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Abstract 

Management of cetacean populations is a global conservation concern. The North 

Pacific humpback whale (Megaptera novaeangliae) in Canada is listed as threatened 

under the Species At Risk Act, and prey reduction has been identified as a threat to this 

population. I used focal follows of humpback whales and underwater video of herring 

schools to estimate Pacific herring (Clupea pallasi) consumption by humpback whales in 

eastern Queen Charlotte Strait, British Columbia. I combined these results with a 

bioenergetic model to estimate sex- and age-specific annual energetic requirements of 

humpback whales to determine the proportion of these requirements that are met by 

herring. Non-reproductive female, pregnant female, and juvenile and adult male 

humpbacks met over 50% of their estimated energetic requirements by feeding on 

herring, while juvenile and lactating females met between 25 and 50% of their 

requirements. These results can lead to improved management decisions for both 

humpback whales and herring. 

Keywords:  bioenergetics; British Columbia; ecosystem-based management; herring; 
humpback whale; prey reduction 
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Chapter 1. How important are herring to humpback 
whales? The role of herring in meeting the energetic 
requirements of humpback whales in a British 
Columbian feeding ground 



 

2 

Introduction 

The management of cetacean populations is a global conservation concern.  Due 

to intensive commercial exploitation, many marine mammal species experienced 

significant population declines in the 19th and 20th centuries [e.g. 1,2].  Although some 

populations are showing signs of recovery [e.g. 3,4], effective management of these 

recovering populations requires knowledge of their biological needs, including prey 

requirements [e.g. 5,6]. 

Understanding the prey requirements of marine mammals and the trophic 

interactions between these large marine species and their prey is required for effective 

ecosystem-based management (EBM) of prey species. EBM involves a shift in 

objectives from traditional single-species management; the top priority becomes meeting 

the needs of the ecosystem rather than considering only the target species of the fishery 

[7].  With EBM, single species catch limits must be adapted to account for the 

requirements of other components of the ecosystem, including trophic interactions, as 

the traditional methods of setting these limits have been shown to be insufficient for 

meeting the needs of dependent predators [8,9].  

Humpback whales (Megaptera novaeangliae) off western Canada are listed as 

threatened under Canada’s Species At Risk Act and the Recovery Strategy for the North 

Pacific Humpback Whale in Canada identifies prey depletion as the threat with the 

greatest potential to affect the growth rate of this population [4].  Humpback whales are 

migratory, spending summers in cool, higher latitude waters and winters in tropical or 

subtropical areas [10-14].  Humpback whales feed very little or not at all while in winter 

breeding grounds and must obtain most or all of the energy that they require for the year 

while on their temperate feeding grounds [11,13,15].  The coastal waters of British 

Columbia (BC) are important summer feeding habitat for many humpback whales in the 

North Pacific Ocean [16], with an estimated 2145 (95% CI: 1970-2331) individuals using 

the area each year [14].  There are significant knowledge gaps, however, related to the 

energetic requirements, diet composition, and localized prey preferences for humpback 

whales in BC waters.  This lack of understanding regarding prey and energetic 

requirements precludes effective EBM of humpback whale prey species. 
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Determining the energetic and prey requirements of large cetaceans can be 

difficult due to the unfeasibility of directly measuring metabolic parameters for these 

species.  Methods used to estimate energy expenditure for smaller marine mammals, 

such as doubly-labeled water [17] and direct measurement of oxygen consumption [e.g. 

18,19] are not possible for baleen whales; therefore, their energy requirements and prey 

consumption must be estimated using indirect means.  Bioenergetic models, which are 

based on the assumption that all energy consumed through food is either deposited as 

new body tissue, used in metabolism, or lost as wastes [20], are one method of 

estimating large whale energy requirements.   

To date, humpback whale energetic requirements have been estimated at a 

population scale, but variation in individual energetic requirements has not been 

considered. Humpback whale prey consumption has been estimated for several regions 

including the northwest Atlantic Ocean [5,21,22], the California Current Ecosystem [23], 

and the Southern Ocean [24]; as well as the waters off Iceland [25]; Kodiak Island, 

Alaska [26]; and the west coast of Vancouver Island, BC [27].  Each of these models 

was aimed at estimating prey consumption by a humpback whale population as a whole.  

A simple allometric equation was used to estimate the prey requirements of an average 

individual humpback whale, and this estimate was then multiplied by the number of 

whales in the population.  Although energetic models for other marine mammal species 

have demonstrated the extent to which energy requirements can vary for individuals of 

different age classes, sexes, and reproductive statuses [e.g. 6,28-31], energetic models 

that account for the needs of different demographic groups of humpback whales do not 

exist.   

Each of the aforementioned models aimed at predicting prey consumption by 

humpback whales and the associated impacts of this prey consumption on marine 

ecosystems require that the diet composition of the whales is known or estimated.  

Methods to estimate marine mammal prey composition include stomach contents noted 

in whaling data [e.g. 25,32], opportunistic observations of scat or feeding [e.g. 33], 

assumptions based on relative prey availability [e.g. 26,27], and stable isotope analysis 

[e.g. 34-36].  However, each of these methods has significant shortcomings due to its 

limitations or required assumptions.  For example, relying on stomach content data from 
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historical whaling records for modern estimates of prey requirements requires the 

assumption that the diet of a whale population has not changed over time.  This 

assumption is not valid for humpback whales, as some populations have been observed 

to undergo shifts in diet when species composition changes in preferred feeding areas 

[37].  Additionally, there are marine mammal populations that do not consume potential 

prey based on availability [38,39]; therefore, it is not safe to assume that humpback 

whale diet will reflect the relative proportions of potential prey species in the area.  

Dedicated studies focused on humpback whale diet in BC have not yet been 

conducted [4] and current knowledge of humpback whale prey in western Canadian 

waters is based primarily on historical whaling data and opportunistic observations.  

Humpback whales off the west coast of Canada have been seen feeding on pilchard 

(Sardinops sagax), herring (Clupea pallasi), and euphausiids; however, due to the 

opportunistic nature of the observations, this could represent only a partial list of prey 

species consumed [4].  An analysis of 287 humpback whale stomachs obtained through 

commercial whaling off the coast of BC between 1949 and 1965 revealed that 92% of 

stomachs contained only euphausiids, while 4% contained only copepods, and just 0.7% 

contained only fish [14].  However, opportunistic observations of humpback whale 

foraging and prey sampling by Fisheries and Oceans Canada between 2002 and 2007 

indicate that schooling fish represent a larger proportion of humpback whale prey in this 

more recent time period, especially in nearshore waters [14]. 

Although humpback whales are considered as a species to be generalist 

predators, individual whales or groups may specialize in regard to their feeding 

strategies, specific feeding areas, and prey types [14,40-42].  For example, in the 

southern Gulf of Maine it has been hypothesized that humpback whales specialize by 

preying primarily on sand lance (Ammodytes spp).  Behaviour and distribution data for 

humpback whales within this region both provide evidence of this presumed 

specialization: these whales use a technique called lobtail feeding that is thought to help 

them aggregate sand lance into a more densely concentrated prey patch [41], while the 

distribution of humpback whales in the southern Gulf of Maine has been demonstrated to 

significantly correlate with the number of sand lance per standardized survey tow [40].  

Similar evidence of humpback whale specialization on a single prey species has been 
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collected in the Southern Ocean; for example, humpback whales in the waters off the 

western Antarctic Peninsula were consistently and predictably associated with the 

distribution of a species of euphausiid prey, Euphausia superba [42].   

Eastern Queen Charlotte Strait (EQCS), located between the northeastern coast 

of Vancouver Island and the mainland coast of British Columbia (50o 39 N, 126o 46 W, 

Figure 1), represents an important feeding area for humpback whales at a regional 

scale.  Following intensive commercial whaling effort in this area during the 1950s [16], 

humpback whale sightings in EQCS were rare until the mid-2000s [43].  However, over 

the past decade the number of individual humpback whales identified in the area 

annually increased from seven whales in 2003 to 71 individuals in 2011 (Figure 2).  This 

increase likely reflects the recovery of humpback whales due to the cessation of 

commercial whaling; the humpback whale population in BC is currently estimated to be 

growing at a rate of 4% per year [4,44].  The majority of individuals were sighted in 

EQCS in late summer and throughout the fall, and seasonal trends in local humpback 

whale abundance are correlated with the occurrence of dense schools of Pacific herring, 

known locally as “bait balls” (Figure 3).  These bait balls create opportunities for multi-

species feeding aggregations, and are fed upon by alcids, gulls, and occasionally other 

marine mammals, including Steller sea lions (Eumatopias jubatus), harbour seals 

(Phoca vitulina), and minke whales (Balaenoptera acutorostrata) [45, MERS unpublished 

data].  Humpback whales target these dense schools of herring using conspicuous 

surface feeding behaviours, specifically lunge-feeding, to consume the fish.  Observation 

of these feeding events in conjunction with sampling of bait balls represents a visible, 

measureable method of estimating prey consumption by humpback whales.  The 

seasonal trends in distribution and behaviour of humpback whales in EQCS are 

indications that these whales are specializing on herring bait balls as a primary prey 

source. 

