






139Blue whale lunge-feeding energetics

the acute positive allometry of body mass (Mbody) exhibited by blue
whales (Mbody�L3.5

body, where Lbody is body length; r20.89, P<0.05,
N48).

An underappreciated ‘cost’ associated with lunge feeding is the
time that must be devoted to filtering the engulfed water mass, which
constitutes approximately one-third of a typical foraging dive. Filter
time is determined by the magnitude of the engulfed water volume,
the speed at which water is filtered past the baleen and the effective
area of the baleen. Assuming that baleen functions as a cross-flow
filter that processes water at speeds less than 1ms–1 (Goldbogen et
al., 2007), the prime determinant of filter time is the ratio of engulfed
water volume to baleen area. The magnitude of the engulfed water
mass (Mw) increases allometrically (Mw�L3.5

body) because of the
positively allometry of the engulfment apparatus (skull, mandibles
and buccal cavity) relative to the rest of the body (Goldbogen et al.,
2010). Baleen area is expected to be proportional to mouth area
(Amouth), which also scales allometrically (Amouth�L2.4

body), but not as
steeply as engulfment capacity. Therefore, larger rorquals must filter
relatively more engulfed water with proportionally less baleen area,
which yields longer filter times in between consecutive lunges at
depth. Accordingly, the mean filter time for blue whales in this study
was 55±10s, which is significantly higher than values for fin whales
(Goldbogen et al., 2006) and humpback whales (Megaptera

novaeangliae) (Goldbogen et al., 2008). However, it is still possible
that rorquals of different sizes achieve the same overall volumetric
filter rate if the putative fractal design of the baleen filter (i.e. its
effective filtering area) exhibits positive allometry relative to the
size of the skull (Alexander, 1998).

Theoretical versus observed foraging behavior
We hypothesized that the number of lunges per dive (lunge
frequency) should increase with decreasing dive depth if blue whales
were to maximize prey capture for a single dive. Theoretically, more
time can be devoted to lunge feeding at shallower depths because:
(1) less time is spent in transit to and from the prey patch, and (2)
diving costs should be lower. However, we found that lunge
frequency was the same regardless of dive depth (Fig.3B). It is
thought that lunge frequency may be an indication of prey patch
quality (i.e. prey density) because lunge frequency was positively
correlated with ascent and descent body angles (Goldbogen et al.,
2008). To fully exploit high-quality prey patches, rorquals should
exhibit high lunge frequencies at depth and return to the surface at
steep body angles to minimize transit time. When poor prey patches
are encountered at depth, the dive will be terminated, resulting in
lower lunge frequencies that are then followed by shallow body
angles on ascent. By adopting shallow dive angles, animals can

Table 2. Effects of prey density on the energetic efficiency of a single blue whale lunge

Krill density
(kg m–3)

Body
length

(m)

Body
mass
(kg)

Engulfment
volume

(m3)

Krill
obtained

(kg)

Gross
energy

gain
(kJ)

Energy
loss,
lunge
(kJ)

Energy
loss,
BMR
(kJ)

Energy
loss,
total
(kJ)

Net
energy

gain
(kJ)

Efficiency,
lunge

0.15 22 61,318 60 9 34,776 3226 1169 4395 30,381 7.9
25 96,568 80 12 46,368 6301 1643 7944 38,424 5.8
27 122,605 110 17 65,688 8071 1966 10,037 55,651 6.5

0.50 22 61,318 60 30 115,920 3226 1169 4395 111,525 26
25 96,568 80 40 154,560 6301 1643 7944 146,616 19
27 122,605 110 55 212,520 8071 1966 10,037 202,483 21

1.65 22 61,318 60 99 382,536 3226 1169 4395 378,141 87
25 96,568 80 132 510,048 6301 1643 7944 502,104 64
27 122,605 110 182 703,248 8071 1966 10,037 693,211 70

4.50 22 61,318 60 270 1,043,280 3226 1169 4395 1,038,885 237
25 96,568 80 360 1,391,040 6301 1643 7944 1,383,096 175
27 122,605 110 495 1,912,680 8071 1966 10,037 1,902,643 191

BMR, basal metabolic rate. Gross energy gain is the krill mass  energy density (4600 kJ kg–1)  assimilation efficiency of 0.84. Energy loss BMR is
obtained from Eqn 4 and average lunge time of 75 s. Efficiency is the ratio of gross energy gain to the total energy loss in one lunge.

