds that migrate at 

night do not lose their normal melatonin rhythm, but it does attenuate (Fusani and 

Gwinner, 2005; Gwinner et al., 1993). Daytime peaks of melatonin have also been 

described in both nocturnal and diurnal birds (Guchhait and Haldar, 1999; Miché et al., 

1991; Tarlow et al., 2003). In the spotted owlet (Athene brama), melatonin level peaked 
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at 14:00 and 02:00 (Guchhait and Haldar, 1999), while wild Nazca boobies (Sula granti) 

near the equator had a daytime peak at 16:00 and during night (Tarlow et al., 2003). 

Interestingly, during the full moon the nighttime elevation attenuated in Nazca boobies, 

but the daytime peak remained, indicating separate mechanisms affecting melatonin 

secretion. The above indicates that melatonin level in birds is context- and species-

specific (e.g., Fusani and Gwinner, 2005; Helm et al., 2012; Kumar, 2002). 

For both the owlets and the boobies, the daytime peaks were attributed to behavioral 

modulation and context-dependent features. The daytime peak in the owlets was 

attributed to them occupying dark cavities (Guchhait and Haldar, 1999), while Tarlow et 

al. (2003) attributed the persistent daytime peak to the physiological benefits of 

melatonin and recovery from physical activity associated with multi-day foraging trips. 

Homing pigeons (Columba livia) that just arrived to their roost after flight had a higher 

mean melatonin level than controls and the higher melatonin level was attributed to 

physiological benefits (John et al., 1993). Melatonin has antioxidant and 

immunomodulatory properties, among others, that may promote health in species that 

elevate melatonin level (Pandi-Perumal et al., 2006). Additionally, elevated melatonin 

level in combination with quiescence is strongly associated with sleep in diurnal 

vertebrates: melatonin promotes sleep (Pandi-Perumal et al., 2006; Pevet and Challet, 

2011) and quiescence is a precursor for sleep (Joiner, 2016). Therefore, melatonin can 

facilitate the benefits of sleep and provide other direct health benefits. Elevated melatonin 

during the trough of a diel melatonin rhythm may be a flexible response to requirements 

for physiological maintenance processes. 
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The light-dark cycle and activity are generally correlated tightly at low latitude but the 

continuous light during summer above the polar circles (66.6 ˚N, ˚S) lacks a stark 

contrast between full darkness and daylight. Evidence is equivocal that melatonin cycles 

during this ‘polar day’. Svarlbard ptarmigan (Lagopus mutus hyperboreus) and 

semipalmated sandpipers (Calidris pusilla) have similar levels of melatonin across the 

diel cycle during polar day (Reierth et al., 1999; Steiger et al., 2013). Willow warblers 

(Phylloscopus trochilus) and Lapland longspurs (Calcarius lapponicus) maintain diurnal 

activity and melatonin profiles during continuous light (Ashley et al., 2014, 2013; Hau et 

al., 2002; Silverin et al., 2009), while individual variation exists in Adélie and emperor 

penguins (Pygoscelis adeliae and Aptenodytes forsteri, respectively) for rhythmic 

melatonin level under these conditions (Cockrem, 1991a, 1991b; Miché et al., 1991). 

Even less is known about corticosterone rhythms under continuous light, but what is 

known indicates that corticosterone does not cycle under polar day, in that neither Adélie 

penguins nor common eiders (Somateria mollissima) maintain diel fluctuations in their 

corticosterone profile (Steenweg et al., 2015; Vleck and van Hook, 2002). In common 

eiders an invariant diel profile of corticosterone was attributed to continual foraging 

throughout the diel cycle (Steenweg et al., 2015). However, in another relatively constant 

environment, a dark subterranean nesting-burrow, chicks of the nocturnal thin-billed 

prion (Pachyptila belcheri) maintain a diel corticosterone profile in which corticosterone 

elevates during the night when they are fed by their parents (Quillfeldt et al., 2007). In 

the Weddell seal (Leptonychotes weddellii), cortisol (their primary glucocorticoid) does 

not exhibit diel variation during polar day (Barrell and Montgomery, 1989). 

Corticosterone and melatonin profiles can have diel variation under continuous lighting 
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conditions, but during polar day, melatonin level may or may not be rhythmic and the 

limited information about corticosterone suggests that it does not cycle during polar day. 

I exploited the behavior of thick-billed murres and their unique 24 h, sex-specific 

activity rhythms to describe the relationship among time of day, melatonin, and 

corticosterone during polar day, and to evaluate possible causal linkages among them. 

Thick-billed murres are conspicuously rhythmic, the sexes assume antiphase activity, and 

the diurnal or nocturnal sex can differ between colonies (Elliott et al., 2010; Huffeldt and 

Merkel, 2016; Linnebjerg et al., 2015; Paredes et al., 2006; Young et al., 2015), all of 

which indicate that these birds have a highly plastic circadian system that enables precise 

24 h timekeeping during polar day. Additionally, thick-billed murres were shown to have 

the most energetically costly flight in a study of flying vertebrate (Elliott et al., 2013), 

meaning that commuting between the colony and foraging areas during their active phase 

is physically taxing. By investigating the relationship among melatonin, corticosterone, 

and time of day, I was able to address the role of melatonin in thick-billed murres, if 

melatonin was suppressed by the continuous light of polar day or was necessary for 

recovery from activity, and if corticosterone exhibited a diel profile associated with 

activity and foraging.  

I addressed three causal explanations for melatonin level and one for corticosterone 

level. (1) Assuming that the continuous light of polar day always exceeds a threshold to 

suppress melatonin secretion, I predicted that no diel variation in the profile of melatonin. 

(2) Assuming instead that melatonin level can rise despite any suppressive effects of 

continuous light because of its physiological benefits, and I predicted that melatonin 

would exhibit a peak associated with the beginning of each sex’s quiescent phase due to 
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their return from physically taxing foraging and flight. Finally, the change in light 

intensity, and not its absolute value, over the 24 h cycle has been proposed as a sufficient 

signal to confer information to birds via melatonin cycles (Kumar et al., 2000). The study 

site on an east-northeast-facing, vertical cliff falls suddenly into shadow around midday, 

starkly different from the regular parabolic trend in the general milieu (Fig. 1a,b); 

exploiting this circumstance, I asked (3) if light of the polar day suppressed melatonin 

secretion until midday, and after that time the dramatically lower level (yet still > 1,000 

lx; Fig. 1a) of illumination released suppression. For corticosterone, (4) I asked if 

corticosterone level was associated with activity and foraging, and I predicted an 

elevation in corticosterone level toward the end of the quiescent phase for each sex and 

that the quiescent phase had a higher corticosterone level than the active phase. I 

addressed these questions by sampling circulating melatonin and corticosterone levels in 

plasma across the diel cycle and in active vs. quiescent individuals during the continuous 

light of polar day. 

 

METHODS 

Study species 

Thick-billed murres are a colonial-breeding, cliff-nesting seabird living throughout the 

Arctic, which reside above and below the polar circle year-round (Frederiksen et al., 

2016; Gaston and Jones, 1998).At the breeding site they provide obligate biparental care 

to a single young, they never leave the egg or chick unattended at the colony, and males 

provide at least another 30 d of paternal-only care at sea after the chick leaves the 

breeding site (Elliott et al., 2017; Elliott and Gaston, 2014; Gaston and Jones, 1998). 
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Thick-billed murres maintain approximately 24 h activity rhythms during polar day, 

alternating provisioning trips to the sea with egg-incubating and chick-brooding 

attendance at the colony (Huffeldt and Merkel, 2016). Their rhythms segregate sexually 

at the population level: one sex forages primarily during night while the other sex forages 

primarily during day, and the phase-relationship of the sexes is colony-specific (Elliott et 

al., 2010; Huffeldt and Merkel, 2016; Linnebjerg et al., 2015; Paredes et al., 2006; Young 

et al., 2015). When incubating or brooding, thick-billed murres primarily rest (pers. obs.), 

similar to their congener, the common murre (U. aalge; Kappes et al., 2011), and during a 

given active phase, breeders return to the colony one or more times to feed their chick. 

 

Study site and fieldwork 

Breeding thick-billed murres were studied on Kippaku, Greenland (73.72 ˚N, 56.62 

˚W) during the 2014 and 2017 breeding seasons (see below for dates). Birds were 

captured from five sampling sites that were visually separated, spanned approximately 

100 m horizontally on the east-northeast-facing part of the breeding cliff, and were within 

10 m vertically from the top of the cliff edge. Birds were captured using telescoping 

noose-poles, and handling of the birds occurred out of sight of other birds at the sampling 

site. Blood samples were obtained from the brachial vein following Romero and Reed 

(2005); all baseline levels of corticosterone were obtained from samples collected within 

3 min of capture: 2.0 ± 0.43 min (mean ± sd). Some birds in 2014 and 2017 did not 

provide enough plasma to assay both hormones. Sex was unknown to us during sampling 

and was identified molecularly from blood or feathers (Griffiths et al., 1998).  



 

 

75 

 

Blood sampling in 2014 occurred from 19 July to 28 July from 52 stationary 

individuals that were incubating their egg or brooding their chick (henceforth 

‘quiescent’). Blood samples were collected on multiple days over the full 24 h cycle, and 

a minimum of 10 h elapsed between sampling events from the same sampling site. A 

sampling event in 2014 consisted of drawing blood from two birds captured from the 

same site, and 20 min separated the release of one bird and the capture of the second in a 

sampling event. Whole blood was kept below 5 ˚C and centrifuged ≤ 4 h from sampling. 

Plasma was separated, then frozen immediately in a liquid nitrogen dry-shipper.  

From 22 July to 26 July in 2017, blood samples were collected from 27 chick-rearing 

individuals that were either provisioning (indicated by arrival at the breeding site with a 

prey item held in the beak) or brooding to address the effects of activity phase on 

corticosterone level. Sampling occurred within ± 2 h of 12:00 or 24:00; these times 

represent the approximate peak and trough of each sex’s cycle of colony attendance 

(Huffeldt and Merkel, 2016), and in most cases, a provisioning bird was sampled and 

then a brooding bird was sampled in the same sampling event. In 2017, captures of birds 

during the same sampling event occurred at different sites, which were out of view of 

each other. Centrifuging of whole blood occurred ≤ 4 h after sampling and was kept 

below 5 °C; then the plasma was removed and preserved immediately in 100% ethanol 

(Goymann et al., 2007). To validate the efficacy of the two different methods used to 

preserve plasma in this study, I sampled six brooding birds on 26 July 2017, in which the 

plasma from each bird was separated and preserved in ethanol and, separately, frozen. All 

the captures occurred within 59 min of each other, and the captures alternated among 

three different sampling sites. Most samples from these six individuals were drawn in > 3 
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min after capture and were, therefore, not used in additional analyses involving 

corticosterone.  

Time of day is reported in local time: West Greenland Summer Time (WGST, UTC-

2). HOBO Pendant light loggers (Onset Computer Corporation, USA) were deployed 

from 24 July to 31 July 2016 to measure changes in light intensity every 10 min over the 

diel cycle on the cairn atop Kippaku and within the colony approximately 6 m below the 

cliff edge near the sampling sites. The sun never fell below the horizon during fieldwork 

(range of sun angle at solar midnight = 2.2 to 4.8˚, solar noon = 34.3 to 37.1˚ [USNO]). 

 

Laboratory analyses 

Corticosterone  

Corticosterone was measured using an enzyme-immunoassay (EIA) at the Swiss 

Ornithological Institute in Sempach following Jenni-Eiermann et al (2015). 

Corticosterone in 10 μL plasma and 190 μL water (H2Obidest) was extracted with 4 mL 

dichloromethane, re-dissolved in phosphate buffer, and measured in triplicates in the 

EIA. The dilution of the corticosterone antibody (Chemicon; cross reactivity: 11-

dehydrocorticosterone 0.35%, progesterone 0.004%, 18-OH-DOC 0.01%, cortisol 0.12%, 

18-OH-B 0.02%, and aldosterone 0.06%) was 1:8000. HRP (horseradish peroxidase, 

1:400 000) linked to corticosterone served as enzyme label and 2,2′Azino-bis (3-

ethylbenzo-thiazoline-6-sulfonicacid) diammonium salt (ABTS) as substrate. The 

concentration of corticosterone in plasma samples was calculated by using the standard 

curve run in duplicate on each plate. Plasma pool from chicken was included as an 
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internal control on each plate. The intra-assay and inter-assay variation were 15.5% and 

9.8%, respectively. 

 In 2017, ethanol was evaporated for those samples at 50 °C under a gentle stream of 

nitrogen. Then the pellet was re-suspended with 2x the volume of water than the original 

plasma volume and vortexed vigorously. To better dissolve the plasma pellets, the 

samples were put into an ultrasonic water bath for 15 min. Thereafter, 20 μL instead of 

10 μL (due to the dilution), of the re-suspended plasma was extracted and corticosterone 

was measured following the methods given above. The intra-assay and inter-assay 

variations were 2.5% and 6.9%, respectively. The measurements to validate the two 

preservation methods for corticosterone were within the expected variation of the assay 

and the values were not significantly different (preservation method: ethanol = 5.61 ± 

4.28 ng/mL, frozen = 5.75 ± 5.61 ng/mL, [paired t-test] t4 = 0.5, p = 0.64, n = 5 birds). 

The detection limit of the assay was 1.21 ng/mL. 