In this study, I quantified the proportions of their total annual energetic 

requirements that humpback whales of different sexes, ages, and reproductive statuses 

obtain through feeding on herring bait balls in EQCS.  My results provide information 

about the nature of individual humpback whales’ reliance on a particular prey source and 

feeding strategy.   
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Methods 

Data collection 
From August 17 – October 13 2012, and August 20 – September 23 2013, I 

collected focal follow data from humpback whales feeding in EQCS.  I identified 

humpback whales as individuals using photo-identification catalogues developed by the 

Marine Education and Research Society and Fisheries and Oceans Canada.  I randomly 

selected whales for focal follows based on the order in which they were identified (i.e. 

the first whale to be positively identified was selected for the first focal follow).  Focal 

follows were one hour in duration whenever possible, and I excluded any focal follow 

that lasted for less than 30 minutes from analysis.  Each time that a focal whale lunge-

fed, I noted the time and location of the feeding event and the prey species consumed.  I 

identified prey species based on underwater video and/or sampling (see below), through 

photographs of the prey in the mouths of birds, or by the presence of scales left behind 

at the site of the lunge.  I used the results of each focal follow to determine the number 

of lunge-feeding events per hour for each individual humpback whale.  

In 2013, I also recorded each time that the focal whale took a breath.  This 

allowed me to calculate the mean number of respirations per hour for adult vs. juvenile 

humpback whales, which I then used to estimate the elevated metabolic rates of juvenile 

individuals compared to adults (parameter X in equation 7).  For any individual that was 

sampled more than once, I averaged the number of lunge-feeding events per hour and 

respirations per hour prior to conducting further analyses, to ensure that the results from 

all individual whales were weighted equally.    

I divided the observed humpbacks into eight classes: male and female calves (0-

1 years old; whales that are dependent upon their mothers for all energy requirements 

through nursing [11]), male and female juveniles (1-9 years old; whales that are not yet 

physically mature, i.e. still growing [11,46]), male and “resting” female adults (10+ years 

old; whales that are both physically and sexually mature, females are neither pregnant 

nor lactating), pregnant females, and lactating females.  I determined the age of each 

humpback whale based on the Marine Education and Research Society humpback 
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whale sighting database.  I knew the ages of individuals that were first photographed in 

their calf year with certainty.  I assigned a minimum age to all other individuals based on 

the year that they were first sighted, and the size that they were at this time.  I 

recognized lactating females by their close, consistent association with a whale identified 

as a calf based on its physical size and behaviour [47].  I identified pregnant females 

from 2012 based on their consistent association with a calf in 2013. 

Humpback whales in some regions are known to feed exclusively during daylight 

hours [48]; however, in other areas, feeding occurs after dark as well [48-51].  In my 

study, because whales could only be observed during daylight hours, I used acoustic 

methods to look for evidence of lunge-feeding events after dark.  I confirmed potential 

lunges by comparing the duration and frequency of the lunge sound with a known lunge-

feeding event that I acoustically recorded during daytime with a hand-held hydrophone.  

I set up a Wildlife Acoustics SM2M underwater acoustic recording device off Bold Head, 

the area where the majority of my focal follows took place (Figure 1).  From September 

15 – October 25 2012, the device made constant acoustic recordings.  I used the Raven 

Pro 1.5 sound analysis software to look for evidence of lunge-feeding events at night in 

the data recorded by the SM2M. I randomly selected 20 night-time hours of data to 

analyze and used both manual exploration of the data and automatic detectors to search 

for acoustic evidence of lunges.    

I collected data from all bait balls that I could access before they dissipated or 

were consumed by whales.  I detected bait balls based on visible fish at the surface and 

by the presence of gulls targeting the bait balls.  Using a GoPro underwater camera with 

a flat lens housing set to record high definition (1080 pixel) video, I filmed each bait ball 

from two different angles; the second angle at approximately 90 degrees around the bait 

ball from the first.  I also used a dip net to sample five herring from each bait ball.  I 

measured the fork lengths of each of these herring and then returned them to the water.  

Immediately after sampling each bait ball, I moved a minimum of 100 m away to ensure 

that the bait ball was available to be consumed by a whale.  I subsequently noted 

whether or not each bait ball was fed on and the individual identification of the humpback 

whale that fed on it.  
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Energy obtained from herring 

I estimated the total annual energy (Ey) that each humpback whale class 

obtained through feeding on herring in EQCS using the following equation: 

 !
E y = Ed ×Ndays                            (1)  

where Ed is the quantity of energy (in MJ) obtained from herring per day and Ndays is the 

number of days per year that each humpback whale class spent feeding on herring bait 

balls in EQCS.  I determined the number of days each year during which humpback 

whales in EQCS were consistently feeding on herring bait balls based on effort 

throughout the feeding season by Marine Education and Research Society researchers 

and by naturalists from local whale watching companies, all of whom were trained to 

recognize and record the presence of bait balls and humpback whale surface feeding 

behaviour.   

To determine the amount of energy obtained per day, I first needed to estimate 

the number of herring in each bait ball.  Based on several methods of estimating free 

space around an individual fish in a school, the average schooling fish occupies a 

volume of 1.0 BL3 per individual, where BL is the fork length of the fish [52].  I therefore 

used equation 2 to solve for N, the number of fish in the bait ball:  

!!V =N ×BL3                                                                                            (2)  

where V is the volume of the bait ball.  I estimated the volume of each bait ball using the 

formula for the volume of an ellipse:  

!!
V = 43πabc                                                                                            (3) 

where a, b, and c are the radii of the three dimensions of the bait ball (Figure 4). I 

measured a minimum of three fish in each of the two dimensions filmed for each bait ball 

sampled and the dimensions of each bait ball on my computer screen.  I then used the 

ratio of the average length of the fish measured on the screen to the average length of 
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the fish sampled from each bait ball to estimate the actual radii of the bait balls based on 

the lengths of the radii on my screen.  I set a maximum volume for bait balls consumed 

by humpback whales based on the whales’ estimated maximum buccal cavity volume 

(Vbc) using whaling data to parameterize the following equation derived for fin whales 

(Balaenoptera physalus) [53]: 

    
!!
Vbc =

π
3

⎛
⎝⎜

⎞
⎠⎟
Lo −Ljaw( )×1.17Ljaw 1

2whead

⎛
⎝⎜

⎞
⎠⎟

⎛

⎝⎜
⎞

⎠⎟
+ π

3 Ljaw ×1.17Ljaw
1
2whead

⎛
⎝⎜

⎞
⎠⎟

         (4) 

where Lo is the length from the tip of a whale’s rostrum to the posterior end of the ventral 

groove system; Ljaw is the length from the middle of the palate to the tip of the mandibles 

(calculated as !! L
2
gape +w

2
head  , where Lgape is the length from the tip of the rostrum to 

the angle of the gape); and whead is the greatest width of the skull.  I parameterized this 

equation using data from [10], in which measurements obtained through whaling records 

from South Georgia and South Africa for male and female humpback whales were 

presented separately, as a proportion of body length. I sampled from the distribution of 

body lengths for each humpback whale class in my analysis, and used the mean relative 

measurements of Lo, Ljaw, and whead  [10] to estimate the mean maximum buccal cavity 

volume of each humpback whale class.  I excluded calves from this analysis, because I 

assumed that they obtained all energy from their mothers through nursing and were 

therefore not lunge-feeding.  I assumed that for any bait balls with volumes larger than 

the maximum buccal cavity volume of the whale, the maximum buccal cavity volume 

represented the volume of herring consumed. 

