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1.0 Abstract 11 

Southern hemisphere humpback whales have evolved energetically demanding capital breeding 12 

and migratory life-history behaviours. It has been hypothesised that not all individuals of a 13 

population participate in the seasonal migration each year, or only undertake partial migrations. 14 

Given the cost of migration and reproduction, we explored the possibility that specifically, not all 15 

mature females participate in the seasonal migration every year, or significantly delay or shorten 16 

their migration, in response to poor feeding conditions. That is, females must attain a minimum 17 

threshold of accumulated energy reserves to commit to a reproductive event that likely occurs as 18 

a product of mating during migration.  With a 1:1 male to female birth ratio, yet a male bias 19 

observed along the main migratory corridor; this study utilised inter-annual migratory cohort sex 20 

ratios to explore their potential to serve as measures of population fecundity, as a function of 21 

ecosystem health. The sex ratios of randomly biopsied adult humpback whales, sampled at a 22 

defined location and set time-points along the main migratory corridor from 2008 to 2016 were 23 

investigated. Northward migration sex ratios in 2009, 2014 and 2016 revealed a lower male bias 24 

suggesting good female participation in the migration and therefore apparent optimal 25 

provisioning during the two preceding summers. By contrast, the 2011 southward migration, 26 

revealed the highest male bias recorded of 5.75:1. Southward migration sex ratios were found to 27 

oscillate closely with measures of population adiposity, a sentinel parameter employed for long-28 

term surveillance of the Antarctic sea-ice ecosystems under the Southern Ocean Observing 29 

System-endorsed Humpback Whale Sentinel Program. Anomalously poor humpback whale body 30 

condition recorded in 2011 was attributed to poor Antarctic feeding conditions during the 31 

extreme La Niña event of 2010/11. These findings lend support for the application of migratory 32 

cohort sex ratios, standardised by time and location, as a measure of relative inter-annual 33 
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population fecundity. This work therefore contributes a new non-lethal tool for the study of 34 

population health, as a function of ecosystem productivity, and facilitates the inclusion of 35 

fecundity as a sentinel parameter into long-term Antarctic ecosystem surveillance under the 36 

Humpback Whale Sentinel Program.   37 

Key Words 38 

Southern Hemisphere Humpback Whales; Antarctic Sea-ice Ecosystem; Sentinel Parameter; 39 

Fecundity; Energetic Health; Population Dynamics; Migration; Climate; Trends 40 

  41 
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2.0 Introduction 42 

Southern hemisphere (SH) humpback whales (Megaptera novaeangliae) undertake some of the 43 

longest migrations known for any mammal on the planet, moving seasonally between Antarctic 44 

summer feeding grounds and equatorial winter breeding grounds (Rasmussen et al., 2007). This 45 

extreme migratory life-history allows these populations to exploit the seasonal productivity of 46 

the Antarctic sea-ice ecosystem whilst also satisfying the physiological needs of new-born 47 

calves, born without a substantial blubber layer, and therefore the ability to adequately 48 

thermoregulate (Bengtson Nash, 2018). The preference of mothers and calves, returning from the 49 

breeding ground, for warm shallow waters, facilitates effective nursing and energy conversion to 50 

body mass (Bengtson Nash and Castrillon, 2017, Bejder et al., 2019) and therefore optimal calf 51 

development and survivorship (Corkeron and Connor, 1999, Rasmussen et al., 2007).  52 

 53 

Humpback whales are ‘capital breeders’, meaning they fuel the cost of breeding and migration 54 

with energy stores accumulated during intensive summer feeding (Eisenmann et al., 2016, 55 

Bengtson Nash et al., 2013). Reproductive investment in mammals is especially costly, and 56 

encompasses energy allocation to: competitive breeding behavior, gestation, parturition, lactation 57 

and parental care (Gittleman and Thompson, 1988, Castrillon and Bengtson Nash, Accepted). 58 

Maternal investment towards their young is greatest during lactation (Yasui and Gaskin, 1986, 59 