 

Melatonin 

The plasma concentration of melatonin was quantified by radioimmunoassay (RIA) 

and run in two assays at the Max Planck Institute for Ornithology following the 

procedures described by Goymann et al. (2008). Melatonin was extracted with 

chloroform after overnight equilibration (4 °C) with 1500 dpm of tritiated melatonin 

(Amersham, Buckinghamshire, UK) to estimate the recovery of extracted melatonin. 

Then, the extracted samples were dried with nitrogen at 40 °C and redissolved in 200 μL 

of 0.1 M tricine buffer and left overnight at 4 °C to equilibrate. Samples were then 

washed with petroleum ether to remove residual fats. An aliquot (80 μL) of the 



 

 

78 

 

redissolved samples was transferred to scintillation vials, mixed with 4 mL of 

scintillation fluid (Packard Ultima Gold), and counted to an accuracy of 2-3% to estimate 

individual extraction recoveries. Mean (± sd) extraction recovery of melatonin was 77.3 ± 

3.4%. The remainder was stored at -40 °C until RIA was conducted. A standard curve 

was set up in duplicates by serial dilution of stock standard solutions (range = 0.19 to 100 

pg). The melatonin antiserum (Stockgrand, LTD: G/S/ 704-8483) was added to the 

standard curve, the controls, and 100 μL duplicate fractions of each sample. Then, 

tritiated melatonin label was added and samples incubated for 20 h at 4 °C. Bound and 

free fractions were separated at 4 °C by adding 0.5 mL of dextran-coated charcoal. After 

14 min incubation, samples were spun (3600 g, 10 min, 4 °C), supernatants decanted into 

scintillation vials at 4 °C, and 4 mL of scintillation liquid was added to each vial. The 

standard curves and sample concentrations were calculated with Immunofit 3.0 

(Beckman Inc., Fullerton, CA), using a four parameter logistic curve fit. In 2014, the 

detection limit of each assay was 5.1 pg/mL and 5.6 pg/mL, respectively. The intra-assay 

coefficients of variation of extracted chicken pools were 3.4% and 6.6%, respectively. 

The inter-assay coefficient of variation was 1.0%. 

 

Statistical analyses 

Values were log-transformed before statistical analyses to meet assumptions of 

statistical tests, to improve model fit, or both. I used linear models (LMs) or generalized 

linear models with a Gamma error structure and an inverse link function (GLMs), two-

sample two-tailed t-tests, or non-parametric Mann-Whitney U-tests when appropriate. I 

used a Tukey’s HSD test for multiple comparisons for post-hoc analyses on time of day, 
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whereby p-values were adjusted using Bonferroni’s method to reduce Type I errors (R 

function: multcomp::glht; Hothorn et al., 2008). Program R was used for all statistical 

analyses (R Core Team, 2017). Standard deviations follow reported means unless noted 

otherwise (mean ± sd).  

To increase power for statistical analyses, data from 2014 were consolidated into six 4 

h bins beginning at 01:00 local time with variable ranges of light intensity measured near 

the sampling sites (Fig. 1a). Light level was not included in the statistical tests, but the six 

4 h bins representing time of day also provided a proxy for light intensity within those 

bins. I did this because the range of dates used for blood sampling in 2014 was longer and 

earlier than the date range of light intensity measurements in 2016 and because the 

heterogeneity of the cliff face resulted in variation of light intensity perceived by 

individual birds that was not captured by the single location used for light measurement 

in 2016. This meant a direct comparison between light measurements and hormone levels 

was limited. A minimum of three values were necessary for a bin to be included in 

analyses. This affected only the analyses for females and males when considering them 

separately. Including an interaction between time of day and sex in my statistical tests 

was not possible owing to sample-size constraints. Either melatonin or corticosterone 

concentration was my dependent or response variable. Sex was an independent 

categorical variable. The bins representing time of day were categorical predictor 

variables in LMs and GLMs. I used an F test to identify the general influence of a 

predictor on the response variable for all LMs and GLMs. 

For the 2017 data, corticosterone level was the dependent variable, and activity type 

was categorical and the independent variable. Means and 95% confidence intervals 



 

 

80 

 

(‘CIs’) for light intensity measured in 2016 were calculated from the same daily time-

point recorded from 24 July to 31 July 2016 and were calculated using the bootstrap 

percentile method based on 1,000 replications (R functions: boot::boot and boot::boot.ci; 

Canty and Ripley, 2017). 

 

RESULTS 

Light intensity 

The east-northeast-facing portion of the cliff where sampling occurred became shaded 

as the angle of the sun shifted during the daylight hours, causing an abrupt decrease in 

light intensity within the 11:00 bin used for statistical analyses (Fig. 1a). The change in 

light intensity atop Kippaku had a parabolic trend (Fig. 1b). Range of light intensities 

measured within the colony was 689 to 209,424 lx and atop Kippaku was 872 to 143,290 

lx, and most measurements were well within the recorded range (Fig. 1a,b). 

 

Melatonin 

In 2014, melatonin was measured in 41 samples (N = 18 males, 23 females). Mean 

melatonin level was 40.56 ± 23.71 pg/mL (median = 31.33 pg/mL, range = 16.75 to 

97.89 pg/mL). Sex did not generally influence melatonin level in quiescent birds (sex: 

male = 42.28 ± 28.38 pg/mL, female = 39.21 ± 19.9 pg/mL, [Mann-Whitney U-test] 

U18,23 = 236, p = 0.46), but when melatonin level was considered separately for each sex 

across the diel cycle, male’s melatonin level was influenced by time of day (time of day: 

[GLM] F2, 13 = 4.23, p = 0.04; Table 1a; Fig. 1c), and a Tukey’s HSD test for multiple 

comparisons indicated that melatonin level fell significantly between the 11:00 bin and 
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the 15:00 bin in males (time of day: [Tukey’s HSD] z = 2.93, Bonferroni’s adjusted p = 

0.01; Fig. 1c; Supplementary Material). Time of day did not influence female’s melatonin 

level (time of day: [GLM] F3, 18 = 0.26, p = 0.85; Table 1b; Fig. 1d; Supplementary 

Material). However, females exhibited a trend for a rise in melatonin level between the 

07:00 and 11:00 bins (Fig. 1d). If sex was ignored and all birds analyzed together, time of 

day did not generally influence melatonin level (time of day: [GLM] F5, 35 = 2.1, p = 

0.09), but the GLM output, when the 11:00 bin was the intercept, indicated that melatonin 

level rose and fell during midday (Table 1c, Fig. 1g). A subsequent Tukey’s HSD test 

with Bonferroni adjusted p-values indicated that only the fall between the 11:00 bin and 

the 15:00 bin was statistically significant (time of day: [Tukey’s HSD] z = 3.07, 

Bonferroni’s adjusted p = 0.03; Fig. 1g; Supplementary Material).  

 

Corticosterone 

In 2014, baseline corticosterone level was measured in 41 quiescent individuals (N = 

20 males, 21 females). Mean corticosterone level was 4.97 ± 2.91 ng/mL (median = 4.17 

ng/mL, range = 1.26 to 14.25 ng/mL). Neither time of day nor sex influenced 

corticosterone level significantly (sex: male = 4.91 ± 3.27 ng/mL, female = 5.03 ± 2.59 

ng/mL, [t-test] t36.69 = 0.53, p = 0.6; male and time of day: [GLM] F2, 15 = 0.79, p = 0.47, 

Table 2a; female and time of day: [LM] F3, 16 = 1.47, 0.26, Table 2b; Fig. 1d,f; 

Supplementary Material), and the results did not change when the sexes were combined 

(time of day: [LM] F3, 35 = 1.13, p = 0.36, Table 2c; Fig. 1h; Supplementary Material). I 

found no effect of breeding stage, previous capture (i.e., a bird already possessed an ID 

ring), or capture order for the quiescent birds on corticosterone level (Supplementary 
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Material). I also found no effect of duration from physical capture to sampling, duration 

from initial disturbance to sampling, duration from initial disturbance before physical 

capture, or their interaction with time of day on corticosterone level (Supplementary 

Material).  

Provisioning (N = 10) and brooding (N = 8) birds sampled in 2017 did not differ in 

mean corticosterone level (provisioning = 2.53 ± 0.9 ng/mL, brooding = 3.26 ± 1.49 

ng/mL, t15.31 = -1.3, p = 0.21; Fig. 2). Mean corticosterone level for both activity types 

combined was 2.85 ± 1.22 ng/mL (median = 2.64 ng/mL, range = 1.04 to 6.61 ng/mL). 

 

DISCUSSION 

I investigated the associations of melatonin and corticosterone with time of day, light 

intensity, and activity in thick-billed murres breeding during polar day. None of my 

predictions was fully supported. Melatonin did not exhibit a peak at the onset of the 

quiescent phase of each sex but males exhibited a high level of melatonin at the onset of 

their quiescent phase during midday and melatonin level dropped in males in the 

subsequent bin, while females exhibited a trend for rising melatonin near midday (Fig. 

1c,e). Median melatonin level in each sex was highest around midday within the 11:00 

bin, when the sampling sites fell into shade (Fig. 1a,c,e). Because I only obtained data 

from quiescent individuals for melatonin, I was unable to discern melatonin’s full diel 

profile for each sex (i.e., birds at sea are not included). My interpretation of the melatonin 

results was limited to the influence of time of day and changes in light intensity on 

quiescent birds only. Surprisingly, the diel profile of corticosterone varied little, and 

activity was not associated with corticosterone level (Fig. 1d,f,h, Fig. 2). Corticosterone 
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level was similar for provisioning and brooding birds (Fig. 2). The corticosterone results 

were unexpected given the common association of glucocorticoids with activity and 

foraging in the literature (Jessop et al., 2002; Landys et al., 2006; Steenweg et al., 2015; 

Woodley et al., 2003). Based on my results, diel variation of corticosterone is neither 

necessary to maintain the 24 h rhythmic behavior nor does it associate with rhythmic 

behavior in thick-billed murres, but melatonin may be important, because variation in its 

diel profile was exhibited despite the continuous light of polar day.  

Each sex had their highest median melatonin level within the 11:00 bin (Fig. 1c,e). 

The rise in melatonin level in quiescent females between the 7:00 and 11:00 bins was not 

statistically significant, but the whiskers representing 1.5x the interquartile ranges of 

these bins did not overlap and only one individual sampled toward the beginning of the 

7:00 bin was within the range of the values in the 11:00 bin (Fig. 1e), suggesting a rise in 

melatonin level from the 7:00 bin to the 11:00 bin. Missing data before male’s and after 

female’s quiescent phases inhibit the full interpretation of each sex’s melatonin profile 

and the influence of light intensity on the melatonin response. Males and females could 

have an elevated melatonin level during their active phase, which would suggest a cyclic 

melatonin profile with a high level during activity. However, this would contradict the 

association of a high melatonin level with inactivity and a low melatonin level with 

activity (Jessop et al., 2002; Kumar et al., 2000). Another explanation could be that 

males, but not females, were benefiting from elevated melatonin level upon arriving to 

the colony after their active phase (i.e., John et al., 1993); I find this explanation unlikely 

because I have no reason to suspect that the sexes differ in the requirement for 
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melatonin’s physiological benefits after the end of their active phase. Furthermore, both 

sexes exhibited a trend for elevated melatonin level during this time (Fig. 1c,e). 

If the assumption was made that the melatonin response of quiescent males and 

females was identical and comparable, then, I found evidence that melatonin may 

respond to changing light intensity in quiescent birds: melatonin level rose around 

midday within the 11:00 bin, when the sampling sites fell into shade and then fell to its 

lowest level within the next bin (Fig. 1a,g). The rise in melatonin level in quiescent birds 

across the 7:00 and 11:00 bins was not statistically significant, but, similar to the female-

only results, the whiskers representing 1.5x the interquartile ranges of these bins did not 

overlap (Fig. 1g), suggesting a rise in melatonin level. Additionally, upon visual 

comparison of the individual measurements of melatonin, the majority of measurements 

in the 11:00 bin fell within approximately 1 h of the drop in light intensity (Fig. 1a,g), 

indicating that the heterogeneity of the cliff face and variation among sampling dates 

used for blood sampling and light intensity measurements probably account for a binned 

melatonin level that appeared to rise when the light intensity was highest. The significant 

drop in melatonin level after its rise could be due to continued light (albeit relatively low 

compared to just before the onset of shade), and thick-billed murres might actively down-

regulate melatonin after the midday rise so they could respond to daylight-typical stimuli 

during this period. However, this result was difficult to interpret and requires further 

investigation. A sudden change in melatonin level in response to shade may indicate a 

sensitive and flexible melatonin response in thick-billed murres. The low levels of 

melatonin in this study (40.56 ± 23.71 pg/mL) were similar to those known for other 

charadriiforms (shorebirds [Helm et al., 2012; Steiger et al., 2013] and gulls [Wikelski et 
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al., 2006]) and for non-charadriiform seabirds (Nazca boobies [Tarlow et al., 2003] and 

penguins [Cockrem, 1991a, 1991b; Miché et al., 1991]). 