 Once I had calculated the mean and standard error of the bait ball volumes 

sampled, I used this distribution to parameterize equation 2. To incorporate uncertainty 

into my estimates of N, I performed 10,000 simulations for each humpback whale class, 

and used Monte Carlo methods to draw from the distribution of values for bait ball 

volume.  I used the same methods to incorporate uncertainty for many of the parameters 

throughout my model (Table 1). 

I estimated the amount of energy obtained from herring per day using: 
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!Ed =Nd ×Mh ×EPG               (5) 

where Nd is the number of herring consumed per day, Mh is the mass of an individual 

herring in grams, and EPG is the energy per gram of herring.  The whole body energy 

content of fall age one Pacific herring measured in Prince William Sound, Alaska, is 8.0 

kJ g-1 (SD = 1.2) [54].  To estimate the number of herring consumed per day, I multiplied 

the number of herring in one bait ball by the number of lunge-feeding events per hour, 

drawn from a distribution of the number of lunge-feeding events per hour observed for 

whales of the appropriate age class, and by the number of daylight hours.  I then 

estimated the mass of the herring using the following mass-at-length relationship [55]: 

!!Mh = 5.007×10−6( )BL3.196                                        (6) 

where Mh is the mass of the herring in grams, and BL was drawn from the distribution of 

the average fork lengths of all herring sampled, in mm. 

Energetic model 

I used a bioenergetic model to estimate the annual energetic requirements of 

each humpback whale class in EQCS.  I began by adapting a model used to estimate 

the energetic requirements of Steller sea lions [30]:  

!!
AER =

P + A× X ×RMR( )+R
1−EHIF −E f +u

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
+B                                               (7)                                                                

where AER is the annual energetic requirement of the humpback whale class, P is the 

energy required for growth, A is a multiplier to reflect the energetic costs of activity, X is 

a multiplier to account for the increased metabolic rates of calves and juveniles, RMR is 

the resting metabolic rate, R represents the energetic costs associated with 

reproduction, EHIF is the heat increment of feeding expressed as the proportion of energy 

consumed that is lost to heat, Ef+u is the fecal and urinary digestive efficiency expressed 

as the proportion of consumed energy that is lost through digestive inefficiencies, and B 

is the energy required for an individual’s change in mass over the course of a year 
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(Figure 5).  I parameterized my model using data from various sources including 

stranding and whaling data.  Again, to reflect the considerable uncertainty associated 

with these parameters, many of my parameter values were drawn from a distribution of 

values, which produced a range of estimates for the energetic requirements of each 

humpback whale class.  A similar approach has been used to estimate energetic 

requirements for Pacific white-sided dolphins (Lagenorhyncus obliquidens) [31] and 

North Atlantic right whales (Eubalaena glacialis) [6]. 

To estimate the energy allocated to growth of body tissues (P), I assumed that all 

energy for growth is added to the body as muscle or blubber [56].  I used the following 

formula, adapted from [30]: 

!!P = ΔM PbluPlipEDlipGElip + 1−Pblu( )PproEDproGEpro( )            (8) 

where !ΔM   is the annual change in mass of the whale, Pblu is the proportion of new 

tissue that is blubber, Plip is the proportion of lipid in blubber, EDlip is the energetic 

density of lipid, GElip is the efficiency of production of lipid, Ppro is the proportion of 

protein in muscle, EDpro is the energetic density of protein, and GEpro is the efficiency of 

production of protein. 

Reliable mass-at-age data do not exist for humpback whales; thus, to estimate 

change in body mass I first estimated length-at-age and then mass-at-length curves for 

this species.  Length-at-age data were primarily obtained from Antarctic whaling data 

[11] and from whales taken by special research permit in eastern Canada [57].  Because 

young whales are under-represented in whaling data, I also incorporated stranding data 

of known-age whales from the North Atlantic Ocean [46].  Some species of baleen 

whales, including fin and blue (Balaenoptera musculus) whales, have been documented 

to attain larger mean lengths in the southern hemisphere than in the northern 

hemisphere [12].  To confirm that the humpback whale length-at-age data that I used 

were representative of the lengths of humpback whales in BC, I compared the mean 

lengths of adult humpback whales from the Antarctic [11] and North Atlantic [57] data to 

that of humpback whales caught in BC (data courtesy of Cetacean Research Program, 

Pacific Biological Station, DFO) using a single-factor analysis of variance and multiple 
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comparisons procedures. The ages of the humpback whales in the whaling data were 

estimated using earplug laminations [11].  Length of whales is a standard measure 

worldwide, calculated as the length from the tip of the rostrum to the notch in the tail 

flukes [58].   

I fit a von Bertalanffy growth model (equation 9) to the length-at-age data using 

non-linear least squares regression in R (R Development Core Team 2009).  This model 

has been used for several species of baleen whales [29], including humpbacks [11,46]: 

!!
Lt = L∞ 1−e

−k age−t0( )( )                (9) 

where Lt is the length of the whale at time t in metres, !L∞  is the mean maximum length 

reached by individual humpback whales, k is a growth rate coefficient, and t0 is the 

hypothetical age at which the animal has length = 0.  Because female humpback whales 

are on average larger than males [11,59], I fit separate length-at-age curves for male 

and female humpback whales. I incorporated uncertainty into parameter estimates for 

these curves by bootstrapping the data 10,000 times and sampling from this distribution 

of growth parameters when running my energetic model. 

I used equation 10 to estimate a mass-at-length curve:  

!M = aLb                   (10) 

where M is the mass of the humpback in tonnes, and L is the length of the whale in 

metres.  To parameterize this equation, I used humpback whale length and mass data 

from the Bering Sea [58], Puget Sound [58], and Japan [15].  Antarctic mass-at-length 

data for humpback whales also exist; however, I did not include these data, as the 

masses were calculated using cooker fillings [60], a method that differs significantly from 

those used in other areas [58].  I again incorporated uncertainty into my mass-at-length 

estimates by bootstrapping the data 10,000 times and sampling from this distribution for 

a and b to parameterize my energetic model.  
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Because humpback whales feed intensively during summer and fall but fast 

during winter, they are subject to significant mass gains and losses over the course of a 

year [29].  To account for the energetic costs associated with these mass gains (B), I 

estimated the change in mass of male and female humpback whales over the course of 

a feeding season by calculating the mean difference between the minimum and 

maximum relative mass (in tonnes per metre) for each sex using the masses from the 

whaling data described above [15,58].  I assumed that this mass was added primarily as 

blubber, and accounted for the inefficiencies associated with the production of blubber in 

the same way as when calculating P (the energy required for growth; equation 7).  

I estimated the proportion of mass that is added to humpback whales’ bodies as 

blubber (Pblu) using whaling data from the Bering Sea [58], Antarctica [58] and Japan 

[15].  The proportions of lipid in blubber (Plip) for each humpback whale class were not 

available; therefore, I used values measured for fin whales in the northeastern Atlantic 

Ocean [61].  I assumed that muscle is composed of protein and water, with the ratio of 

body water to body protein in mammals decreasing from approximately 4:1 at birth, to 

about 3:1 upon reaching maturity [56].  I assumed that this ratio changed linearly with 

the whale’s age, reaching 3:1 when the whale is 10 years old, the estimated age of 

sexual maturity for humpback whales in southeastern Alaska [62].  Efficiency of 

production is 45% for protein (GEpro) and 75% for lipid (GElip) [56].  The energetic 

densities of protein (EDpro) and lipid (EDlip) have been calculated at 23.5 MJ kg-1 and 

39.5 MJ kg-1, respectively [63].  

Empirical studies to determine the resting metabolic rate (RMR) for baleen 

whales have not been conducted.  I therefore used an allometric equation that has been 

estimated for all mammals [64] to estimate the RMR for adult humpback whales:  

!!RMR =70M0.75                       (11) 

where M is the body mass in kg. For many mammals, younger individuals have higher 

metabolic rates per kilogram of body mass than adult individuals of the same species 

[65].  I used data collected from my focal follows in 2013 to derive a multiplier (X) for the 
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RMR of calf and juvenile humpback whales to account for the higher metabolism of the 

younger age classes. 

Reliable data for the energetic costs of activity for humpbacks and other baleen 

whales do not exist.  Based on feeding and oxygen consumption data from captive 

toothed cetaceans, it is believed that active metabolism for most whales will result in 

energetic requirements between 1.5 and 3 times higher than RMR [21,23,25,29,66-68].  