Lockyer, 1987, Lockyer, 2007, Oftedal, 1997, Gittleman and Thompson, 1988). Amongst baleen 60 

whale species, humpback whales have the longest lactation period (11-12 months); lasting three 61 

months longer than any other baleen whale species and thus coming at greater energy 62 

expenditure (Chittleborough, 1958, Lockyer, 1984). Unsurprisingly, females are estimated to 63 

lose as much as 25 to 50% of their post-feeding body mass during a reproductive season 64 
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(Lockyer, 1981). As such, it is critical that particularly mature females acquire sufficient energy 65 

reserves prior to migration and reproductive investment. Not only are adequate energy reserves 66 

necessary for the mother’s survival, but the body condition of mothers has been found to carry 67 

direct consequences for the size and survivorship of offspring in numerous marine mammal 68 

species (Huang et al., 2011, Lunn and Boyd, 1993, Castrillon and Bengtson Nash, Accepted). 69 

Indeed, in times of nutritional stress, marine mammals may forego reproduction or restrict 70 

maternal investment. This has most frequently been evidenced in pinnipeds (Maniscalco and 71 

Parker, 2017). For example, in a study of Antarctic fur seals (Arctocephalus gazellaon), lower 72 

pup weights were found to be associated with a decline in maternal body condition, resulting in a 73 

significant percentage of pup mortalities (Lunn and Boyd, 1993).  In the case of Southern Ocean 74 

foraging baleen whales,  research concerning southern right whales (Eubalaena australis) found 75 

a positive correlation between krill densities in the known feeding area of the study population, 76 

and the number of calves recorded in a season (Seyboth et al., 2016).  Similarly, right whale 77 

maternal body condition has been found to influence calf growth (Christiansen et al., 2018). An 78 

individual female’s foraging success and body condition therefore has direct implications for her 79 

reproductive success and population fecundity.  80 

 81 

As with most other cetaceans, calving years in humpback whales have been presumed to be 82 

interspersed with years of nursing, replenishment of energy reserves, and a new pregnancy 83 

(Kraus et al., 2001, Knowlton et al., 1994, Miller et al., 2011), although an annual reproductive 84 

cycle has recently been observed in some SH humpback whales (Pallin et al., 2018, Barendse et 85 

al., 2013). Barlow and Clapham (1997) produced a demographic model that estimated the mean 86 

calving interval of northern hemisphere humpback whales to be 2.4 years, though ranging from 87 
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one to more than five years (Baker et al., 1987). If mature female humpback whales are not 88 

consistently expected to produce a calf every year, this brings into question the participation of 89 

non-reproducing females in the energetically costly seasonal migration. Whilst it is clear that if a 90 

female is pregnant, the annual migration is essential for calf survival (Chittleborough, 1958, 91 

Seyboth et al., 2016), much uncertainty remains surrounding the timing and frequency of 92 

migratory participation of individual females, and more broadly, the proportion of the population 93 

as a whole that undertakes the annual migration from year to year. Specifically, it would seem 94 

plausible that certain demographic groups, such as juveniles or non-pregnant females that have 95 

recently weaned a calf, may forego or substantially delay or shorten the annual migration in 96 

favour of conserving and re-/building their energy reserves. Recently, immature individuals have 97 

been observed to make up a significant proportion of the rapidly expanding South Pacific 98 

humpback whale migratory cohorts (Riekkola et al., 2018, Franklin et al., 2017), suggesting a 99 

social role or maternally directed philopatry associated with the migration event (Franklin et al., 100 

2017). Nonetheless, a number of data from multi-disciplinary fields of research have indeed 101 

provided clues that some individuals of the population may forego the full annual migration.  102 

 103 

In 2013, Van Opzeeland et al. (Van Opzeeland et al., 2013) reported acoustic recordings that 104 

evidenced the presence of humpback whales in coastal Antarctic waters throughout the austral 105 

winter, a time when it is presumed that individuals would seek lower latitudes. Further, whilst 106 

the fetal sex ratio of humpback whales has been found to correspond to 1:1 at birth 107 

(Chittleborough, 1965),  (Brown et al., 1995) found that the sex-ratio of migrating humpback 108 

whales along the main migratory corridor of southeast Queensland was highly skewed towards 109 

males, revealing an average male to female ratio of 2.4:1 across the entire migration season 110 
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(May-October). Similar results were also reported from commercial whaling data which found 111 

sex ratios to be occasionally skewed slightly towards females in the feeding grounds, but skewed 112 

towards males on migratory paths near the breeding grounds (Omura, 1953, Chittleborough, 113 