The possibility remains that different diel profiles were exhibited for both hormones 

but were attenuated greatly during polar day, obscured by fine-scale inter-individual 

variation, misaligned between individual physiological and activity cycles, or a 

combination thereof, and, therefore, were difficult to detect at the population level. A 

possible alternative mechanism could be diel variation in the number of relevant 

receptors in an organism (Landys et al., 2006), which would affect diel changes in 

sensitivity to the respective hormone without influencing their concentrations in 

circulation. This requires further investigation. Also, to address fully melatonin 

rhythmicity and the suppressive effect of light on thick-billed murres during polar day, 

the level of melatonin in active versus quiescent murres is required, because presented 

melatonin values are only from quiescent individuals at the colony (cf. Appendix A). 

Murres can also spend time on the sea surface when foraging, but the amount of time 

spent in a quiescent state on the sea surface is poorly understood. However, a flexible 

melatonin response would facilitate physiological benefits associated with melatonin 

during resting on the sea surface if murres are able to behaviorally modulate perceived 

light intensity. Data on these activity types could influence the interpretation of the 

necessity of elevated melatonin level during quiescence for recovery from physical 

exertion and health benefits if the quiescent phase had elevated melatonin level compared 

to the active phase and if murres enter a quiescent state for recovery on the sea surface.  
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Diel invariance in corticosterone may be adaptive in unpredictable environments 

An attenuation of the glucocorticoid diel rhythm during polar day may lead to an 

equalization of the ability to mobilize energy across the diel cycle. This could be adaptive 

in environments in which activity and unexpected stimuli can occur throughout the diel 

cycle, such as polar environments. Consistent with this idea, and similar to my result 

(Table 2; Fig. 1d,f,h), Adélie penguins and common eiders during summer near the polar 

circle did not have diel variation in corticosterone level (Steenweg et al., 2015; Vleck and 

van Hook, 2002). Weddell seals gave a similar result for cortisol during polar day 

(Barrell and Montgomery, 1989). In contrast to my results obtained at the population 

level (Fig. 2) and consistent with an association between activity and baseline 

corticosterone level, individual Adélie penguins that just returned from a multi-day 

foraging bout had a significantly lower corticosterone level than before they departed; 

interestingly, the measured corticosterone level in these penguins was not influenced by 

time of day (Angelier et al., 2008). Near the equator, Nazca boobies maintained a diel 

profile of corticosterone, similar to those observed in captive settings, but the nocturnal 

rise disappeared under full moon conditions (Tarlow et al., 2003); this may be caused by 

more stimuli that require action experienced during the elevated light intensity of the full 

moon. The above suggests that diel variation in corticosterone is sensitive to light 

intensity and that continuous light can directly or indirectly abolish diel rhythms in 

corticosterone. This evidence, combined with the lack of diel variation in corticosterone 

in thick-billed murres (Fig. 1d,f,h; Fig. 2), indicates that in environments that require 

more alertness throughout the diel cycle an attenuation of the diel profile of 

glucocorticoids may be adaptive.  
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A sensitive melatonin response to changes in perceived light intensity may be adaptive 

A sensitive response to changes in perceived light intensity may be adaptive for 

organisms living under continuous light by allowing them to modulate melatonin level 

via behavior, thereby allowing animals to gain the benefits associated with melatonin 

whenever possible. A similar behavioral mechanism has been proposed for human’s 

(Homo sapiens) sleep-wake rhythm in polar environments (Williams et al., 2015). A 

flexible response to perceived light intensity would be similar to that of adult reindeer 

(Rangifer tarandus) which elevated circulating melatonin level when subjected 

experimentally to darkness during polar summer and autumn (Eloranta et al., 1992). 

However, in thick-billed murres it seems that the subsequent lack of real darkness after 

the onset of shade associated with a drop in melatonin level in males (Fig. 1c). In species 

adapted to lower latitudes with a prominent light-dark cycle, exposure to darkness during 

the trough of the melatonin cycle or during the light phase did not alter melatonin level 

(humans [Fig. 2 in Buxton et al., 2000]; a lizard, Anolis carolinensis [Underwood and 

Calaban, 1987]). In the Nazca boobies, the assumed increase in the nocturnal light 

intensity of the full moon associated with the abolishment of the nighttime elevation in 

their melatonin profile, but, interestingly, a daytime peak remained (Tarlow et al., 2003).  

Peaks of melatonin near midday in birds have been attributed to behavioral 

modulation and context-dependent features. Spotted owlets’ daytime peak in their diel 

melatonin profile was attributed to owlets occupying dark burrows (Guchhait and Haldar, 

1999). Tarlow et al. (2003) suggested that Nazca boobies’ daytime peak in melatonin 

level was in response to returning from an active foraging bout, but the authors did not 

provide information about the activity state of the boobies upon capture, as birds can 
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probably modulate perceived light intensity by shutting eyelids, tucking heads under a 

wing, or both.  

The current data show a dramatic drop in light intensity when the cliff became shaded.  

The corresponding change in melatonin level in quiescent murres indicates that the 

daytime change was probably in response to abrupt alteration in perceived light intensity, 

a response which may facilitate the benefits associated with melatonin. A similar 

mechanism has been proposed for birds that maintain rhythmic melatonin profiles despite 

flexible activity schedules or polar day (Helm et al., 2012; Silverin et al., 2009). The 

above indicates that melatonin in thick-billed murres can respond to changes in light 

intensity and that melatonin level may change in a flexible manner. Under constant 

conditions in European starlings (Sturnus vulgaris) that had their pineal gland removed, 

regularly supplied melatonin can entrain circadian rhythms of locomotor activity 

(Gwinner and Benzinger, 1978), but the ability of context-dependent changes in 

melatonin level that have predictable intervals to entrain the intact circadian system and 

how melatonin level in thick-billed murres associates with activity requires further 

investigation. Williams et al. (2015) discussed how persistent diel rhythmicity in polar 

environments may be an adaptive response for maintaining homeostatic processes 

associated with the circadian system. This and a sensitive melatonin response hypothesis 

would have support in thick-billed murres if melatonin level rises in the quiescent phase 

and drops in the active phase of their sex-specific, antiphase activity-rhythm, which could 

not be assessed in this study owing to the missing data in each sex’s melatonin profile. 
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CONCLUSIONS 

Thick-billed murres’ melatonin level rose during midday in females and. then fell in 

males coincident with a sudden drop in light intensity as the breeding cliff became 

shaded. This suggested that this rise of melatonin was in response to the change in light 

intensity and not in response to physical activity, as proposed previously for a daytime 

peak of melatonin level in Nazca boobies. The diel profile of corticosterone and its 

association with activity did not vary significantly during polar day. The results for 

melatonin and corticosterone provide insight into the proximate mechanisms of their sex-

specific, antiphase rhythms. Future research should investigate the association between 

melatonin level and activity in thick-billed murres, as the possibility remains that 

differences exist between the active and quiescent phases of the birds’ activity cycle (i.e., 

Appendix A), including rest during the active phase to simulate resting on the sea surface. 

A sensitive melatonin response to transient periods of reduced light intensity and 

reduced diel variation in glucocorticoids may be widespread in animals living near the 

poles, and may explain the equivocal reports for a diel melatonin profile in Weddell seals 

during polar day (Barrell and Montgomery, 1989; Griffiths et al., 1986). I propose that 

animals in these environments can modulate perceived light intensity behaviorally by 

seeking shaded or dark locations or by changes in posture by shutting eyelids, tucking 

heads under appendages, or both, providing mechanisms for increasing darkness and the 

direct and indirect benefits of melatonin despite continuous light.  

In conclusion, polar animals are subjected to continuous light conditions that may 

directly or indirectly abolish the diel rhythm of corticosterone observed in most animals, 

which may complement a sensitive mechanism for melatonin release that responds 
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rapidly to transient changes in light intensity. Thick-billed murres’ physiology, as 

indicated by two hormones broadly associated with the circadian system and sleep, may 

be primed to take advantage of periods of inactivity for rest or sleep, vital functions for 

most animals (Joiner, 2016; Nath et al., 2017; Rattenborg et al., 2016). The adaptive 

significance of flexible physiology for coping with natural conditions that can cause 

disruption to the circadian system and sleep deprivation, including sleep during flight 

(Rattenborg et al., 2016), is an interesting avenue for further research and merits 

exploration. Subjecting animals living above the polar circles to experimental periods of 

darkness during polar day is a predictable next step to testing the proposed hypothesis. 
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TABLES 

Table 1. Results from GLMs modeling the influence of 4 h bins representing time of day 

on melatonin level in males (a), females (b), and both sexes combined (c).  

Predictor Estimate 95% CI t-value p-value 

(a) [GLM] males     

Intercept 0.23 0.20 to 0.27 12.33 < 0.001 

15:00 0.08 0.03 to 0.13 2.93 0.01 

19:00 0.05 -0.007 to 0.10 1.72 0.11 

     

(b) [GLM] females     

Intercept 0.26 0.22 to 0.31 12.69 < 0.001 

3:00 0.02 -0.03 to 0.07 0.80 0.43 

7:00 0.02 -0.03 to 0.07 0.79 0.44 

23:00 0.02 -0.03 to 0.07 0.78 0.45 

     

(c) [GLM] both sexes     

Intercept 0.24 0.22 to 0.27 18.18 < 0.001 

3:00 0.04 -0.002 to 0.08 1.86 0.07 

7:00 0.04 0.003 to 0.08 2.07 0.05 

15:00 0.07 0.02 to 0.11 3.07 0.004 

19:00 0.04 -0.005 to 0.08 1.71 0.10 

23:00 0.04 0.004 to 0.09 2.13 0.04 

(a-c) GLM(log(melatonin) ~ 4 h bin, family = Gamma(link = inverse))  
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Table 2. Results from either LMs or a GLM modeling the influence of 4 h bins 

representing time of day on corticosterone level in males (a), females (b), and both sexes 

combined (c).  

Predictor Estimate 95% CI t-value p-value 

(a) [GLM] males     

Intercept 0.87 0.55 to 1.29 4.67 < 0.001 

15:00 -0.24 -0.69 to 0.13 -1.18 0.26 

19:00 -0.20 -0.67 to 0.23 -0.87 0.40 

     

(b) [LM] females     

Intercept 1.34 0.74 to 1.95 4.70 < 0.001 

3:00 -0.02 -0.74 to 0.71 -0.05 0.96 

7:00 0.55 -0.21 to 1.32 1.53 0.14 

23:00 0.12 -0.64 to 0.89 0.34 0.74 

     

(c) [LM] both sexes     

Intercept 1.23 0.81 to 1.65 5.94 < 0.001 

3:00 0.09 -0.50 to 0.69 0.31 0.76 

7:00 0.59 -0.03 to 1.21 1.94 0.06 

15:00 0.37 -0.19 to 0.93 1.33 0.19 

19:00 0.24 -0.38 to 0.86 0.79 0.44 

23:00 0.03 -0.59 to 0.65 0.08 0.93 

(a) GLM(log(corticosterone) ~ 4 h bin, family = Gamma(link = inverse)) 

(b-c) LM(log(corticosterone) ~ 4 h bin)  
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FIGURES 

 

Figure 1. Light intensity, melatonin level, and corticosterone level from quiescent male 

and female thick-billed murres over the diel cycle during polar day. Mean light intensity 

with 95% confidence intervals measured within the colony near the sampling sites (a) and 
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on the cairn atop Kippaku (b). Box and whisker plots of diel variation of melatonin and 

corticosterone levels in six 4 h bins for both sexes of quiescent thick-billed murres; 

within each bin, boxes are bound by the first and third quartiles; horizontal bars represent 

the median; and whiskers represent the smallest or largest measurement within 1.5x the 

interquartile range. Individual measures of melatonin (c) and corticosterone (d) levels 

from males. Individual measurements of melatonin (e) and corticosterone (f) levels from 

females. Measurements of melatonin (g) and corticosterone (h) levels from both sexes 

combined. Circles and triangles represent individual measurements and the precise time 

of day in which they were collected. The lighter yellow and darker grey shaded areas 

represent when males and females, respectively, were primarily active (times were based 

on results from chapter four). Vertical dotted lines represent the six 4 h bins used for 

hormone analyses. A * above a horizontal line spanning adjacent bins indicates a 

statistically significant difference between those bins using Tukey’s HSD tests. 
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Figure 2. Box and whisker plots of corticosterone level between individuals that are 

provisioning (active) or brooding chicks (quiescent). Boxes are bounded by the first and 

third quartiles; horizontal bars represent the median; and whiskers represent the smallest 

or largest measurement within 1.5x the interquartile range. Circles and triangles represent 

individual measurements. 
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SUPPLEMENTARY MATERIAL 

i. Supplemental table 1. Influence of capture order, breeding status, and if 

captured previously on corticosterone level from egg-incubating and chick-

brooding thick-billed murres 

ii. Supplemental tables 2 to 4. Post hoc comparison of melatonin level among six 

4 h bins representing time of day 

iii. Supplemental tables 5 to 7. Post hoc comparison of corticosterone level 

among six 4 h bins representing time of day 

iv. The influence of the duration of disturbance before and during capture on 

corticosterone level from egg-incubating and chick-brooding thick-billed 

murres. 
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i. Supplemental table 1.  