I therefore used uniformly distributed values between 1.5 and 3 for the activity multiplier 

(A). 

The costs of reproduction (R) include the costs associated with pregnancy and 

lactation.  The costs of pregnancy include the energy required for the growth of the fetus, 

as well as the heat increment of gestation [69].  These can be estimated using the 

following equation [70]: 

!!G = 4400Mb
1.2                               (12) 

where G is the energetic cost of pregnancy in kCal, and Mb is the birth mass of the calf in 

kg.  I estimated the birth mass of humpback calves using the following formula [29]:  

!!M b=74×10−6Lb
2.6704               (13) 

where Mb is the mass of the calf in kg and Lb is the length of the calf in cm.  Birth length 

of humpback whale calves was available from whaling data and varied from 400 - 430 

cm [15] to 460 cm [71].  As a result I used uniform values of 400 - 460 cm for birth 

length.  I assumed that pregnancy lasts 12 months [72].  To estimate the costs of 

lactation, I assumed that for the first year of its life the calf receives all of its required 

energy from its mother through nursing.  Lactation in humpback whales lasts 

approximately 10.5 months [72], beginning and ending in the breeding grounds. The 

energy obtained during lactation therefore must sustain the calf until it returns to the 

feeding grounds, approximately one year after birth [72].  I therefore added the energy 

requirements of the calf to the requirements of the lactating female, but also needed to 

account for the inefficiencies of milk production.  Based on the ratio of lipid to protein of 
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2.56:1 in humpback whale milk [72] and the efficiencies of production for protein and 

lipid of 45% and 75%, respectively [56], I estimated the efficiency of milk production at 

66%.  

The energy costs associated with assimilation and biosynthesis of food are 

known as the heat increment of feeding (EHIF) [65]. EHIF depends on the amount and the 

composition of food consumed [73,74].  Heat increment of feeding has not been 

calculated for any cetaceans; however, it has been measured for other marine mammals 

that feed on herring.  Calculated mean EHIF values for pinnipeds that consumed a herring 

diet ranged from a low of 5.1% of the gross energy consumed for harbour seals feeding 

on high-energy herring [75] to a high of 12.4% and 13% for Steller sea lions [74] and 

harp seals (Pagophilus groenlandicus) [76], respectively.  Consequently, I used 

uniformly distributed values between 5 and 13% for EHIF. 

Similarly, fecal and urinary digestive efficiencies (Ef+u) have not been measured 

for humpback whales but have been determined for other marine mammals that 

consumed a herring diet.  Studies on pinnipeds have found that between 3% and 8% of 

the gross energy from ingested herring was lost through feces and urine for harp seals, 

grey seals (Halichoerus grypus), walrus (Odobenus rosmarus), and ringed seals (Phoca 

hispida) [77-82].  I therefore used uniformly distributed values of 0.03 to 0.08 to 

represent the digestive inefficiencies for humpback whales feeding on herring. 

To estimate the proportion of humpback whale energetic requirements met by 

lunge-feeding on herring, I divided equation 1 by equation 7 for each humpback whale 

class and each model run.  

Sensitivity analyses 

To determine the relative contributions of different parameters to the uncertainty 

in model results estimating the proportion of annual energetic requirements met by 

lunge-feeding on herring in EQCS for each age class of humpback whales, I split the 

parameters into groups: production parameters (Pblu, Ppro, Plip), efficiency parameters 
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(EHIF, Ef+u), length parameters (k,!L∞ ,t0), mass parameters (a, b) metabolism parameters 

(A, X), herring parameters (EPG, BL) ,field data (number of lunge-feeding events per 

hour, bait ball volume), and reproductive parameters (Lb, cost of lactation).  I then ran my 

model for each humpback whale class while varying one parameter group at a time, and 

holding all other parameters constant at their mean values.   
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Results  

I performed a total of 26 focal follows of 14 individuals in 2012 and 21 focal 

follows of 15 individuals in 2013 (Figure 6). I was not able to reliably differentiate 

between adult males and some resting females in the field; thus, these two classes were 

considered together when estimating the number of lunge-feeding events per hour for 

each class.  Similarly, sex of most of the juvenile whales sampled was unknown; 

therefore, male and female juveniles were also considered together.  Adults and 

pregnant females were observed to complete the highest mean number of lunge-feeding 

events per hour at 2.84 (SE = 0.92) and 2.83 (SE = 1.83), respectively. Juvenile whales 

averaged just 1.82 (SE = 0.43) lunge-feeding events per hour. Lactating females were 

intermediate at 2.33 (SE = 1.33) lunge-feeding events per hour (Figure 7).  All sampled 

bait balls that were subsequently fed on by humpback whales during my 2012 and 2013 

field seasons were composed of herring.  

Mean number of respirations per hour was 1.2 times higher for juveniles than for 

adults (Figure 8); therefore, I applied a multiplier of 1.2 to the calf and juvenile age 

classes of both sexes to account for the higher metabolism of younger whales 

(parameter X in equation 7). 

Regular occurrence of herring bait balls and humpback whale lunge-feeding 

activity began on August 11 in 2012 and on July 17 in 2013.  Consistent lunge-feeding 

and bait ball activity continued until the end of November in both years.  I therefore 

assumed that humpback whales in EQCS spent an average of 124 days per year lunge-

feeding on herring. 

I successfully obtained constant acoustic recordings for the entire 41-day period 

in which the SM2M was submerged at Bold Head.  However, I did not detect any feeding 

events in the 20 hours of analyzed nighttime recordings.  I therefore assumed that 

humpback whales only lunge-fed during daylight hours. 

Mean herring length in bait balls that were fed on by humpbacks was larger in 

2013 (mean = 12.54 cm, SD = 0.65) than in 2012 (mean = 10.73 cm, SD = 0.79, Figure 
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9).  However, in both years, all fish sampled were less than 15 cm in length, indicating 

that they were less than two years old [55]; therefore, humpback whales were 

specializing on a specific age class of herring. Volume of the bait balls that were fed on 

by humpback whales varied widely, from a minimum of 0.1 m3 to a maximum of 11.5 m3 

(Figure 10).  Humpback whales did not appear to select for the largest bait balls 

available to them (Figure 11); however, no humpbacks were documented feeding on bait 

balls smaller than 0.1 m3, even though schools as small as 0.04 m3 were sampled.  

The mean estimated maximum buccal cavity volume of humpback whales 

ranged from 22.3 m3 for juvenile males to 35.2 m3 for adult females (Figure 12).  All bait 

balls were therefore well within the size range that could be consumed by every 

humpback whale age class. 

It initially appeared that the average length of humpback whales was significantly 

smaller in BC (mean = 12.1 m, SE = 0.04) than in both Antarctica (mean = 12.6 m, SE = 

0.21) and the North Atlantic (mean = 13.17 m, SE = 0.31; F = 9.13, p < 0.0001; Figure 

13a).  However, the International Whaling Commission imposed a minimum size limit of 

35 ft (11.5 m) on all humpback whales caught through commercial whaling, a regulation 

that was not adopted in Canada until 1949, many years after commercial whaling for 

humpback whales began in western Canadian waters [16].  When I excluded whales 

under 11.5 m in length from the analysis, there were no significant differences between 

the mean length of adult humpback whales in BC (mean = 12.8 m, SE = 0.03) and 

Antarctica (mean = 12.9 m, SE = 0.14), or the North Atlantic Ocean (mean = 13.2 m, SE 

= 0.20; F = 1.49, p = 0.23; Figure 13b).  Therefore, I assumed that data from Antarctica 

and the North Atlantic Ocean accurately represent the lengths of BC humpback whales.   

Length-at-age curves for female and male humpback whales using the von 

Bertalanffy growth model are provided in Figure 14. Female humpback whales were, on 

average, larger than male humpback whales at each age, and reached longer average 

maximum lengths than male humpback whales. 

Reliable masses of only 10 humpback whales were available in the literature. 

There was considerable uncertainty in the mass-at-length of humpback whales, 

particularly for whales under 11 m in length, due to a paucity of data (Figure 15).  I 
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estimated that female humpback whales gained an average of 0.66 tonnes m-1 over the 

course of the feeding season, and that male humpback whales gained an average of 

0.32 tonnes m-1. 

Energy requirements varied significantly among humpback whale classes. 