1965), leading the authors to suggest that 50% of females do not undertake the annual migration.  114 

 115 

It is hypothesized that on account of the considerable energetic demands on female humpback 116 

whales for a successful reproductive event, individuals must “decide” in the late summer whether 117 

to commit to the migration. Whilst it is clear that pregnant females must migrate to reach optimal 118 

calving grounds, the oestrus cycle of humpback whales remains cryptic (Dalle Luche et al., 119 

Accepted). Mating may theoretically occur in the Antarctic feeding grounds, although with a 120 

gestation period close to a year, and no physiological evidence of delayed implantation in the 121 

species, it is favorable for females to fall pregnant during the winter months. Further, the 122 

migration journey itself, and the competitive displays by males along the journey, are likely 123 

employed by females to select the strongest mate (Tyack and Whitehead, 1983).  124 

 125 

Under the partial population migration hypothesis, the seasonal migratory cohort would be made 126 

up of pregnant females, non-pregnant females that have accumulated sufficient energy reserves 127 

to commit to reproduction, accompanying yearlings/juveniles, and sexually mature males. The 128 

most dynamic component of the inter-annual migratory cohort therefore, is the number of 129 

migrating females. This component will in turn be influenced by the foraging success and energy 130 

reserves acquired by females during the two summers prior to migration (currently pregnant), 131 

and of the summer immediately preceding migration (preparation for pregnancy). In this manner, 132 

the sex ratio of the migratory cohort may provide information about relative, inter-annual 133 
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population fecundity as a function of female foraging success and the productivity of the 134 

Antarctic sea-ice ecosystem in their corresponding feeding ground.  135 

 136 

In investigating this hypothesis it is important to consider a number of factors known to 137 

influence observed sex-ratios along the migration corridor. Notably, timing and location of 138 

observations will carry a significant impact on the sex ratios observed. Staggered migrations of 139 

different demographic groups are known to result in measurable temporal variation 140 

(Chittleborough, 1965). Immature individuals and non-pregnant females arrive on the breeding 141 

ground early in the season, followed my mature males and finally pregnant females 142 

(Chittleborough, 1965). The return journey to Antarctic feeding grounds is similarly subject to 143 

sex-specific behavioral influences. Predominantly females and immature individuals may divert 144 

from the main migratory corridor to utilize resting stop-offs, leading to a female bias in these 145 

locations (Franklin et al., 2017). Similarly, feeding stop-offs have been found to present a female 146 

bias (Barendse et al., 2010).  147 

 148 

Controlling for these influencing factors through standardisation of observations, both in time 149 

and at a set location on the main migratory corridor not associated with either feeding nor resting 150 

may pave the way for application of the migratory sex ratio as a measure of fecundity, a “sentinel 151 

parameter” of ecosystem health. The theory of using marine predators as sentinels of ecosystem 152 

health is not a new concept but can only be employed when specific indicators or sentinel 153 

parameters are identified as being sufficiently sensitive to detect an observable environmental 154 

change (Bengtson Nash et al., 2018), and can be confidently measured. Recently, SH humpback 155 

whales were implemented for long term surveillance of the Antarctic sea-ice ecosystem under 156 
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the Southern Ocean Persistent Organic Pollutants Program (SOPOPP), using population 157 

adiposity and diet as sentinel parameters (Bengtson Nash et al., 2018). Fecundity of SH baleen 158 

whales is known to be heavily influenced by krill availability (Seyboth et al., 2016). This study 159 

therefore sought to investigate whether population fecundity, as indicated by the migratory 160 

cohort sex ratio across 9 years, would reveal a similar trend to the other sentinel parameters 161 

employed under the SOPOPP Humpback Whale Sentinel Program (HWSP), thereby lending 162 

support for the implementation of this measure into long-term surveillance of the Antarctic sea-163 

ice ecosystem. 164 

 165 

3.0 Materials and Methods 166 

3.1 Sampling Method  167 

Skin samples were obtained from free-swimming humpback whales by remote biopsy, as 168 

described in detail elsewhere (Waugh et al., 2011).  Animals were sampled on their annual 169 

migration as they passed North Stradbroke Island, south-east Queensland, Australia (27o26S, 170 