 

Table S1. Influence of capture order, breeding status, and if captured previously on 

corticosterone level from egg-incubating and chick-brooding thick-billed murres using an 

ANOVA: aov(log(corticosterone) ~ capture order + previously captured + breeding 

stage). The addition of a new identification ring was used to identify if a bird was not 

captured previously. 

  
mean ± sd 

log(ng/mL) 
n df F-value p-value 

Capture 

order 
First 1.38 ± 0.45 22 1 1.01 0.32 

 Second 1.55 ± 0.66 19    

       

Previously 

captured 
No 1.4 ± 0.42 24 1 0.50 0.49 

 Yes 1.53 ± 0.71 17    

       

Breeding 

stage 
Brooding 1.54 ± 0.54 30 1 2.51 0.12 

 Incubating 1.21 ± 0.55 11    
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ii. Supplemental tables 2 to 4.  

 

Table S2. Post hoc comparison of melatonin level in only males among the 4 h bins 

representing time of day using Tukey’s HSD test for multiple comparisons; P-values 

adjusted using the Bonferroni method. The mean of the hour of the day in each bin 

represents each 4 h bin. 

Comparison 

of 4 h bins 
Estimate 

Standard 

error 
z-value p-value 

Bonf. adj. 

p-value 

15:00 - 11:00 0.08 0.03 2.93 0.003 0.01 

19:00 - 11:00 0.05 0.03 1.72 0.09 0.26 

19:00 - 15:00 -0.03 0.03 -1.11 0.27 0.80 

 

 

Table S3. Post hoc comparison of melatonin level in only females among the 4 h bins 

representing time of day using Tukey’s HSD test for multiple comparisons; P-values 

adjusted using the Bonferroni method. The mean of the hour of the day in each bin 

represents each 4 h bin. 

Comparison 

of 4 h bins 
Estimate 

Standard 

error 
z-value p-value 

Bonf. adj. 

p-value 

3:00 - 11:00 0.0203 0.03 0.80 0.42 1.00 

7:00 - 11:00 0.0207 0.03 0.79 0.43 1.00 

23:00 - 11:00 0.0202 0.03 0.78 0.44 1.00 

7:00 - 3:00 0.0004 0.02 0.02 0.99 1.00 

23:00 - 3:00 -0.0001 0.02 -0.004 1.00 1.00 

23:00 - 7:00 -0.0005 0.02 -0.02 0.98 1.00 
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Table S4. Post hoc comparison of melatonin level in both sexes among six 4 h bins 

representing time of day using Tukey’s HSD test for multiple comparisons; P-values 

adjusted using the Bonferroni method. The mean of the hour of the day in each bin 

represents each 4 h bin. 

Comparison 

of 4 h bins 
Estimate 

Standard 

error 
z-value p-value 

Bonf. adj. 

p-value 

3:00 - 11:00 0.04 0.02 1.86 0.06 0.95 

7:00 - 11:00 0.04 0.02 2.07 0.04 0.57 

15:00 - 11:00 0.07 0.02 3.07 0.002 0.03 

19:00 - 11:00 0.04 0.02 1.71 0.09 1.00 

23:00 - 11:00 0.04 0.02 2.13 0.03 0.50 

7:00 - 3:00 0.00 0.02 0.22 0.83 1.00 

15:00 - 3:00 0.03 0.02 1.24 0.22 1.00 

19:00 - 3:00 0.00 0.02 -0.07 0.94 1.00 

23:00 - 3:00 0.01 0.02 0.28 0.78 1.00 

15:00 - 7:00 0.02 0.02 1.02 0.31 1.00 

19:00 - 7:00 -0.01 0.02 -0.28 0.78 1.00 

23:00 - 7:00 0.00 0.02 0.06 0.95 1.00 

19:00 - 15:00 -0.03 0.02 -1.26 0.21 1.00 

23:00 - 15:00 -0.02 0.02 -0.96 0.34 1.00 

23:00 - 19:00 0.01 0.02 0.34 0.74 1.00 
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iii. Supplemental tables 5 to 7.  

 

Table S5. Post hoc comparison of corticosterone level in only males among the 4 h bins 

representing time of day using Tukey’s HSD test for multiple comparisons; P-values 

adjusted using the Bonferroni method. The mean of the hour of the day in each bin 

represents each 4 h bin. 

Comparison 

of 4 h bins 
Estimate 

Standard 

error 
z-value p-value 

Bonf. adj. 

p-value 

15:00 - 11:00 -0.24 0.21 -1.18 0.24 0.71 

19:00 - 11:00 -0.20 0.23 -0.87 0.38 1.00 

19:00 - 15:00 0.05 0.16 0.30 0.77 1.00 

 

 

Table S6. Post hoc comparison of corticosterone level in only females among the 4 h 

bins representing time of day using Tukey’s HSD test for multiple comparisons; P-values 

adjusted using the Bonferroni method. The mean of the hour of the day in each bin 

represents each 4 h bin. 

Comparison 

of 4 h bins 
Estimate 

Standard 

error 
z-value p-value 

Bonf. adj. 

p-value 

3:00 - 11:00 -0.02 0.34 -0.05 0.96 1.00 

7:00 - 11:00 0.55 0.36 1.53 0.14 0.87 

23:00 - 11:00 0.12 0.36 0.34 0.74 1.00 

7:00 - 3:00 0.57 0.29 1.97 0.07 0.40 

23:00 - 3:00 0.14 0.29 0.48 0.64 1.00 

23:00 - 7:00 -0.43 0.31 -1.38 0.19 1.00 
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Table S7. Post hoc comparison of corticosterone level in both sexes among six 4 h bins 

representing time of day using Tukey’s HSD test for multiple comparisons; P-values 

adjusted using the Bonferroni method. The mean of the hour of the day in each bin 

represents each 4 h bin. 

Comparison 

of 4 h bins 
Estimate 

Standard 

error 
z-value p-value 

Bonf. adj. 

p-value 

3:00 - 11:00 0.09 0.29 0.31 0.76 1.00 

7:00 - 11:00 0.59 0.31 1.94 0.06 0.91 

15:00 - 11:00 0.37 0.28 1.33 0.19 1.00 

19:00 - 11:00 0.24 0.31 0.79 0.44 1.00 

23:00 - 11:00 0.03 0.31 0.08 0.93 1.00 

7:00 - 3:00 0.50 0.31 1.64 0.11 1.00 

15:00 - 3:00 0.28 0.28 0.99 0.33 1.00 

19:00 - 3:00 0.15 0.31 0.49 0.63 1.00 

23:00 - 3:00 -0.07 0.31 -0.22 0.83 1.00 

15:00 - 7:00 -0.22 0.29 -0.78 0.44 1.00 

19:00 - 7:00 -0.35 0.32 -1.11 0.28 1.00 

23:00 - 7:00 -0.57 0.32 -1.79 0.08 1.00 

19:00 - 15:00 -0.13 0.29 -0.44 0.67 1.00 

23:00 - 15:00 -0.34 0.29 -1.18 0.25 1.00 

23:00 - 19:00 -0.22 0.32 -0.68 0.50 1.00 
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iv. The influence of the duration of disturbance before and during capture on 

corticosterone level from egg-incubating and chick-brooding thick-billed murres. 

 

Duration of disturbance before physical capture (delta disturbance): 

Circulating corticosterone was neither influenced by the interaction between delta 

disturbance and time of day (linear model: log(corticosterone) ~ delta disturbance*time 

of day, adjusted r2 = -0.03, F11, 29 = 0.9, p = 0.55) nor by only delta disturbance (Fig. S1). 

 

Figure S1. The influence of duration of disturbance before physical capture on 

corticosterone level (linear model: log(corticosterone) ~ delta disturbance, adjusted r2 = 

0.03, F1, 39 = 0.9, p = 0.15) 
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Duration of physical capture to sampling (delta capture): 

Circulating corticosterone was neither influenced by the interaction between delta capture 

and time of day on corticosterone level (linear model: log(corticosterone) ~ delta 

capture*time of day, adjusted r2 = 0.08, F11, 29 = 1.34, p = 0.26) nor by only delta capture 

(Fig. S2). 

 

Figure S2. The influence of the duration of physical capture on corticosterone level 

(linear model: log(corticosterone) ~ delta capture, adjusted r2 = 0.04, F1, 39 = 2.79,  

p = 0.1) 
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Duration of total disturbance (total disturbance): 

Circulating corticosterone was neither influenced by the interaction between total 

disturbance and time of day on corticosterone level (linear model: log(corticosterone) ~ 

total disturbance*time of day, adjusted r2 < -0.001, F11, 29 = 1.0, p = 0.47) nor by only 

total disturbance (Fig. S3). 

 

Figure S3. The influence of duration of total disturbance on corticosterone level (linear 

model: log(corticosterone) ~ total disturbance, adjusted r2 = -0.02, F1, 39 = 0.32, p = 0.56) 
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CHAPTER 4  

SEXUALLY SEGREGATED DIEL RHYTHMS AND FORAGING IN A 

MONOMORPHIC SEABIRD DURING POLAR DAY 

 

Nicholas Per Huffeldt 
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ABSTRACT 

Time exerts strong evolutionary pressure on inter- and intra-specific interactions, 

providing windows of differing selective pressures throughout the 24 h day that may 

select for individuals to segregate across the diel cycle. Here I studied a seabird, the 

thick-billed murre (a.k.a., Brünnich’s guillemot, Uria lomvia), that segregates by sex 

across the diel cycle with a 24 h rhythm of activity when breeding. They maintain this 

segregation at colonies above and below the polar circle during summer (‘polar day’), 

and at low latitude, this segregation has been attributed to the daily behavior of preferred 

prey. One hypothesis to explain the cause of sexual segregation in vertebrates is the 

‘habitat segregation hypothesis’. I investigated a prediction of this hypothesis using thick-

billed murres’ sexually-segregated activity-rhythms. I asked if murres exhibited 

differences in foraging depth and trophic level during the continuous light of polar 

summer. Using bird-borne data-loggers and stable isotope analyses, combined with 

knowledge of the West Greenlandic food-web, I discovered that murres exhibited habitat 

segregation consistent with the prediction. Males dived deeper during ‘day’ hours than 

during ‘night’ hours when rearing chicks and females dived to similar depths across the 

diel cycle, but tended to dive to shallow depths during ‘day’ hours. Causal mechanisms of 

sexual segregation are complex: habitat segregation can occur as a byproduct of 

segregation by social factors. The ‘social segregation hypothesis’ posits that social factors 

can cause segregation by sex, and both the habitat and social segregation hypotheses can 

cause apparent segregation via the other mode of segregation. I discuss the application of 

these two hypotheses to thick-billed murres’ sexual segregation during polar day. 

Keywords: habitat segregation hypothesis, sexual segregation, sex-specific foraging



 

 

114 

 

INTRODUCTION 

Time can exert a strong evolutionary influence that modulates inter- and intra-specific 

interactions (Kronfeld-Schor and Dayan, 2003). The 24 h geophysical light-dark cycle 

imposes physiological and ecological pressures (Helm et al., 2017; Kronfeld-Schor et al., 

2017; Kronfeld-Schor and Dayan, 2003) which may select for organisms to be active at 

only specific parts of the cycle. One of the most prominent examples is the diel vertical 

migration (‘DVM’) of marine zooplankton communities in the water column in response 

to selective pressures imposed by cyclic changes in light intensity and its influence on 

visual predators, like seabirds (Hays, 2003). Variable selective pressures associated with 

the light-dark cycle and the 24 h day may provide a cyclic selective gradient or boundary. 

This has the potential to restrict similar individuals to a certain temporal window (e.g., 

diurnal and nocturnal activity patterns [Kronfeld-Schor and Dayan, 2003]). If selective 

pressures are strong enough, then segregation should evolve with specialization to the 

temporal window best suited to each group’s traits. Temporal segregation across the day 

can limit intraspecific competition for resources or reduce physiological costs associated 

with, for example, heat tolerance and the diel fluctuation in temperature (Alonso et al., 

2016; Harris et al., 2013; Quintana et al., 2011; Ruckstuhl and Neuhaus, 2005). Different 

selective pressures imposed by the light-dark cycle may lead to phenomena such as 

segregation by sex, if members of each sex have contrasting optima for given traits. 

However, selective pressures may be equalized, or even alleviated, across the 24 h day if 

the light-dark cycle attenuates greatly or is absent (Lesku et al., 2012; Reierth and 

Stokkan, 1998; van Oort et al., 2005), but segregation by sex can persist under these 
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conditions (Huffeldt and Merkel, 2016); the processes underlying this phenomenon are 

poorly understood.  

I studied sexual segregation during this ‘polar day’ in an Arctic seabird (thick-billed 

murre, a.k.a. Brünnich’s guillemot, Uria lomvia) during the continuous light of polar 

summer. This species shows an unusual segregation by sex across the diel cycle at 

colonies both above and below the northern polar circle (66.6 °N) and the temporal 

relationship between sexes is colony-dependent (Elliott et al., 2010; Huffeldt and Merkel, 

2016; Linnebjerg et al., 2015; Paredes et al., 2006; Young et al., 2015). At lower latitudes 

with a prominent light-dark cycle, the sexual segregation has been attributed mostly to 

constraints imposed by the DVM of preferred prey of adult murres (Elliott and Gaston, 

2015; Elliott et al., 2010; Hays, 2003). However, during polar day, DVM of zooplankton 

communities is expected to be absent compared to other times of the year (e.g., Benoit et 

al., 2010; Blachowiak-Samolyk et al., 2006; Cisewski et al., 2010; Cottier et al., 2006; cf. 

Fortier et al., 2001; Wallace et al., 2010), in which case DVM of preferred prey would 

not explain the sexual segregation in thick-billed murres. 