Table 3. Effects of prey density on the efficiency of blue whale foraging dives
Krill
density
(kg m–3)

Body
length

(m)

Body
mass
(kg)

Volume
filtered,

total (m3)

Krill
obtained

(kg)

Gross energy
gain
(kJ)

Energy loss,
lunge
(kJ)

Energy loss,
diving
(kJ)

Energy
loss, total

(kJ)
Net energy
gain (kJ)

Efficiency,
dive

0.15 22 61,318 210 32 123,648 11,292 29,475 82,881 82,881 3.0
25 96,568 280 43 166,152 22,053 41,403 102,696 102,696 2.6
27 122,605 385 58 224,112 28,250 49,499 146,363 146,363 2.9

0.50 22 61,318 210 105 405,720 11,292 29,475 364,953 364,953 10
25 96,568 280 140 540,960 22,053 41,403 477,504 477,504 8.5
27 122,605 385 193 745,752 28,250 49,499 668,003 668,003 9.6

1.65 22 61,318 210 347 1,340,808 11,292 29,475 1,300,041 1,300,041 33
25 96,568 280 462 1,785,168 22,053 41,403 1,721,712 1,721,712 28
27 122,605 385 635 2,453,640 28,250 49,499 2,375,891 2,375,891 32

4.50 22 61,318 210 945 3,651,480 11,292 29,475 3,610,713 3,610,713 90
*25 96,568 280 1,260 4,868,640 22,053 41,403 82,881 4,805,184 77
27 122,605 385 1,733 6,696,312 28,250 49,499 102,696 6,618,563 86

All calculations correspond to foraging dives that average 200 m deep and a lunge frequency of 3.5 lunges per dive; dive duration was 9.8 min followed by a
surface recovery period of 2.7 min, as determined from tag data (Table 1). Gross energy gain represents the energy density of krill after accounting for
assimilation efficiency. The energetic cost of diving represents all costs that are not associated with lunge feeding per se, except for the filter phase
between lunges. Efficiency is the ratio of gross energy gain to the total energy loss in a dive. *Data in this row used in Fig. A1.
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maximize the horizontal area covered and increase the chance of
locating a higher quality prey patch (Sato et al., 2004).

For these reasons, we attributed the lunge frequency patterns we
observed (Fig.3B) to a general decrease in prey density with
decreasing depth. One alternative explanation is that prey patches
are further apart in space, which would result in more transit time
between consecutive lunges at depth, thereby allowing less time

available for lunges. However, we also found that dive duration was
not correlated with dive depth (Fig.3A). This finding suggests that
blue whales did indeed terminate dives before oxygen stores were
fully exhausted because, in theory, shallower dives could be longer
in duration. Furthermore, we found a positive correlation between
mean lunge frequency and mean ascent body angle across
individuals (r0.537, P0.00695, N173), which supports the
hypothesis that the number of lunges per dive is an indication of
prey patch quality. Blue whales may also choose not to perform
long dives at shallower depths because they could instead return to
the surface to breath during the filter phase after each lunge (Ware
et al., 2010). Such a strategy effectively decreases post-dive surface
time, by only needing to breathe once or twice in between each
lunge, and thus facilitates relatively continuous foraging near the
sea surface. Under this scenario, the number of lunges per dive will
progressively decrease with decreasing depth (Ware et al., 2010),
which is contrary to the prediction presented here on the basis of
maximizing prey capture for just a single deep foraging dive.