153o34E) (Figure 1). Individuals utilizing this migratory corridor are associated with breeding 171 

stock E1, as categorized by the International Whaling Commission (Gales, 2011). Samples were 172 

collected from 2008 to 2016 at one of two seasonal time points. These time points were 173 

categorized as: (1) Northward migration, i.e. individuals arriving from Antarctica on their way to 174 

the breeding ground (sampling took place the last 2 weeks of June/first 2 weeks of July), or (2) 175 

Southward migration, i.e. individuals returning from the breeding ground 3 months later in the 176 

year (sampled during the last 2 weeks of September/first 2 weeks of October). All sampling was 177 

conducted under the approval of The University of Queensland and Griffith University Animal 178 
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Research Ethics Committee (GU Ref No: NRCET/309/08/SBN, NRCET/273/07/SBN, 179 

ENTOX/207/09/SBN, ENV/17/10/AEC, ENV/10/15/AEC).  180 

 181 

Figure 1  Map depicting the migration route of the E1 breeding stock between Antarctic 182 

feeding area V and the east coast of Australia. The insert and outlined area depicts the regional 183 

area off North Stradbroke Island where sampling for the study took place  184 

 185 

3.2 Sample Selection 186 
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This study utilized sexed samples collected from 2008 to 2016.  Only samples that were 187 

considered to be collected through random sampling of adult individuals, that is ‘first pod 188 

encounter’ when travelling in the opposite direction to the whales’ direction of travel, were used 189 

in this work (full list of samples provided in Table S2). On this basis, the southward migrations 190 

of 2008 and 2009 were excluded as researchers were targeting males during these field events 191 

and did not sample pods with accompanying calves. In order to minimize the possibility of repeat 192 

sampling of the same individual, no more than half the number of individuals in a pod were 193 

targeted. A total of 264 sexed biopsies from both northward and southward migrations were used 194 

for this study.   195 

 196 

3.3 DNA Extraction  197 

Genomic DNA (gDNA) was extracted using a GenElute™ Mammalian Genomic DNA Miniprep 198 

Kit (Sigma-Aldrich, Sydney, Australia) according to manufacturer’s protocols. In brief, prior to 199 

gDNA isolation, finely sliced 25 mg of frozen humpback whale skin/blubber tissue was agitated 200 

in proteinase K solution (50 mg/mL) and manufacturer’s lysis solutions at 65 °C for 24 hours, 201 

and an additional 10 minutes at 70°C, as per manufacturers specifications. The resulting lysate 202 

containing gDNA was prepared for binding to silica binding columns and washed before eluting 203 

purified gDNA with 200 µL of 10mM Tris-HCl, 0.5 mM EDTA, (pH 9.0). The DNA 204 

concentration (ng/µL) and purity was quantified by Nanodrop, Spectrophotometer ND-1000. 205 

 206 

3.4 DNA Amplification 207 

Approximately 50-80 µg of DNA was used per reaction for amplification with PCR (BioRad 208 

C1000™ Thermal Cycler). Each reaction comprised of 0.25 µL GoTaq® Hot Start DNA 209 
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Polymerase (1.25 U), 10 µL 5 × Go Taq® Flexi buffer (1X),  3 µL MgCl2 (2.5 mM) (Promega 210 

Corporation, Sydney, Australia), 1 µL dNTP mix (10mM) (Invitrogen, Sydney, Australia), and 1 211 

µL of oligonucleotides sequences specific to ZFY/ZFX DNA regions (0.1-1.0 µM), as 212 

previously published (Palsboll et al., 1992) and detailed in Table S1. The final reaction volume 213 

of 50 µL was made up with DEPC treated water (Invitrogen, Sydney, Australia). The following 214 

PCR conditions were used: 2 minute initial denaturation step at 94 – 95 °C, 1 minute annealing 215 

step at 60 °C, 4 minute extension step at 72 °C (35 cycles) and a final 5 minute extension at 72 216 