Sex can be an influential factor in animal segregation, and one mode in which sexes 

can segregate is habitat segregation (Conradt, 2005). Under the habitat segregation (also 

known as ‘ecological segregation’) hypothesis to explain sexual segregation, the sexes 

differ in how they interact with the environment. Habitat segregation can be caused by 

asymmetrical predation risk between sexes, inter-sexual competition for resources, or 

sex-specific preference for forage items (Ruckstuhl, 2007). At low latitudes, habitat 

segregation across the diel cycle by sex has been observed in imperial shags 

(Phalacrocorax atriceps; Harris et al., 2013; Quintana et al., 2011) and great bustards 
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(Otis tarda; Alonso et al., 2016). For example, larger male imperial shags forage 

primarily at deeper depths and at different times of day than smaller females, facilitating 

the partitioning of foraging resources by sex (Harris et al., 2013; Quintana et al., 2011); 

in great bustards, the larger males may incur a greater thermoregulatory cost than smaller 

females during the warmest parts of the day (Alonso et al., 2016). Sexual size 

dimorphism correlates positively with the degree of segregation in activity pattern for 

these and other examples. Indeed, body size dimorphism and sex-segregation of behavior 

may coevolve to reduce resource competition between the sexes (Blanckenhorn, 2005; 

Ruckstuhl and Clutton-Brock, 2005; Selander, 1966). Additionally, sexually size-

monomorphic vertebrates generally do not exhibit a large degree of sexual segregation 

(Ruckstuhl and Neuhaus, 2005); therefore, it is surprising that thick-billed murres have 

pronounced sexual segregation across the diel cycle, because they are generally 

considered sexually size-monomorphic (Elliott et al., 2010; Gaston and Jones, 1998). I 

address this conundrum briefly later in this manuscript using morphometric data. 

 Under the habitat segregation hypothesis for explaining sexual segregation, I expect 

the segregation of male and female thick-billed murres to disappear during polar day if 

DVM of their preferred prey causes the sexual segregation but the prey do not appear to 

perform DVM during this time (e.g., Benoit et al., 2010; Blachowiak-Samolyk et al., 

2006; Cottier et al., 2006). This would indicate that foraging constraints imposed by 

DVM of prey would, in the absence of a DVM, be equalized across the diel cycle. 

However, segregation by sex does not disappear, because breeding thick-billed murres 

maintain 24 h, sex-segregated rhythms of behavior during polar day (Huffeldt and 

Merkel, 2016). 
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 Therefore, I tested a prediction of the habitat segregation hypothesis, asking do the 

sexes segregate along the foraging axis by foraging at different depths, at different 

trophic levels, or both during polar day? Testing this prediction of the habitat segregation 

hypothesis provided the opportunity to investigate mechanisms of segregation by sex in a 

vertebrate and the possible relaxation of a known foraging constraint, the DVM of prey, 

during polar day.  

To address my question I used bird-borne data-loggers, stable isotope analyses, and 

breeding thick-billed murres under the continuous light of polar day. I used stable isotope 

analyses and inference from data-loggers in this study and did not sample diet directly 

because characterizing the self-feeding diet is difficult in murres given that invertebrate 

prey are digested quickly and lead to a bias towards vertebrates in stomach samples 

(discussed in Hobson et al., 2002) and that prey delivered to chicks do not necessarily 

represent the parent’s diet in thick-billed murres (Elliott et al., 2010; Provencher et al., 

2013; cf. Woo et al., 2008). Additionally, dive depth explains variation among prey types 

in thick-billed murres (Elliott et al., 2009, 2008a, 2008c) and indicates location of prey in 

the water column over the diel cycle in common murres (U. aalge) at sub-polar latitudes 

(Regular et al., 2010). In addition to the prior evidence, I assumed that dive depth 

recorded by the bird-borne data-loggers represented the depth at which their prey were 

found. This assumption was valid because longer, deeper dives are generally more 

physiologically costly for air-breathing marine animals (Ponganis, 2015), including thick-

billed murres (Elliott et al., 2008a, 2008b), and birds should optimize their energy intake 

and limit costs when foraging (Krebs et al., 1974; Mori et al., 2002), resulting in 
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preferentially diving to less-costly depths. Birds should only dive deeper at different 

times of day if their preferred prey are located at deeper depths than at other times of day. 

 

METHODS 

Study-site and general methods 

All fieldwork was on Kippaku, Greenland (73.7 °N, 56.6 °W) during the continuous 

light of polar day while thick-billed murres were breeding. Data were collected from 173 

breeding thick-billed murres between years 2008 to 2016 (2008 = 16, 2009 = 10, 2010 = 

15, 2012 = 45, 2013 = 8, 2014 = 49, and 2016 = 30). Some birds were studied in multiple 

years and included in the totals; I address potential duplicated data issues in each 

subsection below. During all data collection, the researchers were blind to the sex of each 

bird. Each bird’s sex was identified molecularly from DNA obtained from feathers or 

blood following standard methods (Griffiths et al., 1998), or birds were established mates 

of an individual in which sex was identified. Murres were captured using telescoping 

noose-poles while attending their breeding site.  

Program R was used for all statistical analyses (R Core Team, 2017). Normality, 

homogeneity of variance, and model assumptions were checked and data transformations 

were used when appropriate. Means are reported with standard deviations (mean ± sd), 

unless stated otherwise. 

 

  



 

 

119 

 

Diving behavior from TDRs 

Data collection 

Time-depth-temperature recorders (TDRs) were deployed on 36 murres from 2008 to 

2010 (N = 25 males, 11 females). Five of these individuals recorded data over multiple 

years, providing multiple breeding seasons of data. Combined, all TDR deployments 

provided 41 bird-breeding-seasons consisting of incubation (N = 5 males, 4 females) and 

chick-rearing (N = 23 males, 11 females) stages, 731 foraging trips, and 31,729 dives. 

Individual ID was used as a random effect in my statistical modeling to control for 

within-individual nonindependence (see below). A full description of TDR deployment 

and data handling methods were described previously (Linnebjerg et al., 2014, 2015). 

Briefly, LAT 2500 TDRs (Lotek Marine Technology, Canada) were attached to a 

standard metal leg-ring using cable ties. TDRs recorded pressure (accuracy ± 1%), 

temperature (accuracy 0.2ºC within -0.5 to 35ºC), and saltwater immersion state every 2 

s, 8 s, or 16 s for 1 to 27 d (7.74 ± 7.7 d). There was no significant difference of sampling 

rate on maximum depth per dive or the number of dives per individual when compared 

from the five loggers with the fastest sampling rate (Supplementary Methods). I inspected 

pressure, temperature, and saltwater immersion logs to define behaviors using MultiTrace 

Dive (Jensen Software Systems, Germany) following Linnebjerg et al. (2014). Because 

murres will rest, bathe, and interact with each other on or near the surface, dives 

(reflecting foraging) were defined as being deeper than 3 m (Elliott et al., 2010; 

Linnebjerg et al., 2014; pers. obs.). 
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Statistical analyses 

General linear mixed-effect models (GLMMs) using a binomial or a gamma error 

structure (R function: MASS::glmmPQL; Venables and Ripley, 2002) identified if the 

response variable was influenced by predictor variables. Because time of day is circular, 

it was transformed into two linear variables by converting it to radians and including the 

sine and cosine of the radian as continuous predictor variables (Cox, 2006). 

Maximum dive depth was highly correlated with temperature at maximum depth 

(Pearson’s r = -0.70, p < 0.0001) and the mean depth after descent and before ascent of 

each dive (Pearson’s r = 1.0, p < 0.0001). Therefore, I focus on maximum depth per dive, 

henceforth ‘dive depth’ or ‘depth per dive’, to represent spatial segregation in the water 

column. For the GLMMs in which dive depth was the response variable, a gamma error 

structure with an inverse link function was used and a corARMA (q = 2, p = 2) 

correlation structure controlled autocorrelation. The predictor variables and the 

interactions included in this model were the interaction of sex (categorical: female, male) 

by breeding stage (categorical: incubation, chick-rearing) by time of day (continuous), 

and the scaled and centered Julian date (continuous). Individual ID nested within year 

was included as a random effect. When proportion of dives per hour was the response 

variable, the binomial error structure with a logit link function was used. The predictor 

variables and the interactions included in this model were the interaction of sex by 

breeding stage and sex by time of day. Individual ID nested within year was included as a 

random effect. 

A predictor variable or interaction influenced the response variable significantly when 

its predicted 95% confidence interval (‘CI’) did not overlap zero. After running a full 
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model, I dropped insignificant predictors. Initial models and their results are in the 

supplementary results. Means and asymptotic 95% CIs for proportions not included in 

modeling results were calculated using binomial probability methods (R function: 

binom::binom.confint; Sundar, 2014). 

 

Diet from stable isotope analyses 

Sample collection 

Blood samples were collected from 69 different murres in years 2014 and 2016; 10 

birds were sampled in both years. Stable isotope data from 2014 and 2016 were not 

directly comparable (see below); therefore, these data were treated as independent. In 

July, 2014, red blood cells were collected from 49 individuals that were brooding chicks 

(N = 17 males, 19 females) or incubating eggs (N = 8 males, 5 females). The extracted 

samples of whole blood were centrifuged within 4 h of the sampling event and the serum 

was removed immediately. In July, 2016, 30 samples of whole blood (N = 17 males, 13 

females) were collected from chick-rearing murres. All samples were preserved in a 90% 

ethanol solution. 

 

Laboratory assays 

Before stable isotope analyses, blood samples were freeze-dried for 48 h and ground 

to powder for homogenization. Stable isotope signatures were measured on red blood 

cells collected in 2014 and on non-lipid extracted whole blood collected in 2016. 

Analyses were performed at the LIENSs institute (La Rochelle, France) on ~0.3 mg 

subsamples of material loaded into tin cups, using an elemental analyzer (Flash EA 1112, 



 

 

122 

 

Thermo Fisher) coupled in continuous flow mode to an isotope ratio mass spectrometer 

(Delta V Advantage, Thermo Fisher, Germany). Stable isotope abundances were 

expressed in δ notation as the deviation from standards in parts per thousand (‰) 

according to the following equation: δX = [(Rsample/Rstandard)–1] × 1000, where X is 13C or 

15N and R is the corresponding ratio 13C/12C or 15N/14N. Standard values were Vienna-

PeeDee Belemnite (VPDB) for C and atmospheric N2 (air) for N.  Replicate 

measurements of internal laboratory standards (acetanilide and peptone) indicated that the 

measurement error was ± 0.07 and ± 0.10, respectively for δ13C, and for ± 0.09 and ± 

0.13, respectively for δ15N.  

The δ13C isotopic values mainly reflected the carbon source (i.e., foraging habitat) 

used by birds, while the δ15N isotopic values are an indicator of bird trophic level (i.e., 

diet; Kelly, 2000). Whole blood isotopic analyses integrated information about bird 

foraging ecology over a period of approximately two weeks before sampling, while this 

period was about a month for red blood cells (Bearhop et al., 2002; Hobson and Clark, 

1993; Ogden et al., 2004). As a consequence, isotopic ratios measured from murres in 

2014 and 2016 did not integrate exactly the same time period and were not directly 

comparable, yet both provided information about bird foraging ecology during the 

breeding season. 

 

Statistical analyses 

The stable isotope signatures were analyzed using the ‘SIBER’ package in R to 

investigate isotopic space (Jackson et al., 2011). Standard ellipse area corrected for small 

samples size (SEAc) and convex hull area were calculated and compared between males 
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and females. SEAc includes about 40% of individuals within a group based on bivariate 

normal distributions. The posterior estimates of the Bayesian standard ellipse area 

(SEAB, posterior draws = 106) were used to compare isotopic space between sexes. Two-

sample, two-sided t-tests were used to compare the mean stable isotope signatures 

between sexes in 2016 and from only chick-rearing individuals in 2014. I used ANOVA 

to identify if sex, breeding stage, or breeding stage’s interaction with sex influenced 

stable isotope signatures from all samples collected in 2014. 

 

Sexual size dimorphism based on morphometrics 

Data collection 

Morphological measurements were obtained in 2012, 2013, and 2016 from 73 

different breeding individuals (N = 32 females, 41 males); 20 birds that contributed to the 

2016 stable isotope data contributed morphometric data also. The same researcher 

measured all characters from all birds in all years. I obtained eight bill measurements, 

width of gape, head + bill length, tarsus length, partially flattened wing-chord, and body 

mass following Eck et al. (2011; Supplementary Methods). Characters were measured 

using digital or analog calipers (to nearest 0.01 mm), a 1 kg Pesola scale (to nearest 10 g), 

and a metal ruler (to nearest 1 mm). 

 

Statistical analyses 

Before statistical analyses, measurements of morphological characters were z-

transformed. A MANOVA identified if sex influenced the measured characters. ANOVA 

was then used to identify if each morphological character was different between sexes; 
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Bonferroni’s correction for multiple comparisons was used to reduce Type I errors for the 

ANOVA results (R function: stats::p.adjust, method = “bonferroni”). A linear 

discrimination analysis using leave-one-out cross-validation identified if character values 

could predict the sex of the individuals measured (R function: MASS::lda, CV = TRUE). 