Lactating females had the highest annual energetic requirements (mean = 1.66x106 MJ 

year-1, SD = 3.75 x104 MJ year-1, Figure 16), while male calves had the lowest 

requirements (mean = 4.30x105 MJ year-1, SD = 8.91x104 MJ year-1).  The annual 

energetic requirements of pregnant females (mean = 1.06x106 MJ year-1, SD = 2.47x104 

MJ year-1) were only slightly higher than those of resting females (mean = 1.02x106 MJ 

year-1, SD = 2.46x104 MJ year-1).  Female calves had higher annual energetic 

requirements (5.15x105 MJ year-1, SD = 1.19x105 MJ year-1) than male calves.  Similarly, 

juvenile females (8.78x105 MJ year-1, SD = 4.57x104 MJ year-1) required more energy 

than juvenile males (6.45x105 MJ year-1, SD = 3.78x104 MJ year-1), and adult females 

required more energy than adult males (7.35x105 MJ year-1, SD = 2.21x104 MJ year-1).  

Of all classes, adult males met the greatest proportion of their annual energetic 

requirements by lunge-feeding on herring in EQCS (mean = 0.77, SD = 0.07, Figure 17).  

Juvenile males, resting females and pregnant females also met over 50% of their annual 

energetic requirements by feeding on these herring (mean = 0.57, SD = 0.10; mean = 

0.56, SD = 0.05; and mean = 0.54, SD = 0.09, respectively).  Juvenile females (mean = 

0.42, SD = 0.07) and lactating females (mean = 0.28, SD = 0.04) each met between 25 

and 50% of their annual energetic requirements through lunge-feeding on herring in this 

area.  Based on my model predictions and on the energy per gram of herring [54], my 

estimates suggest that individual juvenile humpback whales consume an average of 52 

tonnes of herring in EQCS annually, while adults each consume a mean of 72 tonnes.  

Pregnant female individuals in EQCS consume an average of 74 tonnes per year, while 

lactating females consume an average of 61 tonnes of herring annually.  If the whales’ 

entire diet consisted of herring, estimated individual consumption would range from an 

average of 92.6 tonnes per year for juvenile males to 217.5 tonnes per year for lactating 

females. 
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For all classes, the parameter group that contributed the most uncertainty to the 

estimates of the proportion of energy requirements met by herring was the field data 

group (number of lunge-feeding events per hour and bait ball volume; Figure 18).  
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Discussion 

Based on a bioenergetic model and field data collected from humpback whales in 

EQCS, herring represent an important energy source for these animals. Adult and 

juvenile males, adult females, and pregnant females each met over 50% of their annual 

energetic requirements by feeding on herring, while juvenile and lactating females each 

met between 25-50% of their annual energetic requirements.  This study represents the 

first dedicated research on prey specialization by humpback whales in BC, and the 

results have implications for the management of both humpback whales and herring. 

Model Predictions 

For every age class, male humpback whales required less energy per year than 

female humpbacks (Figure 16).  This difference is due to the larger size of females, the 

increased average mass gain by females over the course of the feeding season, and the 

differences in body composition between male and female humpback whales (Table 1).  

Estimates of the energetic requirements of North Atlantic right whales [6] and blue and 

fin whales [29] showed similar trends toward female individuals requiring more energy 

than males.  These studies, however, did not consider the energy costs associated with 

weight gains and losses by these baleen whale species over the course of a year.  

The energetic costs of lactation for humpback whales were much greater than 

the costs of gestation. This is consistent with estimates for other large cetacean species 

such as North Atlantic right whales [6] and blue and fin whales [29].  In my study, 

lactating humpback whales required 60% more energy per year than resting females; 

this is consistent with estimates of 50-70% for other large baleen whale species, 

including blue, fin, and sei (Balaenoptera borealis) whales in Antarctica [28,29], as well 

as North Atlantic right whales [6]. 

Previous estimates of prey consumption by humpback whales have ranged from 

an average of 56.2 tonnes of prey per whale per year [26] to 125–160 tonnes per whale 

per year [25].  These results varied based on the energetic densities of the prey species 

consumed, as well as on the model parameters used.  My estimates of annual 

consumption by individual humpback whales of almost all classes fit within this range.  
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The exception is lactating females, whose requirements greatly exceed the predictions 

made by other authors.  This discrepancy is most likely because no other estimates of 

humpback whale prey requirements have considered the energetic costs of 

reproduction.  As approximately 9-10% of humpback populations (excluding calves) are 

estimated to be lactating each year [11,47], the estimates from other studies aimed at 

estimating humpback whale prey consumption may have been significantly 

underestimating the energy requirements of humpback whale populations.  

Adult male humpback whales met over 75% of their annual energetic 

requirements through lunge-feeding on herring bait balls in EQCS. This proportion may 

be higher than that of other classes because male humpback whales may spend less 

time on the feeding grounds than female humpback whales, and therefore might need to 

meet their energetic requirements more quickly than females do.  In the Gulf of Maine 

feeding ground for North Atlantic humpback whales, males arrive significantly later than 

females, but there is no significant difference in the mean date of departure from the 

feeding grounds between the sexes [47].  Therefore, males are likely spending less time 

feeding and more time on the breeding grounds.  However, it is also possible that this 

result may be biased due to the way that lunge-feeding events per hour were recorded.  

Due to the difficulties in identifying the sex of humpback whales in the field, I was unable 

to differentiate between adult females and adult males or between juvenile females and 

juvenile males when calculating the average number of lunge-feeding events per hour 

for each age class.  Thus, if adult female humpback whales tend to complete more 

lunge-feeding events per hour than adult male humpbacks, my data would not reflect 

this trend and my estimates of the proportion of energy requirements met by herring 

could be overestimated for males and/or underestimated for females. 

Lactating humpback whales met less than 30% of their predicted annual 

energetic requirements by feeding on herring bait balls in EQCS.  Lactating humpback 

whales may not be able to obtain sufficient energy to maintain their predicted mass and 

body composition, and the relatively small proportion of energetic requirements met by 

feeding on herring bait balls may reflect the inability of individuals of this class to meet 

their estimated requirements over the course of a year. Whaling data have demonstrated 

that blubber thickness is decreased in lactating females of all baleen whale species, and 
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that this difference is most pronounced in humpback whales [10,29].  Estimates of prey 

consumption by North Atlantic right whales similarly predicted that lactating females 

could not meet their energy needs while on their summer feeding grounds [6].  Due to 

their elevated energy requirements combined with their need to spend more time 

engaged in activities other than feeding (for example, nursing and protecting calves from 

predators), lactating baleen whales may consume significantly less prey than predicted 

based on energetic models.   

Studies focused on the ecosystem services provided by forage fish have relied 

primarily on Ecopath models to quantify the contributions that these fish provide [e.g. 

83].  Ecopath models for BC have used stomach contents from whaling data to 

determine prey composition for humpbacks and other baleen whales, and based on 

these whaling records, herring represents between 1% [84] and 10% [85] of humpback 

whale diet.  My study therefore indicates that, at least for some parts of the BC coast, 

the ecosystem services provided by herring are significantly underrepresented.  

For all classes, the proportion of annual energetic requirements met by herring 

only includes herring that were schooling in dense bait balls near the water’s surface.  

Due to the high energetic costs of subsurface lunge-feeding [86], it is beneficial for 

humpback whales to feed at or near the surface when possible.  However, humpback 

whales may also have been feeding at depth during these focal follows, and therefore 

there may have been lunges on herring or other prey species that were missed through 

my methods.  Based on my focal follow data, juvenile humpback whales may have been 

relying on subsurface prey to a greater extent than adult humpbacks. During focal 

follows, adult individuals tended to remain in areas where most bait balls were observed 

and sampled (Figure 6).  Juvenile individuals, however, spent more time in areas where 

fewer bait balls were observed, and therefore may have been relying on a different prey 

source during some of these focal follows.  Further study using methods such as digital 

acoustic recording tags could provide more insight into the diet composition and feeding 

strategies of humpback whales in EQCS. 
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Model assumptions 

Metabolic rate is impossible to measure directly for large cetaceans; therefore, I 

used Kleiber’s allometric relationship between mass and estimated metabolic rate to 

calculate RMR. However, there is currently contradictory evidence for this relationship 

within marine mammal species [e.g. 87].  Additionally, it has been proposed that marine 

mammals have elevated RMRs when compared to terrestrial mammals of similar size, 

likely due to the increased energetic costs associated with thermoregulation [88-90].  