°C.  217 

 218 

3.5 Sex Determination by Restriction Endo-nuclease Digestion  219 

The amplified product was cut with Taq1 restriction enzyme (ThermoFisher, Australia) at 60°C 220 

for 1 hour. Bands specific to ZFY (two bands, 621 and 439 bp long) and ZFX (one band 439 bp 221 

long) were compared with phiX174 HaeIII digested lambda DNA marker on 2% Agarose gel 222 

(Bio Rad Laboratories, Inc.) stained with 1 µL RedSafe (Nucleic Acid Staining Solution from 223 

Thermo fisher Scientific).  (Thermo fisher Scientific) A BioRad PowerPac™ Basic 300V I 224 

400mA I 75 W, was used to run the gel at 100 volts for 45 min. The completed gel was viewed 225 

using a BioRad Molecular Imager® Gel Doc™ XR+ with Image Lab™ Software. 226 

 227 

3.6 The Inverse Adipocyte Index (AI-1) 228 

Sex ratios were compared against population energy reserves or ‘adiposity’ as evaluated by 229 

application of the inverse Adipocyte Index (AI-1) (Table S3).   The AI is a histological measure 230 

of the relative adipocyte area in the outer blubber layer (Castrillon et al., 2017). It is based on the 231 

principal that very early on in mammalian development, the number of adipocytes that an 232 
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individual develops is set. Any fluctuations in energy stores can therefore be attributed to an 233 

increase or decrease in the size of individual adipocytes (Faust et al., 1978). The AI is quantified 234 

as the intervacuolar space relative to adipocyte area, in such a way that animals with lower 235 

energy reserves receive a higher AI (Castrillon et al., 2017). In order to make the measure more 236 

intuitive, that is that a higher index indicates better energetic reserves, the inverse AI (AI-1) was 237 

applied.  AI measures from the early part of the record (2008-2013), have previously been 238 

verified against another Program sentinel parameter of adiposity, namely outer blubber persistent 239 

organic pollutant (POP) concentrations (Bengtson Nash et al., 2018). In this study, POP 240 

measurements and AI showed a direct correlation to each other and hence only AI measures have 241 

been applied in the current work and additional AI measures incorporated for the latter part of 242 

the timeline (2014-2016).  243 

 244 

3.7 Statistics and Data Analysis 245 

A linear regression was performed for the two parameters of AI and the % of females in the 246 

migratory cohort for presentation of data. 247 

 248 

4.0 Results  249 

A total of 264 confirmed sex samples were utilised, biopsied from 4 northward and 4 southward 250 

migration events spanning 9 years and representing 178 males and 86 females. The northward 251 

migration biopsies were obtained in 2008, 2009, 2014 and 2016. Using Brown et al.’s recorded 252 

northward migration sex ratio of 2.6:1 as a point of reference, higher female participation in the 253 

migration was observed through the northward migrations of 2009 (2.00:1), 2014 (1.53:1) and 254 
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2016 (1.35:1) (Table 1; Figure 2; Table S2). By contrast lower female participation was observed 255 

during the northward migrations of 2008 (3.50:1).  256 

 257 

Southward migration biopsies were collected in 2011, 2013, 2015 and 2016.  A slightly elevated 258 

female ratio, compared to the northward migration, is expected on the southward migration due 259 

to the slower, and more conspicuous travel of pods with accompanying calves. This was 260 

previously reported by (Brown et al., 1995) who found a 2:1 male:female ratio in southward 261 

migrating cohorts, compared to the 2.6:1 ratio for the northward migration. This was also 262 

demonstrated in the current study for 2016 where both northward and southward sampling was 263 

undertaken (2.25:1 on southward versus 1.35:1 on the northward). With this in mind, 2015 264 

(1.95:1) appeared a strong year for females. Similarly, 2013 and 2016 approached the previously 265 

reported 2.1:1 male:female ratio at 2.44:1 and 2.25:1 respectively. Finally, 2011 appeared as an 266 

anomalous dip in female migration participation (5.75:1) (Table 1; Figure 3; Table S2).   267 

 268 

The average population AI ranged from 1.26 on the southward migration of 2011 to 3.89 on the 269 

northward migration of 2008, with an average AI across all migrations recorded (n=8) of 2.74. 270 