If krill density decreased with decreasing depth, it may be related
to the diel vertical migration of krill. A general observation is that
daytime krill patches at depth are dense, but at night they migrate
toward the sea surface and disperse to feed (Hewitt and Demer,
2000). Researchers have been unable to definitively assess density
changes of krill patches during the vertical migration because of
the differential day–night bias of both acoustic and net tow sampling
techniques (Simard and Sourisseau, 2009). Nevertheless, there is
evidence that krill return to depth once they are satiated (Sourisseau
et al., 2008), which should decrease the overall nighttime density
at the sea surface. A recent study has shown, however, that when
dense krill patches are sustained at the sea surface, humpback whales
will continue to feed into the night (Ware et al., 2010).

All of our deployments that remained attached into the night
showed a concomitant decrease in dive depth and lunge frequency
near dusk, followed by a behavioral switch to resting behavior at
the sea surface (<50m depth). These results are supported by
previous tag studies that also show this marked transition in
foraging behavior associated with dusk in both blue whales
(Calambokidis et al., 2007; Croll et al., 1998; Fiedler et al., 1998;
Oleson et al., 2007) and fin whales (Panigada et al., 2003).
Simultaneous tracking of tagged blue whales and krill aggregations
at depth demonstrate that blue whales follow their diel migration
and continue feeding until the scattering layer reaches the sea surface
at night [see fig.6 in Fiedler et al. (Fiedler et al., 1998) or fig.5 in
Croll et al. (Croll et al., 1998), and fig.3 in Calambokidis et al.
(Calambokidis et al., 2007)]. We hypothesize that this halt in
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Fig.6. Energetic efficiency of foraging dives. (A)When krill density was
assumed to be constant with depth, the energetic efficiency should have
theoretically increased with decreasing depth (dashed line) because more
lunges are possible at shallower depths for a given amount of dive time.
However, tag data demonstrated that lunge frequency was invariant of dive
depth (Fig.3) and, therefore, efficiency was also irrespective of depth (solid
line) and the costs associated with diving. (B)When krill density decreased
linearly with decreasing depth (from 4.5kg m–3 at 300m to 0.1kg m–3 at
75m), foraging efficiency also decreased. Data are means ± 1 s.d. for the
range in blue whale body length from 22 to 27m.
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250 Fig.7. Effects of krill density on the energetic efficiency of foraging.
After accounting for the costs of diving and lunge feeding (Tables 2,
3), the model predicted the number of lunges required to meet
standard energetic demands for a 24h period (left axis). Assuming
continuous feeding to an average depth and duration (followed by
surface recovery time), as determined by tag data (Table1), we
calculated the amount of foraging time that is required to meet this
daily energetic requirement of approximately 1000kg of krill. These
estimates are represented by the curved, colored lines for blue
whales of three different sizes (22, 25 and 27m). The solid vertical
lines indicate krill density estimates using different techniques that
correspond to the reference values used for the bioenergetic
analyses summarized in Tables 2 and 3. The vertical dashed line
represents the critical density (0.1kg m–3) at which a blue whale will
start to loss body mass, even if foraging is continuous over the
course of the 24h period.
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foraging behavior at night is related to a foraging threshold that is
related to a critical density in prey (Fig.7). Below this critical density,
the efficiency of lunge feeding is significantly decreased and a net
loss of energy is predicted, even if the whale forages continuously.

An alternative explanation for this diel foraging pattern is that
blue whales cannot feed at night because they fail to visually locate
krill without downwelling sunlight. However, there is limited
evidence that humpback whales feed at night using putative
echolocation (Stimpert et al., 2007) or tactile mechanisms
(Friedlaender et al., 2009). Crittercam deployments on blue whales
show that daytime foraging dives often involve lunges at steep
upward pitch angles [see fig.4 in Calambokidis et al. (Calambokidis
et al., 2007); cf. Fig.2], where krill patches are backlit from
downwelling sunlight (Calambokidis et al., 2007). However, these
authors also reported lunges that occurred at the end of the initial
descent [see fig.5 in Calambokidis et al. (Calambokidis et al., 2007)],
which is similar to what we report here for 14 of 26 tagged blue
whales (lunge type A, Table1). The decision to lunge on descent
versus ascent (during the bottom phase of a dive) may be related
to the location of the prey patch upon initial descent. We envision
a scenario in which a diving whale that descends directly into the
prey field would initiate a lunge upon the detection of a sufficient
number of prey hits against sensory tubercles or vibrissae located
on the snout (Ogawa and Shida, 1950; Slijper, 1979). If a prey patch
is detected visually before it is detected mechanically, the whale
would have to maneuver and lunge into the prey field on ascent
(Fig.2). We suggest, therefore, that rorquals employ a variety of
sensory modalities to locate and capture prey. Future research that
combines three-dimensional analyses of both the prey field and
lunge-feeding whales are required for a better understanding of how
rorquals exploit prey patches at depth.