These elevated metabolic requirements may, however, be a result of nonconformity to 

the criteria required for the estimation of RMR [e.g.19,68,91,92].  When estimating RMR, 

animals must be mature, non-reproductive, and resting in a thermoneutral, post-

absorptive state [64].  When marine mammals were measured under these strict 

conditions, their estimated RMRs were not significantly different from their predicted 

RMRs based on Kleiber’s equation [e.g. 19,68]; thus, I assumed that Kleiber’s equation 

was an accurate prediction of RMR for adult humpback whales. 

A second major assumption for my model concerned the way in which humpback 

whale ages were estimated.  The ages of humpback whales used to estimate length-at-

age curves for my model were based on earplug laminations.  Although this method is 

generally accepted for many baleen whale species, there remains some controversy 

over the number of earplug laminations formed annually for humpback whales [93].  It 

has been suggested that two growth layers are laid down each year in the earplugs of 

humpback whales [94], compared to the single layer formed annually in most other 

baleen whale species [93].  However, recent studies that have used photo identification 

[95] and fatty acid composition [96] to age whales support the formation of one growth 

layer per year for this species.  The ages of all humpback whales in my model were 

therefore estimated based on the assumption that a single growth layer is formed 

annually for this species.  
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Implications of relying on herring as a prey source 

Based on my field data and model, there is evidence that at least four classes of 

humpback whales in EQCS are not only relying on herring to meet the majority of their 

energetic requirements, but that these whales are feeding primarily on herring that are 

less than two years old.  Most Pacific herring spend summer months in offshore feeding 

grounds [97]; however, juvenile herring in the Salish Sea (south of my study area) 

remain in inshore waters until the end of their second summer [98].  This pattern of 0+ 

and 1+ herring cohorts remaining in inshore waters year-round appears to occur in 

EQCS as well, and the humpback whales that return to this area each summer target 

these non-migratory juvenile herring.   

Herring are susceptible to rapid changes in abundance both at the population 

level and at regional scales [9], and these changes could have implications for 

humpback whales.  It is unknown whether humpback whales have the ability to easily 

switch to a different prey source or foraging area if availability of their preferred prey 

declines [14]; therefore, if local depletion of herring was to occur in EQCS, there are 

several potential ways that humpback whales could respond to this reduced prey 

availability.  Humpback whales may shift their distribution, spending less time in EQCS.  

A second possibility is that the whales, due to their tendency to exhibit strong seasonal 

site fidelity, may remain in EQCS.  The whales would then either begin to rely more 

extensively on an alternate prey source, or continue to feed on the reduced abundance 

of herring in this area. 

A shift in humpback whale distribution in response to local prey depletion could 

have negative implications for both humpback whales and humans.  Prey-induced shifts 

in distribution of humpback whales have been documented in the North Atlantic Ocean 

[40,99,100].  These shifts have the potential to negatively impact both humpback whales 

and humans if they result in increased overlap between these two species.  For 

example, a decrease in the abundance of immature capelin offshore of Newfoundland 

was associated with an influx of humpback whales in inshore waters in the late 1970s 

[99].  This influx resulted in a large number of humpback whales becoming entangled in 

fishing gear; in 1979 alone, 13 humpbacks died and the coastal fisheries off 

Newfoundland suffered approximately $2.5 million of damage [101].  Shifts in distribution 



 

26 

of humpback whales in coastal BC could similarly result in injury to whales and humans, 

as well as loss of income for fishermen, if these shifts lead to increased overlap with 

fisheries and/or vessel traffic. 

Humpback whales in both the North Atlantic and North Pacific Oceans exhibit 

strong seasonal site fidelity among years [102-106].  This site fidelity appears to be 

maternally-directed, with whales returning to the feeding areas where their mothers 

brought them as calves [105, MERS unpublished data].  In BC, an analysis of the 

locations of inter-annual re-sights of individual humpback whales revealed that the 

majority of individuals were re-sighted within 100 km of previous sightings [107].  

Although many of the individual humpback whales that rely on herring bait balls in EQCS 

in late summer likely forage elsewhere, on unknown prey sources, earlier in the feeding 

season, the subjects of my focal follows were predictably found within the EQCS area 

during my study period.  These individuals were each seen in EQCS for an average of 

5.4 (SD = 2.7) years, and at least five have brought one or more calves to the area 

(MERS unpublished data).  

Successful prey switching as a result of a depleted primary prey source has been 

documented for humpback whales in the North Atlantic Ocean [37,40,41]; however, 

there have also been cases when reduced availability of a marine mammal’s preferred 

prey has led to decreased fitness of the animal.  The endangered Steller sea lion 

population in western Alaska has been declining since the mid-1970s. One of the 

potential causes of this decline is that sea lions are consuming prey species, mainly 

pollock (Theragra chalcogramma), which provide significantly fewer calories and 

nutrients than high-energy fish such as herring [108,109].  The effects of consuming prey 

that does not provide the adequate nutritional and energetic benefits include decreased 

growth, reduced birth rates, and increased mortality due to disease, predation, and 

starvation [108]. Declines in herring abundance, either locally or province-wide, could 

have similar effects on the humpback whales that feed in EQCS.   

Some marine mammal populations have declined when abundance of their 

primary prey sources decreased, likely due to a failure or inability to successfully switch 

prey species.  For example, northern and southern resident killer whales off British 
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Columbia experience significantly higher mortality rates in years of low Chinook salmon 

(Oncorhyncus tshawytscha) abundance [39].  Similarly, in the northwest Atlantic Ocean, 

populations of harp seals declined when capelin (Mallotus villosus) abundance 

decreased during the 1970s [110].   

Despite fisheries closures in some management areas, as well as precautionary 

harvest policies, herring in all five of the major management areas off BC have 

experienced declines over the past two decades [27,111].  Herring is harvested in food, 

bait, roe, and spawn-on-kelp fisheries by commercial, recreational, and First Nations 

fishers in BC.  Due to consistently low spawner biomass, however, many of these 

fisheries have been closed in recent years [112]. Although the causes of herring declines 

are unclear and could include top-down, bottom-up, and/or competition pressures, there 

is evidence that marine mammals have replaced fish as the primary predators of herring 

[27].  As the humpback whale population off BC continues to recover from commercial 

whaling [4], it is possible that these whales may put increased predation pressure on 

herring, potentially contributing to further declines.  However, it is important to note that 

my study was conducted on a relatively small scale. In both the North Atlantic and North 

Pacific Oceans, there is evidence that indicates that humpback whales in one small-

scale feeding area may specialize on different prey sources than humpback whales in 

other nearby feeding areas [47,59].  Therefore, further research is needed into the diet 

composition of humpback whales in other parts of coastal BC and the impact that these 

whales may have on herring and other prey. 

In addition to relying on herring to meet their annual energetic requirements, 

humpback whales in EQCS likely require seabirds to meet these energy needs.  The bait 

balls that several classes of humpback whales rely on to meet 50% or more of their 

annual energetic requirements can be initiated from physical conditions, biological 

factors, or some combination of the two [113,114].  Seabirds, including rhinoceros 

auklets (Cerorhinca monocerata) and common murres (Uria aalge) have been 

recognized as important biological factors driving the formation of bait balls in the Strait 

of Juan de Fuca, Washington, and are known to herd fish, effectively corralling them into 

denser schools [114].  In EQCS, 100% of the bait balls that I sampled were being fed on 

by one or both of these pursuit-diving seabirds.  Dense schools of forage fish can also 
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be initiated by predatory fish [114], and by humpback whales themselves [115]; 

however, there were no signs of predatory fish in any of my underwater videos, and all 

bait balls that I filmed and sampled formed while humpback whales were more than 100 

m away.  It is therefore likely that rhinoceros auklets and common murres were 

important factors in initiating and/or maintaining the bait balls that humpback whales fed 

on.  This suggests that some humpback whales off BC could be negatively impacted not 

only by poor recruitment of herring, but also by depletion of these seabird populations.  