Although it was not possible to calculate the significance of the relationship between the sex 271 

ratio and AI-1 from just four paired data points in the linear regressions performed, a positive 272 

relationship trend was suggested in the southward data (Figure 3), primarily driven by the 273 

anomalous 2011 year. 274 

275 
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Table 1 Migratory cohort male: female ratios, where ‘*’ indicates a sampling event 276 
excluded in this study due to conscious male-biased sampling, and ‘-‘ indicates a migratory event 277 
not captured in the timeline. 278 
 279 
Migration 

Year 

 Ratio 

 Sample Size (n) Northward Migration 

(NM) 

Southward Migration 

(SM) 

  (Male: Female) 

2008 27 3.50: 1 * 

2009 12 2.00: 1 * 

2010  - - 

2011 27 - 5.75: 1 

2012  - - 

2013 31 - 2.44: 1 

2014 38 1.53: 1 - 

2015 62 - 1.95: 1 

2016 54 (NM); 13 (SM) 1.35: 1 2.25: 1 

 280 

  281 
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Figure 2 Sex distribution of northward migrating cohorts, presented along with the average 282 

population inverse adiposity index (AI-1) of the migrating cohort. The AI-1 is a histological 283 

measure of relative adipocyte size where a higher index indicates an animal in better body 284 

condition.   The horizontal red lines indicate a) solid line - the historical 2.6:1 Male:Female 285 

migratory ratio reported by (Brown et al., 1995), in the same location for northward migrating 286 

cohorts and, b) dashed line – parity.  287 
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 289 

Figure 3 Sex distribution of southward migrating cohorts, presented along with the average 290 

population inverse adiposity index (AI-1) of the migrating cohort. The AI-1 is a histological 291 

measure of relative adipocyte size where a higher index indicates an animal in better body 292 

condition.   The horizontal red lines indicate a) solid line - the historical 2.1:1 Male:Female 293 

migratory ratio reported by (Brown et al., 1995), in the same location for southward migrating 294 

cohorts and b) dashed line – parity.  295 
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5. 0 Discussion 296 

Given the substantial energetic cost to female humpback whales for a successful reproductive 297 

event, it was hypothesised that relative sex ratios on the migration path, at a set location and 298 

time-points, may serve as an indicator of ecosystem productivity in the associated feeding 299 

ground. Under this hypothesis, the relative inter-annual sex ratio would reflect the number of 300 

mature females within the population that had, over the past two austral summers, accumulated 301 

the threshold energetic reserves required to commit to a reproductive event, and indirectly 302 

therefore, would provide insight into inter-annual population fecundity.   303 

 304 

In order to evaluate this, the migratory sex ratios were established across 9 years and eight 305 

separate migration events. These in turn were evaluated against the established humpback whale 306 

sentinel parameter of adiposity. The inter-annual variability, and the long-term trend, of 307 

migratory sex-ratios for this location and these time points are unknown. The 1992 study by 308 

Brown et al. (Brown et al., 1995), is however useful as a historical comparison as measurements 309 

of sex ratio were made across the entire migration season in the corresponding geographical 310 

location to this study. Reference to these historical measures are therefor made in discussion of 311 

current findings. 312 

 313 

Despite a slightly higher anticipated female ratio on the southward migration, due to the slower 314 

and more conspicuous nature of travel of pods with accompanying calves, the most dramatic 315 

results throughout this study were observed on the southward migration of 2011. This migration 316 

event captured a strongly male biased sex ratio of 5.75:1, compared to the historical 2.1:1 ratio 317 

reported in the same location during the southward migration by Brown et al. in 1992 (Brown et 318 
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al., 1995), and consistently lower ratios measured within our own timeline. The unusually low 319 

proportion of migrating females corroborates the findings of (Bengtson Nash et al., 2018), who 320 

found 2011 to be an anomalously poor year in terms of whale adiposity and concluded that sub-321 

optimal feeding conditions throughout the extreme La Niña event of 2010/11 were reflected in 322 

this sentinel parameter. Notably, a recent study by Pallin et al (2018) (Pallin et al., 2018) into the 323 