APPENDIX 1. BASIC LUNGE-FEEDING MODEL (BLFM) – 
A SUMMARY

The BLFM – version 2.0
The energetics of the engulfment phase are calculated by modeling
the interaction between a whale’s body and the mass it engulfs and
its resulting impact on the motions of both bodies. We describe here
an upgraded version of the BLFM originally proposed by Potvin et
al. (Potvin et al., 2009), in which the engulfment time scale and
gape opening rates are now calculated functions rather than empirical
inputs (Potvin et al., 2010). Note that this current version does not
include the modeling of the pre-engulfment and purging stages, even
though they are part of a lunge.

The BLFM simulates the trajectories of both whale and (growing)
engulfed mass as a head-on collision that occurs along a straight-
line trajectory. Such a trajectory may be horizontal or angled
depending on the specifics of a lunge. The Newtonian equations of
motion for each body are given by:

Mcac(t)  T(t) – FED(t) – FSD(t) + Fext, (A1)

Mw(t)aw(t) + Vw(t)wAc(t)[Vc(t) – Vw(t)]  FBC(t) –Fww(t), (A2)

where w is the density of seawater (1025kgm–3); Mc and ac, and
Mw(t) and aw correspond to the mass and acceleration of an empty
whale (cetacean) and engulfed water, respectively. These
accelerations are defined from acdVc /dt and awdVw /dt, with the
velocities Vc(t) and Vw(t) measured from a fixed reference frame.
The forces applied on the whale and engulfed mass appear on the
right-hand side of these equations. As previously illustrated [see
fig.2 in Potvin et al. (Potvin et al., 2009)], these forces include: (1)
the muscle action (FBC) applied along the buccal cavity wall against

the engulfed mass, which by reaction gives rise to the engulfment
drag (FED) component of the total drag sustained by the whale; (2)
the fluking thrust (T), visualized here as pointing forward and parallel
to the motion, whether horizontal or angled; (3) the external force
(Fext), consisting of the whale’s weight, minus buoyancy, as
projected along the axis of motion; (4) the so-called shape drag force
(FSD) corresponding to the flow moving around the body; and (5)
the water-to-water drag force (Fww), i.e. the ‘push’ of ‘the rest of
the ocean’ against the exposed end of the engulfed water (mouth
side). The specific values and functions used for these forces are
described in the next section. Note that Eqn A1 does not include
the effects of the lift generated by the body, fluke and flippers, as
recently discussed (Cooper et al., 2008).

The function Mw(t) tracks the water accumulating in the buccal
cavity as calculated via an integration over the flux of fluid entering
the cavity:

Note that the second term on the left-hand side of Eqn A2 is made
necessary by the fact that the engulfed mass loses momentum and
energy to each new slug ‘dMw’ entering the cavity during time
increment dt [this term arises from a more fundamental definition
of momentum change, d(VwMw)/dtMwdVw/dt+VwdMw/dt, where
dMw/dtwAc(t)(Vc–Vw)].  is a proportionality constant whose
meaning is discussed at the end of this section.