 

RESULTS 

Diving behavior from TDRs 

Time of day influenced the proportion of dives per hour for each sex and breeding 

stage did not (Fig. 1a, Table 1a). Males performed 81.6% (95% CI = 81.1 to 82.2%) of 

their dives between 21:00 and 08:59 at ‘night’, and females performed 79.5% (95% CI = 

78.8 to 80.2%) of their dives between 08:00 and 20:59 during the ‘day’. These means 

were calculated based on the modelled times of day in figure 1a, at which males and 

females dived at equal proportions (the times their trend lines crossed). All the dives that 

occurred in the hours at which the lines crossed were included in the mean. 

 The three-way interactions among sex, breeding stage, and time of day were 

significant (Table 1b), and Julian date was not included in the final model. During chick-

rearing, males dived to deeper depths during day hours than during night hours, while 

females dived to a similar depth throughout the diel cycle, with a slight tendency to dive 

to shallower depths during day (Fig. 1b, Table 1b). Females had the opposite pattern of 

dive depth during incubation, while males appeared to dive to similar depths throughout 

the diel cycle (Fig. 1c); however, sample size was small and the incubation results should 

be interpreted with reservation. 
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Diet from stable isotope analyses 

The sexes did not differ markedly in their mean stable isotopic axes of foraging in 

either 2014 or 2016 when rearing chicks (Fig. 2, Table 2). In 2014, during chick-rearing, 

isotopic area of males (0.25‰2) and females (0.33‰2) overlapped by 76%, with females’ 

area not considerably different from males (Fig. 2a; probability that SEABfemale > 

SEABmale = 0.77). However, in 2016, isotopic area for females (0.15‰2) was larger than 

for males (0.06‰2) during chick-rearing (Fig. 2b; probability that SEABfemale > SEABmale 

= 0.99) and isotopic area of both sexes overlapped by 39%. In 2014, neither δ15N nor 

δ13C was significantly different between breeding stages, between sexes, and for breeding 

stage’s interaction with sex (Supplementary Results).  

The observed trophic level difference in foraging between the sexes at low latitude 

was only observed in chick-rearing individuals (Elliott et al., 2010; Young et al., 2015). 

Therefore, 24 samples from 2016 (N = 13 males, 11 females) were analyzed separately, 

because they originated from breeding individuals in which their chick’s plumage 

consisted of less than 5% down, indicating that the chicks were probably older than 2 

weeks of age, and this did not change the results meaningfully (Supplementary Results). 

 

Sexual size dimorphism based on morphometrics 

Eight individuals were excluded from morphometric analyses because I lacked wing 

measurements for them. The morphological characters were influenced by sex 

(MANOVA Wilks = 0.61, F13, 51 = 2.49, p = 0.01). The probability that the measured 

characters could predict the correct sex using a linear discrimination analysis was 0.65. 

The observed differences between sexes were minimal, with only head + bill length 
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noticeably different (male = 103.99 ± 2.64 mm, female = 101.50 ± 1.82 mm, F1, 63 = 

18.85, Bonferroni adjusted p = 0.0007; Supplementary Results).  

A concern when measuring body mass in murres is that prey consumed recently may 

contribute to the observed body mass; therefore, I compared males and females that were 

measured during the last part of each sex’s quiescent phase of their activity rhythm (13 

females from 00:00 to 04:59 and 27 males from 12:00 to 16:59). The body masses of 

these males and females were not significantly different (males = 934 ± 61 g, females = 

934 ± 54 g, t26.27 = 0.031, p = 0.98). 

 

DISCUSSION 

I tested a prediction of the habitat segregation hypothesis, which attempts to explain 

the cause of sexual segregation, to elucidate the mechanisms of thick-billed murre’s 

segregation by sex across the diel cycle during polar day, finding some support for the 

prediction. In the context of the prediction that murres segregated along the foraging axis, 

three possible interpretations with varying degrees of support in the literature were 

relevant. I focus my discussion on the interpretation of data from the chick-rearing stage, 

with asides about the incubation stage, because of the limited number of birds for which I 

have data during incubation. Each interpretation is based on my indirect measurements of 

diet, and therefore, require further investigation using more direct measures of diet and 

prey behavior for confirmation. 

The first interpretation was that the sexes of thick-billed murres consume different 

prey that represent the same trophic level that are available at different depths when the 

sexes are foraging at different times of day (Fig. 1, Fig. 2). Evidence in the literature 
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described the sexes of breeding thick-billed murres feeding themselves on different prey, 

at least when rearing their chick, with males preferentially pursuing less energetically-

risky prey and more invertebrates than females (Elliott et al., 2010; Provencher et al., 

2013). Further supporting this, at latitudes similar to Kippaku, diets of thick-billed murres 

consisted of mainly polar cod and invertebrates (Hobson et al., 2002; Provencher et al., 

2013); however, little variation in diet between sexes was exhibited at one of the colonies 

(Prince Leopold Island, 74.03 °N; Provencher et al., 2013). The stable isotope signatures 

suggested that thick-billed murres’ diet at Kippaku consisted of invertebrates and fish, 

most likely polar cod (e.g., Frederiksen et al., 2014; Hansen et al., 2012; Hobson et al., 

2002; Provencher et al., 2013). I was unable to distinguish a sex-specific preference for 

either prey using only the stable isotope results. By incorporating the dive profiles of 

each sex, I was able to make further inferences about the sexual segregation of the sexes 

along the foraging axis. The minimal variation of female’s dive profile that had a 

tendency towards shallower depths during day hours in my study fit the evidence that 

polar cod primarily do not perform DVM during polar day but did have a bias towards 

warmer, potentially shallower, waters during day hours (Benoit et al., 2010; Schurmann 

and Christiansen, 1994) and that female thick-billed murres can preferentially select more 

energetically-risky prey, such as fish (Elliott et al., 2010). Males’ dive profile fit with a 

possible DVM of invertebrate prey, and was further supported by males previously being 

described as foraging on energetically-less risky prey, such as invertebrates (Elliott et al., 

2010). Additionally, the sexes of thick-billed murres provision their chick similarly 

despite males having a dissimilar self-feeding diet compared to chicks (Elliott et al., 

2010; Provencher et al., 2013), but when they were physically handicapped, both sexes 
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switched to bringing more risk-averse prey to their chick, with females showing a greater 

difference in prey types (Jacobs et al., 2013), indicating that females pursue preferentially 

a different self-feeding diet than males. Because dive-depth can explain variation and 

location of prey (Elliott et al., 2009, 2008a, 2008c; Regular et al., 2010), the different 

dive profiles of males and females at Kippaku may indicate different diets. 

In a second interpretation, the sexes feed on similar prey types that were available at 

different depths across the diel cycle at Kippaku, and at Prince Leopold Island differences 

in diet between the sexes was minimal (Provencher et al., 2013). This interpretation may 

be contradicted by the contrasting trends of each sex’s dive profile (Fig. 1b) and previous 

descriptions that males feed themselves primarily on less energetically-risky prey at 

different times of day than females during chick rearing (Elliott et al., 2010). 

Additionally, evidence indicates that diving performance does not differ between males 

and females (Elliott et al., 2015, 2010), so the depths at which both sexes forage 

optimally should be similar, suggesting that variation in dive profile represents the 

location of prey (e.g., Elliott et al., 2008a; Regular et al., 2010; Woo et al., 2008), and 

dive profiles showed sex-specific variation over the diel cycle (Fig. 1b,c), indicating that 

sexes pursued different prey at different times of day. However, given the indirect nature 

of my results, the interpretation that the sexes feed on similar prey at different locations 

in the water column cannot be excluded. 

A third possibility for murres at Kippaku could be that during each sex’s primary 

foraging phase (Fig. 1), the sexes feed on the same prey at the same depth, then feed on 

different prey at a different depth, if they forage during the opposite time of day. Even 

though the current indirect measurements of diet cannot directly refute this interpretation, 
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this seems unlikely because thick-billed murres can specialize on specific prey types 

(Elliott et al., 2010, 2009, 2008c; Woo et al., 2008), including specialization by sex 

(Elliott et al., 2010; Provencher et al., 2013), meaning plasticity in foraging would be 

required across the diel cycle, and because murres’ specialization is consistent across 

different, but especially short, time-scales (Woo et al., 2008), this last model would be 

unexpected. My data provide indirect measures of diet and prey behavior in male and 

female thick-billed murres, which have multiple interpretations, one of which was that 

the sexes of thick-billed murres were feeding on different prey that were at the same 

trophic level and available at different depths across the diel cycle. 

 

Sexual segregation in thick-billed murres during polar day 

Thick-billed murres provide one of the few, maybe the only, examples of segregation 

by sex across the diel cycle during polar day (cf. Bulla et al., 2016; Steiger et al., 2013). 

During polar day, breeding thick-billed murres appeared to segregate temporally and 

spatially in the water column when foraging, and this could be due to preference for 

different prey types. But, the application of these results as a causal mechanism of the 

sexual segregation is preliminary until information is available from other colonies with 

the opposite phase relationship between sexes. The differences among colonies could be 

explained by diet if the sexes specialize on risk-averse and risk-prone prey and the phase 

relationship among these types of prey and the diel cycle varied among colony locations. 

Alternatively, segregation by sex in thick-billed murres could be caused by another 

ecological variable than diet or another mode of segregation.  
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A candidate for another ecological variable is sex-specific defense of the chick from 

predators (Paredes et al., 2006; Paredes and Insley, 2010). This seems unlikely, because 

that would mean that different colonies, all located on cliffs on relatively remote islands, 

differ in the timing of depredation (primarily diurnal or primarily nocturnal); however, it 

is not impossible that upon colony formation nocturnal predators, such as mammals were 

more prominent than diurnal predators, such as other birds, or vice versa.  

A competing, but not always exclusive, mode of segregation is social segregation. 

Under the social segregation hypothesis social mechanisms cause segregation of the 

sexes, such as social affinity to the same sex or avoidance of the opposite sex (Darden 

and Croft, 2008; Ruckstuhl, 2007; Ruckstuhl and Neuhaus, 2005). This could be 

occurring in thick-billed murres, because Paredes and Insley (2010) observed that male 

thick-billed murres were the initiators of, while females were the receivers of, more 

agonistic encounters. Two potential social mechanisms are: males perform better at 

defending the breeding site from conspecifics (Paredes et al., 2006; Paredes and Insley, 

2010) or females avoid males (Darden and Croft, 2008). These could probably act in 

synergy during the establishment and subsequent retention of breeding sites. 

However, identifying which mode of segregation (habitat vs. social) is occurring in a 

system can be complex, because a mechanism of either mode of segregation may cause 

apparent segregation by the other. For example, if one sex excludes the other from a 

certain habitat type because of social factors, then habitat segregation may appear to 

occur because of each sex inhabiting ecologically distinct habitats. Testing hypotheses 

associated with colony formation is a challenge given that new colonies are not regularly 

established, but the colony-specific nature of the relationship between male and female 
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foraging cycles provides an opportunity to test various hypotheses, in the context of both 

the habitat and social segregation models, in the framework of a natural experiment. The 

possibility exists that the phase of each sex’s activity rhythm is dependent on multiple 

factors and is an emergent property and once established cannot be reversed easily. 

Sexual segregation as an emergent property could explain the difficulties disentangling 

the associations between the habitat and social segregation models in thick-billed murres. 

Sexual segregation and resource partitioning during foraging are unexpected for size-

monomorphic vertebrates, as differences in body size are usually implicated in these 

phenomena (Phillips et al., 2011; Ruckstuhl and Neuhaus, 2005; Selander, 1966). Male 

thick-billed murres have larger head-bill measurements than females at Kippaku, but 

differences between sexes in overall body size has equivocal support in the literature 

(e.g., this study; Gaston et al., 1984; Gaston and Jones, 1998; Orben et al., 2015; Paredes 

and Insley, 2010). Thick-billed murres exhibit prominent temporal and vertical spatial 

segregation by sex when breeding (Fig. 1), which probably subjects members of each sex 

to different selection pressures, such as when foraging (Blanckenhorn, 2005; Selander, 

1966), and the suite of morphological characters was different by sex (MANOVA: p = 

0.01). However, other mechanisms can act on differences among morphological 

characteristics by sex, such as sexual selection (Blanckenhorn, 2005). The sexes of thick-

billed murres at Kippaku have small differences in morphology, which associates with 

their sexual segregation, but further research is needed to fully understand this 

association, as other factors could cause divergence of morphology between sexes. 
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DVM during polar day and predator-prey interactions 

If my results are confirmed by more direct measurements of diet and prey behavior, 

then they indicate a rare occurrence of DVM of zooplankton during polar day that may be 

attributed to visual predators and an ability to escape from them under certain conditions 

(Fortier et al., 2001; Hays, 1995). If true, this would indicate that trade-offs between the 

cost of depredation and benefits of energy intake may be paramount in determining if 

DVM is present during polar day (Fortier et al., 2001). Such a model that includes air-

breathing predators that are limited in their foraging range (i.e., central-place foragers) 

could explain the shallow transient DVM in Kongsfjorden (Wallace et al., 2010), which 

has seabirds breeding around it. Interestingly, the low-amplitude DVM in Kongsfjorden 

was observed at depths of about 30 and 50 m (Wallace et al., 2010), which is similar to 

the dive depths of thick-billed murres when breeding (Fig. 1b,c). 