fecundity of SH humpback whales foraging in the western Antarctic Peninsula region, found the 324 

lowest proportion of pregnant females occurred in 2010 and 2011 (36.36 and 45.45% 325 

respectively), across a 7-year timeline from 2010 to 2016.  326 

 327 

By contrast then, years that approach a 1:1 male:female ratio should be viewed as years of 328 

optimal summer provisioning in the 2 preceding  austral summers, as more females attained 329 

sufficient energy reserves to fund migration and reproduction. In our captured timeline, the male 330 

to female sex ratios of the northward migrations of 2014 and 2016 approached parity at 1.53:1 331 

and 1.35:1 respectively. The associated adipocyte measures tended towards the mean for all 332 

migrations at 2.62 and 2.95 respectively, reflecting good energy reserves for this stage of 333 

migration.  Notably, the highest proportion of pregnant females in the western Antarctic 334 

Peninsula feeding ground were also recorded for 2014 and 2016 (86.27 and 63.53% respectively) 335 

(Pallin et al., 2018).   336 

 337 

Findings of the current work therefore corroborate both long-term surveillance of the Antarctic 338 

ecosystem using humpback whales as a sentinel species (Bengtson Nash et al., 2018), as well a 339 

recent work into the pregnancy rates of SH humpback whales foraging in the western Antarctic 340 

Peninsula region (Pallin et al., 2018). These supporting findings affirm the close connection 341 
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between regional climatic conditions and ecosystem productivity, humpback whale foraging 342 

success, adiposity and ultimately female fecundity, underscoring the potential of the latter to 343 

serve as a sensitive sentinel parameter of ecosystem health.   344 

 345 

The findings of the current study further provide important new information regarding the 346 

population migratory patterns of SH humpback whales. It has been postulated that not all 347 

individuals of a population migrate every year, or undertake only partial migrations, however 348 

only few data have been presented in support of this theory (Van Opzeeland et al., 2013, Brown 349 

et al., 1995).  Here we present inter-annual data, spanning 9 years, regarding the sex ratio of 350 

randomly biopsied adult whales, standardised by location and time point to control for the known 351 

staggered migration of reproductive cohorts and age groups of these populations. These control 352 

measures do not exclude the possibility that lower measured female participation in the 353 

migration through this sampling design is not reflective of delayed or abbreviated migration by 354 

females rather than a missed migration. Indeed, (Chittleborough, 1965) report observed 355 

parturition as far south as Albany. Nonetheless, the driver behind such a delay or higher latitude 356 

migration terminus is similarly theorized to be driven by acquired energy reserves prior to 357 

migration.  358 

 359 

Male to female ratios ranged from 1.35:1 to 3.75 on the northward migration and 2.25:1-5.75:1 360 

on the southward migration. High relative levels of female participation in the migration, and 361 

therefore inferred population fecundity, observed through 2014, 2015 and 2016 is supported by 362 

both high pregnancy rates (Pallin et al., 2018) and the high rate of post-whaling recovery of 363 
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several SH humpback whale reported in recent years (Bejder et al., Noad et al., 2008, Riekkola et 364 

al., 2018).  365 

 366 

 367 

 368 
6. 0 Conclusions 369 
 370 
The results from this study support the application of relative migratory sex ratios, standardised 371 

by location and time-point, as an indirect measure of relative, inter-annual SH humpback whale 372 

fecundity. The work therefore contributes a new non-lethal tool for the study of population 373 

health, as a function of ecosystem productivity, and facilitates the inclusion of fecundity as a 374 

sentinel parameter into long-term Antarctic ecosystem surveillance under the HWSP.   375 

 376 

The work further provides valuable new information to a poorly understood area of SH 377 

humpback whale population ecology, namely inter-annual migratory participation. The findings 378 

of the current study suggest that not all mature females participate in the full annual migration, or 379 

delay migration, in response to foraging success. Further, the proportion of females that 380 

implement such strategies is highly variable from year to year. Application of AI measures 381 

alongside steroid hormone analysis would provide further indications of implications of female 382 

body condition for female fecundity, whilst new drone and acoustic applications in the Southern 383 

Ocean over winter months may serve to further qualify current theory on non-participation in 384 

winter migrations.  385 
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