In both Eqns A1 and A3, the function Ac(t) is the instantaneous
(vertical) cross-section mouth area measured just below the TMJ
[see fig.5 in Potvin et al. (Potvin et al., 2009)]. It is calculated as
the surface area of a half-ellipse, which is a good approximation of
the mandible and cavity shapes observed in the field (Goldbogen
et al., 2010):

The semi-minor and major radii of this elliptical area are defined
by the half-width of the head (whead/2) and (axially) projected length
of the (distended) jaw [0.98Ljawsingape(t)], with gape(t)
corresponding to the gape angle (TableA1 lists representative values
of these body dimensions). The species-specific ‘0.98’ factor is
needed to insure a good match with the value of Ac(t) estimated
from morphology for an ‘average’ 25m adult fin whale. Such a
factor will be assumed to be independent of body length. In this
version of the BLFM, gape(t) is a known function further discussed
in Potvin et al. (Potvin et al., 2010).

Strictly speaking, Eqn A3 measures the mass engulfed post-TMJ
only (i.e. MwMw

post-TMJ), as it uses the mouth cross-sectional area
directly below the TMJ to measure the flux of fluid entering the
cavity. Using Mw

post-TMJ is warranted during the mouth opening stage
of engulfment because it is functionally identical to the total mass

  
Ac (t) =

1

2
π

whead

2
0.98Ljaw sinθgape (t)⎡⎣ ⎤⎦  . (A4)

Mw(t) = ψρw dt
0

t

∫ Ac (t′′ ) Vc (t′) − Vw (t′)⎡⎣ ⎤⎦  (A3).

Table A1. Body dimensions and energy estimates of the
simulated blue whales

Lbody

(m)

L0

(m)

Ljaw

(m)

whead

(m)

Abody

(m2)

22.1 12.58 4.17 2.53 6
25.2 14.71 5.02 2.96 10
27.0 15.98 5.54 3.22 12
Abody, cross-section area of the body; L0, length of the ventral groove

blubber; Lbody, length of the body; Ljaw, length of the lateral projection of
the jaw; whead, width of the head.
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being engulfed during that time. However, the equation clearly
neglects the (smaller) mass accumulating in the buccal cavity
anterior to the TMJ (ant-TMJ) during the mouth closure stage. The
extent of this omission can be gauged with the results of a recent
study of the volumetric capacities of large rorquals (Goldbogen et
al., 2010), which suggests that Mw

ant-TMJ/Mw
post-TMJLjaw/(L0–Ljaw),

where L0 corresponds to the entire length of the VGB (from the
anterior end of the mandible to the umbilicus) and Ljaw is the length
of the lateral projection of the jaw. Given the data in TableA1, this
mass ratio equals ~50% for all three sizes, thus yielding an
approximately 30% [(0.5/1.5)�100] underestimate of the total mass
captured by the end of mouth closure. From an energetics point of
view, omitting the effects of the mass accumulating ant-TMJ yields
an error of approximately 20% in the calculation the kinetic energy
imparted to the engulfed mass. This is evident from the following
(simplified) model where: (1) half of the mass accumulating post-
TMJ has been accelerated from rest to speeds of approximately
3.68ms–1 during the first half of mouth opening (see tag data, Fig.5),
whereas the other half has accelerated to an average speed of
~3.0ms–1 during the second half of the mouth opening stage; and
(2) half of the mass accumulating ant-TMJ has been accelerated to
speeds of approximately 2.20ms–1 (mean) during the first half of
mouth closing, and the other half accelerated to an average speed
of ~1.6ms–1 during the second half of mouth closing. The gained
kinetic energy (DEK) is then calculated as follows:

Note that in Eqn A6 we have used Mw
ant-TMJ/Mw

post-TMJ≈1/2. To the
extent that roughly the same distance is being travelled in simulations
with and without Mw

ant-TMJ, and in a context where T and Fext are
much smaller than drag (see Forces relevant to engulfment),
underestimating the energetics by 20% means that the total drag
(FSD+FED) is also underestimated by approximately 20% (J.P.,
unpublished data).