This study provides insight into the prey preferences of humpback whales in a 

feeding ground off the coast of BC, and estimates of the energetic requirements of 

humpback whales of different age groups and reproductive statuses.  Further research is 

required to determine the prey preferences of humpback whales in other feeding regions 

off the BC coast, and to obtain more complete information about the diet composition of 

humpback whales in EQCS. 
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Tables 

Table 1. Model  parameter values and distributions. Classes are as follows: 
CF = female calves, CM = male calves, JF = juvenile females, JM = 
juvenile males, AF = adult females, AM = adult males, P = pregnant, 
and L = lactating 

Parameter Value Mean SD Min Max Distribution Class Sources 
Energetic Requirements      
Pblu  0.48 0.04 (SE)   Normal All [15,57] 

Plip  0.78 0.02   Normal  CF, JF [60] 

Plip  0.80 0.02   Normal CM, JM [60] 

Plip  0.80 0.04   Normal AF [60] 

Plip  0.75 0.02   Normal AM [60] 

Plip  0.81 0.01   Normal P [60] 

Plip  0.66 0.03   Normal L [60] 

EDlip 23.5 MJ 
kg-1 

     All [62] 

GElip 0.75      All [55] 

Ppro    0.25 0.33 Linear increase 
with age 

CF, CM, JF, JM [55] 

Ppro 0.33      AM, AF, P, L [55] 

EDpro 39.5 MJ 
kg-1 

     All [62] 

GEpro 0.45      All [55] 

Annual change in 
mass 

0.66 t m-1      JF,AF,P,L [15,57] 

Annual change in 
mass 

0.32 t m-1      JM, AM [15,57] 

A    1.50 3 Uniform All [21,23,65,66] 
X 1.20      CF, CM, JF, JM Field data 

EHIF    0.05 0.13 Uniform All [69-71] 
Ef+u    0.03 0.08 Uniform All [72-77] 
Lb    13 ft 15 ft Uniform P [15,80] 

Ratio of lip:pro in 
milk 

2.56:1       [81] 

Energy from herring       
log(V)  13.09 cm3 0.35 (SE)   Lognormal All except calves Field data 

Lph  1.82 0.43 (SE)   Normal JF, JM Field data 

Lph  2.84 0.92 (SE)   Normal AF, AM Field data 

Lph  2.83 1.83 (SE)   Normal P Field data 
Lph  2.33 1.33 (SE)   Normal L Field data 

BL  11.98 0.55 (SE)   Normal All except calves Field data 
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Figures 

 
Figure 1.  The British Columbia coastline, including my study area, eastern Queen 

Charlotte Strait (EQCS), located between Vancouver Island and the 
mainland coast of British Columbia.  The triangle in the inset represents 
the location of the SM2M acoustic recording device. 
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Figure 2. The number of unique humpback whales sighted annually in EQCS 

between 2003 and 2013.  “Calves” are humpback whales within their first 
year of life, “New” represents individuals that had not been identified in 
previous years, and “Resights” represents humpback whales that had 
been seen in the area in at least one previous year.  Data courtesy of the 
Marine Education and Research Society. 
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Figure 3. The number of individual whales identified each week during the 
summers of 2012 and 2013 in eastern Queen Charlotte Strait, relative to 
the annual average number of individuals per week, before and after bait 
balls consistently began to occur in the area each year.  Week 1 begins at 
May 1, and week 23 ends at October 31.  Data courtesy of the Marine 
Education and Research Society. 
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Figure 4. An example of how herring school volume and fish lengths were 

estimated. a and b are the horizontal and vertical radii of the school (see 
Equation 3).  Radius c in Equation 3 is the equivalent of radius a, but 
measured at 90 degrees from the first measurement.  Measurements 1, 
2, and 3 represent the lengths of three randomly selected herring in the 
photograph.  For each school, I used the ratio of the average length of 
these three fish to the average actual length of fish sampled from that 
school to estimate the actual radii of the herring ball based on radii a, b, 
and c. 
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Figure 5. Energy flow diagram to represent the parameters included in my 

bioenergetics model.  See equations 7, 8, 11, 12, and 13 for details. 
Humpback whale diagram courtesy of Uko Gorter. 
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Figure 6. Tracks of the focal follows of juvenile (n = 10) and adult (n = 11) 

humpback whales carried out in 2013.  Points represent the areas where 
bait balls were sampled in 2013. The triangle represents the location of 
the SM2M acoustic recording device. 
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Figure 7. Number of lunge-feeding events per hour for lactating (“Lac”; females with 
a dependent calf), pregnant (“Preg”), adult (“Ad”; >9 years of age), and 
juvenile (“Juv”; 1-9 years old) humpback whales during focal follows in 
2012 and 2013. 
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Figure 8. The number of breaths per hour taken by adult (>9 years old; “Ad”) and 

juvenile (1-9 years old; “Juv”) humpback whales during 21 focal follows in 
2013. 
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Figure 9. The average sizes of herring in bait balls fed on by humpback whales in 

2012 and 2013. 
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Figure 10. Volume of bait balls fed on by humpback whales in 2012 and 2013. 
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Figure 11.  Comparison of bait ball volumes for which lunge feeding events did and 
did not occur by humpback whales feeding in EQCS in 2012 and 2013. 
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Figure 12.  Maximum buccal cavity volume for juvenile female (1-9 years old; 

“Juv(F)”), juvenile male (1-9 years old; “Juv(M)”), adult female (>9 years 
old; “Ad(F)”) and adult male (>9 years old; “Ad(M)”) humpback whales.  
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Figure 13. a) Lengths of humpback whales from Antarctic (AA), BC, and North 

Atlantic (NA) whaling data. b) Lengths of humpback whales from 
Antarctic, BC, and North Atlantic whaling data excluding whales less than 
11.5 m in length. 
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Figure 14. Length-at-age curves based on the von Bertalanffy growth model for (a) 
female and (b) male humpback whales.  Data points represent humpback 
whale lengths from whaling data from Antarctica, whales taken by special 
scientific permit from the North Atlantic Ocean, and stranding data of 
known-age whales from the North Atlantic.  Dashed lines represent 95% 
confidence intervals. 
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Figure 15. Mass-at-length curve for humpback whales, based on the equation M=aLb 

where M is the mass of the whale in tonnes, and L is the length of the 
whale in metres.  Data points represent humpback whale masses from 
whaling data from the Bering Sea, Puget Sound, and Japan. 
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Figure 16. Estimated annual energetic requirements for female and male calf (age 0-

1 years), female and male juvenile (age 1-9 years; “Juv”), female and 
male adult (>9 years old), pregnant (“Preg”), and lactating (“Lac”) 
humpback whales.   
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Figure 17. Estimated proportion of the annual energetic requirements of juvenile 

female and male (age 1-9 years, “Juv”), adult female and male (>9 years 
old, “Ad”), pregnant (“Preg”) and lactating (“Lac”) humpback whales met 
by lunge-feeding on herring in the eastern Queen Charlotte Strait.  
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Figure 18. Sensitivity analyses to determine the relative contribution of each 

parameter group to the uncertainty in estimates of the proportion of 
annual energetic requirements met by lunge-feeding on herring in eastern 
Queen Charlotte Strait for various classes of humpback whales.  
Parameter groups are as follows: F = full model; P = production 
parameters (Plip, Ppro, Pblu); E = efficiency parameters (EHIF, Ef+u); L = 
length parameters (k, !L∞ , t0); W = mass parameters (a, b); M = 
metabolism parameters (A, X), H = herring parameters (EPG, BL), D = 
field data (number of lunge-feeding events per hour, bait ball volume), 
and R = reproductive parameters (Lb, cost of lactation). 
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Chapter 2. Managing forage fish to meet the 
requirements of their ecosystems: The case of 
humpback whales and herring in British Columbia, 
Canada 
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Forage fish are important for many marine ecosystems and for the services that 

these ecosystems provide. As major consumers of plankton and the primary prey source 

for many fish, seabirds, and marine mammals, forage fish represent an important means 

of energy transfer between lower and higher trophic levels [83].  Effective management 

of forage fish populations therefore requires an understanding of their role in supporting 

higher trophic level consumers. 

Based on the supporting roles played by forage fish in ecosystems, ecosystem-

based management (EBM) may be the most effective way to manage forage fish 

populations.  EBM prioritizes ecosystem functioning and therefore involves a more 

holistic approach than traditional single-species management [116,117]. Both Fisheries 

and Oceans Canada (DFO) and the United States’ National Oceanic and Atmospheric 

Administration (NOAA) are recognizing the importance of ecosystem-based fisheries 

management, as outlined in the DFO Policy on New Fisheries for Forage Species and in 

NOAA’s recent Strategic Plans [118-120].  However, in many cases, there is not 

sufficient information available with which to set appropriate targets to avoid changes to 

ecosystem functioning [9]. 