 

CONCLUSIONS 

A prediction of the habitat segregation model was supported in thick-billed murres 

that have minor morphological differences between sexes. The sexes of thick-billed 

murres segregated along the foraging axis by when and how deep they dived, and my 

results may indicate that each sex might pursue different prey types. This would 

complement previous research that described males feeding more on less energetically-

risky prey, such as invertebrates, while females fed more on energetically-risky prey, 

such as fish, during chick-rearing (Elliott et al., 2010; Provencher et al., 2013; cf. Woo et 

al., 2008). Given that the conclusions are based on indirect methods from bird-borne 

data-loggers and stable isotope analyses, the issue should be addressed using more 
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precise methods that measure prey directly. The results illustrate the utility of animal-

borne data-loggers to gain an initial impression of ecosystem processes and potential 

predator-prey dynamics, and provide an interesting opportunity for discussion about the 

mechanisms causing sexual segregation.  

The colony-specific association among the sex-antiphase rhythms and dive depth of 

thick-billed murres should be investigated at colonies that have the reversed phase 

relationship between the sexes, because the current evidence indicates that either a social 

mechanism is causing the sexual segregation, the ecological variable responsible for the 

segregation varies among colonies, or that the sexual segregation is an emergent property 

due to a synergistic relationship among a suite of factors. The segregation of the sexes 

across the diel cycle and the diets associated with this segregation subject individuals of 

each sex to differing selective pressures within contrasting windows of time and provide 

an interesting system to explore the temporal dynamics of intra- and inter-specific 

interactions, including predator-prey relationships during polar day. 
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TABLES 

Table 1. Model results for GLMMs for the response variables: proportion of dives per 

hour and the depth per dive. A predictor variable or interaction was deemed significant if 

its 95% CI did not overlap zero. Non-significant predictor variables or interactions were 

dropped from the final model. Supplemental Results contain results for the initial models. 

Predictor Estimate 95% CI t-value p-value 

(a) Proportion of dives per hour     

intercept -3.12 -3.21 to -3.04 -71.07 < 0.001 

sex: male -0.12 -0.23 to -0.01 -2.21 0.03 

sin(radian) -0.40 -0.49 to -0.30 -7.99 < 0.001 

cos(radian) -0.52 -0.62 to -0.41 -9.69 < 0.001 

sex: male*sin(radian) 1.11 0.97 to 1.24 16.19 < 0.001 

sex: male*cos(radian) 1.21 1.07 to 1.35 16.86 < 0.001 

     

(b) Dive depth     

intercept 0.024 0.018 to 0.029 8.49 < 0.001 

breeding stage: incubating 0.017 0.01 to 0.025 4.68 < 0.001 

sex: male 0.0013 -0.0045 to 0.0071 0.45 0.65 

cos(radian) -0.0010 -0.0024 to 0.0003 -1.5 0.13 

sin(radian 0.0003 -0.0009 to 0.0015 0.48 0.63 

breeding stage: incubating*  

sex: male 
-0.0096 -0.019 to -0.0007 -2.11 0.035 

breeding stage: incubating* 

cos(radian) 
0.0072 0.004 to 0.01 4.35 < 0.001 

sex: male*cos(radian) 0.0035 0.0019 to 0.0051 4.21 < 0.001 

breeding stage: incubating* 

sin(radian) 
0.0051 0.0025 to 0.0078 3.81 < 0.001 

sex: male*sin(radian) -0.0002 -0.0017 to 0.0014 -0.23 0.82 

breeding stage: incubating*  

sex: male cos(radian) 
-0.0111 -0.015 to -0.0068 -5.15 < 0.001 

breeding stage: incubating*  

sex: male*sin(radian) 
-0.0048 -0.0083 to -0.0012 -2.64 0.008 

(a) (number of dives per hour per individual within a year / number of dives per 

individual within a year) ~ sex*sin(radian) + sex*cos(radian), random = 

(~1|year/individual ID), family = binomial(link = logit), weights = number of dives per 

individual within a year 
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(b) Dive depth ~ sex*cos(radian)*breeding stage + sex*sin(radian)*breeding stage, 

random = (~1|year/individual ID), family = Gamma(link = inverse), corrStruct = 

coARMA 

 

Table 2. Mean stable isotope signatures originating from chick-rearing thick-billed 

murres, with results from t-tests comparing values from males and females. 

 
Female  

mean ± sd 

Male  

mean ± sd 
t-value df p-value 

(a) 2014      

δ15N 14.09 ± 0.30 14.09 ± 0.24 0.052 33.61 0.96 

δ13C -21.29 ± 0.34 -21.31 ± 0.35 -0.13 33.46 0.90 

      

(b) 2016      

δ15N 13.82 ± 0.36 13.81 ± 0.18 -0.12 16.4 0.90 

δ13C -19.94 ± 0.12 -19.96 ± 0.11 -0.40 25 0.69 
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FIGURES 

Figure 1. Diving behavior of thick-

billed murres during the 24 hour polar 

day. The proportion of dives performed 

by each sex per hour (a). Dive depth of 

each sex during chick-rearing (b). Dive 

depth of each sex during incubation (c). 

Curves (± 95% CI) are predictions from 

generalized linear mixed-effect models 

with either a binomial or gamma error 

structure, controlling for individual 

nested within year (Table 1) and time of 

day was converted from a circular to two 

linear variables for modelling. 
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Figure 2. Isotopic area of chick-rearing thick-billed murres in 2014 (a) and 2016 (b) 

represented by standard ellipse area corrected for small sample sizes (SEAc; solid lines) 

and convex hull areas (dotted lines). Black lines and circles represent females. Yellow 

lines and triangles represent males.
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SUPPLEMENTARY METHODS 

Supplemental table 1. Comparison of differences of sampling rate on maximum depth 

per dive or the number of dives per individual when compared from the five loggers with 

the fastest sampling rate. 

(a)    

ID 
Sampling 

rate (sec) 

Max depth (m) Kruskal-Wallis rank sum test 

mean sd 
Kruskal-Wallis 

chi-squared 
df p-value 

4286804 16 27.37 26.67 0.26 2 0.88 

4286804 2 25.88 26.22    

4286804 8 26.49 26.49    

       

4286805 16 24.31 25.54 1.27 2 0.53 

4286805 2 22.75 24.93    

4286805 8 23.60 25.33    

       

4292511 16 46.12 16.35 0.57 2 0.75 

4292511 2 46.80 16.92    

4292511 8 46.61 16.65    

       

4292515 16 14.32 10.69 2.99 2 0.22 

4292515 2 14.80 10.58    

4292515 8 14.46 10.55    

       

4292516 16 33.78 23.25 0.14 2 0.93 

4292516 2 32.63 24.10    

4292516 8 32.84 23.83    

       

4292521 16 25.12 22.09 2.10 2 0.35 

4292521 2 22.74 21.44    

4292521 8 23.06 21.58    

       

(b) Sampling 

rate (sec) 

Number of dives ANOVA   

 mean sd F-value df p-value 

 16 280.33 123.32 0.11 2 0.90 

 2 315.50 141.23    

 8 301.17 130.75    

  



 

 

 

 

146 

 

Supplemental table 2. Description of morphological measurements 

Abbreviation 
Abbreviations from 

Eck et al. (2011) 
Description of measurement 

Mass  measured to nearest 10 g 

Tarsus Tar1 standard tarsus measurement 

Wing  Partially flattened wind-chord 

HB HL standard head-bill 

Culmen Btotcul total length of culmen 

Gape  
Proximal end of the gape line at a 90 angle to the 

axis of the head (from Pyle [2009]) 

Wd BWd Width at distal end of nares 

Wp BWp Width at proximal end of nares 

DG BG Depth at gonys 

Dd Bd Depth at distal end of nares 

DP Bp Depth at proximal end of nares 

Ld BNd Length from distal end of nares to bill tip 

Lp BNp Length from proximal end of nares to bill tip 

 

Literature cited 

Eck, S., Fiebig, J., Fiedler, W., Heynen, I., Nicolai, B., Topfer, T., van den Elzen, R., 

Winkler, R., Woog, F., 2011. Measuring Birds – Vögel Vermessen. Deutsche 

Ornithologen-Gesellschaft, Wilhelmshaven. 

 

Pyle, P., 2009. Age determination and molt strategies in North American alcids. Mar. 

Ornithol. 37, 219-225. 
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SUPPLEMENTARY RESULTS 

TDR results 

Supplemental table 3. Model results for initial GLMMs used for the response variables: 

proportion of dives per hour and the max depth per dive. A predictor variable or 

interaction was deemed significant if its 95% CI did not overlap zero.  

Predictor Estimate 95% CI t-value p-value 

(a) Proportion of dives per hour     

intercept -3.12 -3.20 to -3.03 -73.87 < 0.001 

sex: male -0.11 -0.22 to 0.00 -2.05 0.05 

sin(radian) -0.40 -0.49 to -0.30 -7.98 < 0.001 

cos(radian) -0.52 -0.62 to -0.41 -9.60 < 0.001 

breeding stage: incubation -0.06 -0.15 to 0.03 -1.35 0.18 

sex: male*sin(radian) 1.11 0.97 to 1.24 16.16 < 0.001 

sex: male*cos(radian) 1.20 1.06 to 1.35 16.76 < 0.001 

     

(b) dive depth     

intercept 0.024 0.018 to 0.029 8.35 < 0.001 

breeding stage: incubating 0.017 0.0096 to 0.025 4.50 < 0.001 

sex: male 0.0013 -0.0045 to 0.0072 0.46 0.65 

cos(radian) -0.0010 -0.0024 to 0.0003 -1.51 0.13 

sin(radian 0.0003 -0.0009 to 0.0016 0.52 0.61 

Julian date -0.0004 -0.0019 to 0.0011 -0.50 0.61 

breeding stage: incubating*  

sex: male 
-0.0098 -0.019 to -0.0008 -2.14 0.032 

breeding stage: incubating* 

cos(radian) 
0.0072 0.0039 to 0.010 4.31 < 0.001 

sex: male*cos(radian) 0.0035 0.0019 to 0.0051 4.23 < 0.001 

breeding stage: incubating* 

sin(radian) 
0.0051 0.0025 to 0.0078 3.80 < 0.001 

sex: male*sin(radian) -0.0002 -0.0017 to 0.0014 -0.23 0.82 

breeding stage: incubating*  

sex: male*cos(radian) 
-0.011 -0.015 to -0.0068 -5.10 < 0.001 

breeding stage: incubating*  

sex: male*sin(radian) 
-0.0048 -0.0083 to -0.0012 -2.65 0.008 

(a) Proportion of dives per hour ~ sex*sin(radian) + sex*cos(radian) + breeding stage, 

random = (~1|year/individual ID), family = binomial(link = logit), weights = number of 

dives per individual 
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(b) Dive depth ~ sex*cos(radian)*breeding stage + sex*sin(radian)*breeding stage + 

Julian date, random = (~1|year/individual ID), family = Gamma(link = inverse), 

corrStruct = coARMA 

 

Stable isotope analyses 

Supplemental table 4. (a) 2014: the influence of the interaction of breeding stage and 

sex on stable isotope signatures from 2014 using an ANOVA. (b) 2016: stable isotope 

signatures originating from only individuals with chicks with 5% down. 

(a) 2014      

  F-value df p-value  

δ15N sex 0.06 1 0.81  

 breeding stage 1.48 1 0.23  

 sex*breeding stage 0.32 1 0.57  

      

δ13C sex 0.56 1 0.46  

 breeding stage 0.21 1 0.65  

 sex*breeding stage 0.82 1 0.37  

      

(b) 2016      

 
Female  

mean ± sd 

Male  

mean ± sd 
t-value df p-value 

δ15N 13.84 ± 0.39 13.83 ± 0.16 -0.071 12.9 0.94 

δ13C -19.94 ± 0.13 -19.95 ± 0.1 -0.074 18.97 0.94 
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Supplemental figure 1. Isotopic space (indicated by Standard Ellipse Area) occupied by 

thick-billed murres sampled in 2014. Depending on their breeding stage (a): SEAc was 

similar for incubating an egg (0.29 ‰2) and chick-rearing (0.28 ‰2) birds, with a 

probability of 0.51 that SEAB was larger during incubating than during chick-rearing 

(see Methods for details). Convex hull area was 0.97 ‰2 and 0.57 ‰2 chick-rearing and 

incubating, respectively. Depending on sex when combining all breeding stages (b): 

females had a slightly larger isotopic space than males (SEAc of 0.30 ‰2 and 0.26 ‰2, 

respectively), with a probability of 0.69 that SEAB was larger for females than for males. 

Convex hull area was 0.85 ‰2 and 0.82 ‰2 for females and males, respectively 

 



 

 

 

 

150 

 

 

Supplemental figure 2. Isotopic space (SEAc) of males and females thick-billed murres 

sampled in 2016 and were rearing a chick with <5% down feathers. SEAc area was 0.15 

‰2 and 0.06 ‰2 for females and males, respectively. The convex hull area was 0.12 ‰2 

and 0.25 ‰2 for females and males, respectively. The probability that SEAB was larger 

for females than for males was 0.99. 
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Morphometrics 

Supplemental table 5. ANOVA results from the morphological analyses. All 

measurements are in millimeters except mass which is in grams. 