As the last symbol of the fundamental equations (Eqns A1–A4),
the parameter  is another improvement to the original BLFM and
is used to yield the volume of the filled cavity post-TMJ that is
predicted by morphology (Goldbogen et al., 2010), by the time of
maximum gape. Given the one-dimensional fluid dynamics invoked

ΔEK ant-TMJ ≈
1

2
Mw

post-TMJ / 4( )
filled

2.202 − 0( )

+
1

2
Mw

post-TMJ / 4( )
filled

1.602 − 0( )
~ 0.92 M(ms–1)2

w
post-TMJ( )

filled
 .  (A6)

ΔEK post-TMJ ≈
1

2
Mw

post-TMJ / 2( )
filled

3.682 − 0( )

+
1

2
Mw

post-TMJ / 2( )
filled

3.002 − 0( )
≈ 5.63 Mw

post-TMJ( )
filled

 (A5)(ms–1)2
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Volume engulfed 
per lunge = 80 m3

Total volume filtered 
per dive  = 280 m3

Number of lunges 
per dive = 3.5

Krill density
=  4.5 kg m–3

Amount of krill obtained 
from lunges = 1260 kg

Energy within ingested 
krill = 5,796,000 kJ

Krill energy density 
= 4600 kJ g–1

Energy obtained from 
ingested krill = 4,868,640

Assimilation 
efficiency 
=  84%

Mechanical energy required 
for one lunge = 945 kJ

Mechanical energy required for all 
lunges = 3308 kJ

Number of lunges 
per dive = 3.5

Metabolic energy required for all 
lunges = 22,053 kJ

Metabolic energy cost of the 
foraging dive =  63,456 kJ

Combined 
efficiency

(0.15)

Active metabolic rate (AMR)
for dive and surface time

=  41,403 kJ

Energy in Energy out

Shape and engulfment 
drag = 569 kJ

Pre-engulfment 
acceleration = 376 kJ

Efficiency = 77 

Fig. A1. Energy budget for lunge-feeding efficiency
during foraging dives. Example values are given at
each step of the calculation for a 25m blue whale
(Table 3). Models from Croll et al. were used to
estimate active metabolic rate (AMR) (Croll et al.,
2006).
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above, where each engulfed slug dMw passing below the TMJ never
changes shape once inside the cavity (post-TMJ), Eqn A3 with 1
effectively yields the volumetric capacity of a 1/4-ellipsoidal wedge
(i.e. a wedge with an elliptical cross-section) rather than that of a
1/4-three dimensional ellipsoid, which appears to better approximate
the filled buccal cavities seen in the field.

A three-dimensional ellipsoid shape for the fully inflated buccal
cavity is a direct consequence of the engulfed slugs of water
changing shape after engulfment. This scenario implies that: (1) the
fluid dynamics are three-dimensional (rather than just one-
dimensional), and (2) the buccal cavity is able to extend sufficiently
to accommodate an ellipsoid shape. Setting >1 makes a one-
dimensional fluid dynamic scheme appear three-dimensional by
effectively increasing the fluid’s speed at the entry point into the
cavity (i.e. at TMJ-level) to [Vc(t)–Vw(t)] (via Eqn A3).
Concomitantly, the longitudinal expansion of the buccal cavity (post-
TMJ) is modulated at a slower pace, i.e. as determined by aw and
Vw in Eqns A2 and A9 (below). Here, 4/3 given that the
volumetric capacity of ellipsoids is greater than that of ellipsoidal
wedges by a factor of four-thirds.

Forces relevant to engulfment
Engulfment drag and buccal cavity wall force

The most important force acting on a lunge-feeding whale is the
push exerted by the buccal cavity walls onto the engulfed mass (FBC).
By action–reaction, such a force gives rise to engulfment drag (i.e.
FED as FEDFBC), which adds to the so-called shape drag (FSD) being
produced by the flow around the whale’s body (external drag).
Several possible forms for FBC were considered in Potvin et al.
(Potvin et al., 2009), including the elastic force provided by the
VGB, a hydrodynamic force proportional to the stagnation pressure
at the anterior end of the rostrum and the so-called forward shove
(see below). As discussed elsewhere (Potvin et al., 2010), VGB
elastic forces appear to play only a minor role during lunges.
Moreover, only the shove-type force was found to yield velocity
temporal profiles that matched the tag data.