Pacific herring (Clupea pallasi) is a forage fish species that plays a major 

ecological, cultural, and economic role in British Columbia (BC).  All life stages of herring 

provide energy to predators: herring eggs are prey for gulls, diving birds, invertebrates, 

and grey whales (Eschrichtius robustus) [121]; larval herring support plankton and filter 

feeding fish [121]; and juvenile and adult herring are a prey source for Pacific cod 

(Gadus macrocephalus), spiny dogfish (Squalus acanthias), Pacific halibut 

(Hippoglossus stenolepsis), Pacific hake (Merluccius productus), lingcod (Ophiodon 

elongatus), sablefish (Anoplopoma fimbria), arrowtooth flounder (Atheresthes stomias), 



 

50 

salmonids, baleen whales, pinnipeds, toothed whales, and seabirds [27,121-124].  

Herring is also the target of food, bait, roe, and spawn-on-kelp fisheries for First Nations, 

commercial, and recreational fishers [112] and archaeological records indicate that this 

species has been consistently harvested by humans in coastal areas of BC, 

Washington, and Southeast Alaska for thousands of years [125].  

The current herring management framework in BC is outdated due to the 

significant changes to BC’s marine ecosystems that have taken place since this 

framework was established in 1986.  Herring abundance in BC is assessed separately in 

five major management areas and two minor areas [112].  Commercial fishing is closed 

in any major management area if herring abundance in that area is estimated to be less 

than 25% of the unfished biomass.  For stocks that are above this biomass level, herring 

are harvested at a rate of 20% of the forecasted pre-fishery stock biomass [112].  These 

harvest rules were thought to be precautionary, allowing sufficient herring escapement to 

meet ecosystem requirements. However, several herring predators have experienced 

significant changes in abundance and distribution since this framework was established.  

Since the 1980s, baleen whale populations that were severely reduced through 

commercial whaling are recovering [e.g. 4,126], while the cessation of culls and hunting 

directed at reducing pinniped abundance has resulted in rapid increases in several seal 

and sea lion populations [127-129].  Additionally, the occurrence of Pacific white-sided 

dolphins (Lagenorhyncus obliquidens) in inshore waters of BC has increased markedly 

since the mid-1980s [123,124].   

The humpback whale (Megaptera novaeangliae) in BC is an example of a herring 

predator that has undergone extreme changes in abundance over the past century and 

for which we have an insufficient understanding of their current role in the ecosystem.  
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Humpback whales were severely depleted by commercial whaling in the 19th and 20th 

centuries [16] but have been recovering over the past few decades and the North Pacific 

humpback whale population in Canadian waters is now growing at an estimated rate of 

4% per year [14].  This population remains listed as threatened under Canada’s Species 

At Risk Act, and prey depletion has been identified as one of the current threats for 

these whales [4].  The diet of humpback whales in BC includes herring, pilchard 

(Sardinops sagax), sandlance (Ammodytes hexapterus), and euphausiids [4,14].  Based 

on stomach contents from whaling data, it appears that humpback whales in BC 

consumed euphausiids as their primary prey source during the first half of the 20th 

century [14]; however, recent opportunistic data suggest that the proportion of schooling 

fish in the diet of these whales has increased since the cessation of commercial whaling 

[4]. 

Recent research focused on humpback whales indicates that the ecosystem 

services provided by herring, particularly their role of transferring energy from plankton 

to higher trophic levels, are being underestimated in some areas.  Studies focused on 

the ecosystem services provided by forage fish have relied primarily on Ecopath models 

to quantify the contributions that these fish provide [83].  However, Ecopath models for 

BC have used stomach contents from whaling data to determine prey composition for 

humpbacks and other baleen whales.  In these models, herring represents between 1% 

[84] and 10% [85] of humpback whale diet.  Based on focal follows of individual 

humpback whales, prey sampling, and bioenergetic modeling, however, humpback 

whales of most age and sex classes in eastern Queen Charlotte Strait, BC rely on 

juvenile herring to meet over 50% of their annual energetic requirements (see Chapter 

1). 
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In areas where predators such as humpback whales are known to depend on 

herring as a primary prey source, managing herring to meet the requirements of these 

predators requires target reference points that take into account herring’s role in the 

ecosystem.  Setting target reference points that account for the needs of large predators 

such as humpback whales can be challenging due to the fact that these whales are slow 

to grow and to reproduce.  It has been established that many seabird populations 

experience decreasing reproductive success when abundance of forage fish prey drops 

below some threshold [130].  Some marine mammal populations have shown similar 

trends toward lower birth rates during periods of decreased prey abundance [39,109] 

and it has been suggested that pregnancy rates for some baleen whales may be 

affected by prey availability [28]; however, in many cases it is difficult to isolate the 

causes associated with decreased reproductive success.   

Effective management for herring that meets the requirements of large, wide-

ranging predators such as humpback whales requires that several other considerations 

be taken into account when setting target reference points.  Humpback whales tend to 

show high degrees of site fidelity, returning to the same areas to feed each year 

[105,107].  Additionally, preferred prey of humpback whales may vary by area [59]. 

Humpback whales are also highly migratory; the majority of humpback whales feed 

intensively in high-latitude waters for a portion of the year, and then is absent from these 

waters for months at a time [11,13,15]. An effective management framework for herring 

may therefore require harvest rules and their associated reference points to vary 

spatially and temporally. 

In addition to the spatial and temporal considerations outlined above, effective 

management of herring to meet the needs of dependent predators must take into 
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account inter-species interactions between herring predators.  The interactions between 

predators such as humpback whales and other herring consumers may influence the 

abundance and density of herring required to support these predators.  Humpback 

whales are just one of many marine mammal populations that prey on herring and are 

increasing in abundance in western Canadian waters.  For example, harbour seal 

(Phoca vitulina), Steller sea lion (Eumetopias jubatus), and Pacific white-sided dolphin 

populations have also been increasing off the coast of BC over the past few decades 

[123,127,129].  As these marine mammal populations continue to increase, competition 

for herring may be intensified.  Concurrent with this increase in several marine mammal 

populations, however, many fish populations that prey on herring have decreased due to 

commercial exploitation.  For example, there were significant declines in Pacific hake 

abundance in Canadian and American waters through the mid-1980s until the end of the 

1990s, as well as during much of the 2000s [131].   Herring themselves can also be 

viewed not only as humpback whale prey, but also as competitors with humpback 

whales, as both species are known to feed on euphausiids [4,132].  Finally, seabirds, 

including rhinoceros auklets (Cerorhinca monocerata) and common murres (Uria aalge) 

can be considered competitors with humpback whales based on their consumption of 

herring [98,133]; however, these birds can also benefit humpback whales.  Rhinoceros 

auklets and common murres play a role in forming and maintaining dense schools of 

herring known as bait balls or multi-species feeding assemblages [114], which 

humpback whales in eastern Queen Charlotte Strait then target as a primary feeding 

strategy (see Chapter 1).  These seabirds therefore likely increase the foraging success 

of humpback whales in some areas. 
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The degree to which predators including humpback whales rely on herring may 

also be influenced by fluctuations in the populations of species that fulfill a similar role to 

herring in an ecosystem.  As forage fish populations are susceptible to boom and bust 

dynamics [e.g. 134], predators may be faced with extreme changes in the abundance 

and availability of preferred prey sources.  For example, pilchard supported the largest 

fishery in BC for two decades until a stock collapse in the late 1940s resulted in what 

appeared to be extirpation of this population from western Canadian waters [135].  Since 

the 1990s, pilchard have returned to BC waters; however, abundance of these forage 

fish varies significantly from year to year in the northeastern Pacific Ocean [136].  

Predators, including humpback whales, which obtain a portion of their energy 

requirements from pilchard may increase their dependence on herring in years of low 

pilchard abundance. 

Based on the case of humpback whales and herring in BC, Canada, it is clear 

that effective ecosystem-based management of forage fish requires knowledge of 

predator population dynamics and prey requirements.  However, the goal of establishing 

management strategies that account for the needs of the ecosystem also requires an 

understanding of the spatial and temporal variability in predator demand for prey 

species, as well as the inter-species interactions between herring predators and their 

competitors.  Finally, as ecosystems are constantly changing due to factors such as 

environmental variability and human exploitation, an ideal ecosystem-based 

management strategy for forage fish populations is one that can be adapted in response 

to these ecosystem changes. 
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