Character 
Male 

mean  

 

sd  

Female 

mean  

 

sd  
F-value df p-value 

Bonf. 

adj  

p-value 

Mass  

(g) 
941.14 56.92 936.33 45.67 0.14 1, 63 0.71 1 

Wing 

(mm) 
219.14 11.73 217.8 6.06 0.32 1, 63 0.57 1 

Tarsus 

(mm) 
38.08 1.36 36.95 2.1 6.84 1, 63 0.011 0.15 

HB  

(mm) 
103.99 2.64 101.5 1.82 18.85 1, 63 < 0.0001 0.00068 

Culmen 

(mm) 
36.18 1.91 35 1.56 7.29 1, 63 0.0089 0.12 

Lp  

(mm) 
35.95 1.95 35.06 1.36 4.37 1, 63 0.041 0.53 

Ld  

(mm) 
29.87 1.26 29.3 1.47 2.91 1, 63 0.093 1 

Dp  

(mm) 
15.75 0.74 15.24 0.71 7.76 1, 63 0.0071 0.092 

Dd  

(mm) 
15.18 0.6 14.81 0.62 6.05 1, 63 0.017 0.22 

DG 

(mm) 
14.35 0.59 13.98 0.53 6.68 1, 63 0.012 0.16 

Gape 

(mm) 
23.28 1.99 22.61 1.88 1.92 1, 63 0.17 1 

Wp 

(mm) 
12.69 0.64 12.29 0.82 4.91 1, 63 0.03 0.39 

Wd 

(mm) 
10.14 0.89 10.49 0.59 3.39 1, 63 0.07 0.91 
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CHAPTER 5 

SYNTHESIS 

This body of work provides us with new insight into the biology of polar residents and 

the persistence of biological rhythms during the continuous light of polar summer. I 

found that thick-billed murres maintained 24 h rhythmic activity patterns in the absence 

of complete darkness during polar day. Even though diel rhythms in behavior and 

physiology were described in other taxa under these conditions (e.g., Ashley et al., 2013; 

Hau et al., 2002; Steiger et al., 2013), thick-billed murres are an apparently unique 

example of 24 h rhythmicity that is segregated by sex over the diel cycle (cf. Bulla et al., 

2016; Steiger et al., 2013). Thick-billed murres provide a research opportunity that 

decouples activity from a single phase of the geophysical day to investigate persistent 24 

h activity rhythms in relation to the circadian system.  

Over the past five years, I studied mechanisms driving these rhythms at both the 

ultimate and proximate levels. Interesting, and sometimes surprising, results were 

obtained that build upon previous investigations into biological rhythms, sexual 

segregation, and polar environments. First, I made the unexpected observation that the 

melatonin profile of quiescent thick-billed murres exhibited variation that suggests a 

midday rise that coincided with the onset of shade at their breeding sites. This 

observation indicated a plastic melatonin response that, when combined with the 

additionally unexpected result that baseline corticosterone was invariant over the diel 

cycle, may facilitate the benefits of melatonin and sleep, because both melatonin and 

sleep have substantial health benefits (Joiner, 2016; Nath et al., 2017; Pandi-Perumal et 

al., 2006). Second, despite my inability to distinguish if either habitat or social 
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mechanisms caused the observed segregation by sex, the results from chapter four 

suggested that diel vertical migration of prey (‘DVM’) in the water column was occurring 

during polar day, and this would be one of only a few examples of DVM under these 

conditions (e.g., Fortier et al., 2001; Wallace et al., 2010). The inability to discern which 

mode of segregation (habitat vs. social) explained the sexual segregation in thick-billed 

murres allowed a discussion of the application of these hypotheses to this system. Social 

factors seem the most likely cause given the evidence and the colony-specific relationship 

between the sex’s activity rhythms and the diel cycle (e.g., Elliott et al., 2010). However, 

the possibility exists that the ecological variable responsible for the segregation varies 

among colonies, or the behavior is emergent due to complex interactions among different 

factors. The variation of thick-billed murre’s activity patterns among colonies will add to 

the ability to address the ultimate mechanism for their sex-segregated activity rhythms 

and the possibility to understand circadian processes. 

 

Application of findings to anthropogenic activities in Greenland 

Commercial interests in the Arctic are increasing as the prospect of sea-ice free 

periods are expected to increase (ACIA, 2004), and understanding the species that reside 

in these areas can be applied to conserving the resilience of Arctic communities to 

potential anthropogenic influences. By applying the knowledge gained from this research 

to potential commercial activities in Greenland, such as oil and gas exploration, two 

primary points are worth considering. 1) A potential disaster during a specific time of day 

could greatly affect one sex more than the other, affecting the sex ratio of the population 

and the subsequent demographic structure of the affected colony. 2) Thick-billed murres’ 
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persistence in the region can be indirectly affected by negative events on their prey, 

which could also disproportionately influence one sex, owing to the potential for sex-

specific diet during chick-rearing. Therefore, timing of anthropogenic events during the 

diel cycle could have substantial effects on the population structure of thick-billed murres 

residing in Greenland. 

 

Conclusions 

Thick-billed murres provided an interesting and complex system in which to study 

biological rhythms and a window into the Arctic marine ecosystem that is increasingly 

under human influence. A better understanding of their ecology and physiology will 

assist in conservation efforts and sustainable use in the region. The discovery that they 

have antiphase, sexually segregated rhythms during the continuous light of polar day will 

provide a unique system, akin to a natural experiment, to study causes and consequences 

of biological rhythms and circadian processes. Thick-billed murre’s segregated rhythms 

added another example to the diversity of diel activity patterns described for polar 

vertebrates, and this research attempted to address the proximate and causal mechanisms 

underlying this specific example of rhythmic behavior. Many difficulties were 

encountered, but the uniqueness of the system provided substantial contributions to our 

understanding of the flexibility of the physiology associated with the circadian system 

and to the understanding of possible ultimate factors that are responsible for the evolution 

of rhythmic behavior.  
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APPENDIX A 

INFLUENCE OF ACTIVITY TYPE ON MELATONIN LEVEL FROM SAMPLES 

COLLECTED IN 2017 AND PRESERVED IN ETHANOL 

 

In 2017, the measurements to validate the two preservation methods for melatonin were 

different (preservation method: ethanol = 5.3 ± 0.19 log(pg/mL), frozen = 3.51 ± 0.27 

log(pg/mL), [Wilcoxon signed-rank test] V6,6 = 21, p = 0.03). The 2017 data for 

melatonin were not considered further for inclusion in the main product, leaving only 

data from quiescent birds captured in 2014 that were incubating and brooding.  

Provisioning (N = 12) and brooding (N = 14) birds differed in mean melatonin level 

(provisioning = 119.77 ± 92.57 pg/mL, brooding = 200.52 ± 48.16 pg/mL; two-sample t-

test: t15.97 = -2.72, p = 0.02; Fig. A1). 

Figure A1. Box and whisker plots of 

melatonin level between individuals 

that are actively provisioning and 

brooding chicks. Boxes are bound by 

the first and third quartiles; horizontal 

bars represent the median; and whiskers 

represent the smallest or largest 

measurement within 1.5x the 

interquartile range. The * and line below it indicates a significant difference (p = 0.02) 

between groups. Circles and triangles represent individual measurements.  
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APPENDIX B 
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Retrieved from: https://royalsociety.org/~/media/journals/author/Royal-Society-Licence-

to-Publish-02102017.pdf?la=en-GB (accessed 29 March 2018) 

 

Relevant sections to the inclusion and republication of Chapter One are italicized, 

underlined, and in bold font. 

 

Licence to Publish   

 Notice: You are the person first named under the heading ‘My Authors’ at stage 3 of the 

online process to ‘Submit a Manuscript’ (referred to as “You/Your”). We are the Royal 

Society, a body incorporated by royal charter, with its place of business at 6-9 Carlton 

House Terrace, London SW1Y 5AG (referred to as “We/Us/Our”).  

You have indicated Your intention to upload the article more fully detailed at stage 1 of 

the online submission process (the “Article”) to be considered for publication by Us. In 

order to publish Your article We need You to grant Us a licence to publish. This licence 

also sets out Your rights regarding use of Preprints, Author Generated Postprints and the 

Definitive Published Version of the Article (as defined below). Please read the terms of 

this licence carefully before uploading the Article. Clicking on the button marked ‘Yes’ 

next to the question “Do you accept the terms and conditions of the Royal Society’s 

Licence to Publish?” at stage 5 of the online submission process will be taken as 

assurance that You have read, agree to grant and have the right to grant this licence. 



 

 

 

 

159 
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“Preprints” - the un-refereed version of the Article;  

“Author Generated Postprint” - Your personal copy of the revised version of the Article 

as accepted by Us;  

“Definitive Published Version” - the citable version of the Article produced by Us after 

peer review, copy editing and print and electronic production.  

1. By clicking the button marked ‘Yes’ next to the question “Do you accept the 

terms and conditions of the Royal Society’s Licence to Publish?” at stage 5 of the 

online submission process, and uploading the Article, You grant to Us for the full 

term of copyright in the Article and any extensions thereto the exclusive right 

throughout the world to edit, adapt, translate, publish reproduce, distribute and 

display the Article in printed, electronic or any other medium and format whether 

now known or yet to be developed; you agree to publish associated supplementary 

material under a CC-BY licence; and  

2. You warrant to Us that:  

a) the Article is Your original work, has not previously been published and is not 

currently under consideration for publication by any other entity;  

b) in the case of a multi-authored Article, You have obtained written authorisation from 

all the co-authors of the Article (if any) to grant this licence to Us on their behalf as their 

agent, and You will supply a copy of the same to Us if We so request;  

c) where any copyright material has been included in the Article which has been sourced 

from third parties (eg illustrations, photographs, charts or maps), You have obtained all 
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necessary written authorisations for the reproduction and distribution of these materials 

as part of the Article throughout the world, in all languages and in all media and formats 

whether now known or yet to be developed and You will supply a copy of the same to Us 

if  We so request;  

d) if copyright in the Article is owned by any third party, whether Your employer or 

someone to whom You have assigned Your rights, You have obtained written 

authorisation from such copyright owner to grant this licence to Us on their behalf as 

their agent and will supply a copy of the same to Us if We so request; and  

e) the Article does not contain anything which is obscene, defamatory, libellous, 

infringes any right of privacy or any intellectual property right (including without 

limitation rights in patents, copyright or trade marks) or any other rights of any person or 

entity, or is otherwise unlawful.    

3. You assert Your moral right to be identified as the Author or co-author of the 

Article (as applicable). If Your Article is published, We will provide You with a 

PDF copy of the published Article.  

4. If You decide to make the Definitive Published Version of the Article open 

access, this will be under a Creative Commons BY licence.  

 

You shall pay to Us the relevant fee and We shall make the Article so available 

from the later of the date of receipt of the relevant fee or the date of first 

publication of the Article.  
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You warrant to Us:  

in the case of a multi-authored Article, You have obtained written authorisation from all 

the co-authors of the Article (if any) to grant a CC-BY licence to Us on their behalf as 

their agent, and You will supply a copy of the same to Us if We so request;  

where any copyright material has been included in the Article which has been sourced 

from third parties (eg illustrations, photographs, charts or maps), You have; either 

obtained all necessary written authorisations for the reproduction and distribution of these 

materials to grant a CC-BY licence to Us and You will supply a copy of the same to Us if 

We so request; or clearly indicate that material which is not under a CC-BY licence.  

if copyright in the Article is owned by any third party, whether Your employer or 

someone to whom You have assigned Your rights, You have obtained written 

authorisation from such copyright owner to grant a CC-BY licence to Us on their behalf 

as their agent and will supply a copy of the same to Us if We so request.  

5. You retain copyright in the Article. However, You authorise Us to act on Your 

behalf to defend Your copyright in the Article should anyone infringe it, and to 

retain half of any damages awarded after deducting Our costs.  

6. You retain the right to use the Article in the following ways, provided that you 

acknowledge the Definitive Published Version of the article by placing the full 

bibliographic reference and URL of the relevant journal homepage close to the 

title of the Article:  

a) In relation to the Preprint, Author Generated Postprint and Definitive Published 

Version of the Article, You are free to: make copies for Your own personal use; use the 

Article for the internal teaching purposes of Your own institution or company; and make 
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and distribute copies (including through e-mail) of the Article to research colleagues, for 

personal use by such colleagues on a non-commercial, non-systematic basis.  

b) In relation to the Preprint version only, You are free to post it on web sites, including 

electronic preprint servers.  

 

When the Definitive Published Version of the article is published the Author must 

acknowledges it by placing the full bibliographic reference and URL of the relevant 

journal homepage close to the title of the Article.  

 

c) In relation to the Author Generated Postprint only, You are free to: post it on Your 

personal or institutional web site and load it onto your institutional or subject repository 

once accepted for publication; use it in printed compilations of Your work subsequent to 

publication of the Definitive Published Version of the Article, expand the Article into 

booklength form, and/or otherwise re-use portions of the Author Generated Postprint of 

the Article in other works. You are also free to present the Article at a meeting or 

conference and to disseminate copies of such Article to the delegates attending such 

meeting or conference and/or to use the Author Generated Postprint in a thesis or 

dissertation (provided that this is not to be published commercially).  

7. You agree to indemnify Us and keep Us indemnified against all losses, costs and 

expenses (including legal costs and expenses) arising from any claims made 

against Us by third parties concerning the authorship of the Article, the right to 

publish the Article or the infringement of any third party’s rights.  
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9. No change or modification of this licence will be valid unless confirmed in 
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10. Failure or delay by Us to exercise any right or remedy under this Agreement shall 

not be deemed to be a waiver of that right or remedy, or prevent Us from 
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