In the BLFM, the acceleration of the engulfed water mass (the
forward push) is parameterized as follows:

The function FBC
open(t) and (input) constant kopen characterize the

mouth-opening stage and FBC
close and kclose the mouth-closing stage.

The basic distance scale for this force is set by the ratio Ac/whead,
calculated from Eqn A4, and the morphometrics of the body data
(TableA1). By contrast, the time scale of the shove is set by the
duration of the engulfment process itself, as calculated from (Potvin
et al., 2010):

Here  is a constant estimated at ~6/5 that is weakly dependent
on body length (Potvin et al., 2010). Using again the body
dimension data of TableA1 yields 2(L0–Ljaw)/Ljaw4.66±0.15.
The value of 4.66 was used in the simulations for all three body
dimensions. As a result, Eqn A8 yielded an engulfment time of
6.59s for the 25m whale simulation shown in Fig.5, where
Vc(0)3.68ms–1.

The so-called reaction constants kopen and kclose directly determine
how ‘hard’ the engulfed mass is being pushed forward: too hard of

  

tengulf = 2Γ
L0 − Ljaw

Ljaw

⎛

⎝⎜
⎞

⎠⎟
Ljaw

Vc (0)
 .  (A8)

FBC
open/close (t) =

kopen/close

tengulf
2

4 Ac (t)

π whead

⎡

⎣
⎢

⎤

⎦
⎥ Mw (t) .  (A7)

a push and the mass exits the cavity as Vc(t)<Vw(t) (i.e. cavity
draining); too weak of a push and the cavity post-TMJ fills up too
soon, i.e. prior to maximum gape. The buccal cavity is completely
filled when the engulfed water mass reaches the posterior end of
the buccal cavity, an event occurring when:

where Xc and Xw are the distances traveled by points located at the
TMJ and aft-end of the engulfed mass, respectively, and t� is time,
used here as an integration variable.

In between these two limits there is a continuum of values that
generally yield partial or incomplete filling of the buccal cavity
relative to the maximum capacity predicted by morphology. During
the mouth opening stage, only the lower value of the range for kopen

yields the maximum volumetric capacity (post-TMJ) that is limited
by morphology (Goldbogen et al., 2010). Typically, optimal kopen

is determined after several trial simulations (i.e. prior to an ‘official’
run) and yielded: kopen/t2engulf0.15 to 0.26s–2 (27m whale), 0.18 to
0.34s–2 (25m) and 0.28 to 0.40s–2 (22m) [the specific value
depended on Vc(0) and the shape drag coefficients discussed below].
As discussed recently (Potvin et al., 2010), the muscle within the
VGB must relax somewhat to allow the closing of the mouth
following maximum gape, an action that must substantially diminish
the forward push of the engulfed mass. For this reason, our
simulations were carried out with kclose0.

Shape drag
The drag associated with the changing shape of a lunge-feeding
whale and the external flows that result can be parameterized by
this general formula:

The function C(t)S(t) corresponds to the instant drag area of the
shape generating the drag. This time-dependent function has
dimensions of surface area and represents the combined effects of
the accelerating and decelerating external flows taking place around
the whale (i.e. the so-called added mass), as well as the effects of
wake growth and wake turbulence that are generated during the lunge
(Potvin et al., 2009). Here one uses:

C(t)S(t)�mouthopening  CDopenAc(t) + CDbodyAbody, (A11)

C(t)S(t)�mouthclosing  CDcloseAc
max + CDbodyAbody. (A12)

The parameter Abody is the (known) cross-section of the body in a
closed-mouth, empty-cavity configuration (Goldbogen et al., 2009b),
here equal to 10m2 in the case of the 25m blue whale (TableA1);
CDbody is the corresponding drag coefficient, set to 0.05 from a
previous hydrodynamic study on fin whale locomotion (Bose and
Lien, 1989) [note: these authors quote CDbody0.0026, which is based
instead on a 131m2 total body surface area of a fin whale, rather
than its cross-section (7 m2)].

The known instantaneous mouth area Ac(t) (Eqn A4) and
maximum mouth area Ac

max (Eqn A4, with gape
gape80deg) were

assigned the following drag coefficients: CDopen≈0.33 and CDclose≈1.2
to 2.0. These variations in the drag function C(t) between the mouth-
opening and mouth-closing stages have a very coarse time
dependence, but one that reflects an overall increase in drag

FSD (t) ≡ C(t)S (t)
1

2
ρwVc

2 (t)
⎛
⎝⎜

⎞
⎠⎟

 .  (A10)

  

Xc (t) − Xw (t) ≡ dt′
0

t

∫ Vc (t′) − Vw (t′)⎡⎣ ⎤⎦ = L0 − Ljaw  ,  (A9)
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coefficient owing to the unsteady nature of the flow outside and
right behind the buccal cavity.

Fluking thrust and buoyancy-reduced weight
Calculating the relevant values for fluking thrust (T) and buoyancy-
reduced weight (Fext) during engulfment is a tentative exercise given
that these forces have never been experimentally quantified to an
extent that is useful for simulation studies. However, this may be
a moot point because the estimates that follow indicate that T and
Fext may be very small relative to engulfment drag (FED), and
furthermore, that they could cancel each other by virtue of having
similar magnitude. Accordingly, the sum T+Fext in Eqn A1 was set
to zero in the simulations.

The buoyancy-reduced weight, defined as Fext(FB–Wc)singlide,
with FB, Wc and glide corresponding to a whale’s buoyancy, weight
and glide angle during descent, respectively, can be estimated from
the drag properties of the body during the constant-speed phase of
a gliding descent to the bottom (Goldbogen et al., 2006). At terminal
velocity near the end of a descent (a state of dynamic equilibrium),
one has (FB–Wc)singlideFSD in the absence of any significant
fluking thrust (of which there is none according to the tag data).
Thus, from Eqn A10 with C(t)S(t)CDbodyAbody (10 m2�0.05) and
Vc4.0±0.5ms–1 (obtained from the tag data of eight whales), one
calculates Fext(FB–Wc)singlide≈4100N.

Fluking thrust during engulfment (TE) will be estimated as a
fraction of the thrust generated during the ‘uphill’ portion of the
pre-engulfment phase (TPE) (Fig.2), where the whale accelerates
towards the krill patch from below for approximately 3s. Estimating
TPE will be carried out with the integral version of Newton’s law
of motion, also known as the momentum-impulse (MI) theorem
(French, 1971). Along the uphill and straight trajectory assumed to
be taken here, the MI theorem results in the time-averaged forces
being given by the following:

McDVc  (�TPE� – �FSD� – �Fext�)tuphill, (A13)

where tuphill is the duration of that portion of the pre-engulfment
phase. With tuphill≈3s, DVc≈3.7–2.0ms–1 (Fig.2), Mc96,568kg
(Table2, 25m whale) and FSD≈Fext≈4100N (previous paragraph),
one obtains TPE≈54,722+8200N62,922N. Relating the value of
TE to that of TPE follows from the ratio of peak fluking acceleration
aE

fluke/aPE
fluke shown in Fig.2, which generally varies between 0.2/2.0

and 0.5/2.0 in the three lunges shown in Fig.2. To the extent that
the (tangential) acceleration of the flukes reflects that of the fluid
being pushed rearward, and that the fluid mass being pushed by the
flukes is similar during both engulfment and pre-engulfment, one
would expect the ratio TE /TPE to have similar values, within one
order of magnitude. Thus, we predict TE to be in the range of 6292
to 15,731N, which is significantly smaller than the peak engulfment
drag being generated (FED

peak>50kN).

Water-to-water drag
The last force of relevance to the BLFM is the hydrodynamic force
Fww applied on the engulfed slugs in the process of re-exiting the
mouth during mouth closure (Fww0 during mouth opening). These
forces arise from the interaction of those slugs with the rest of the
ocean that surrounds the whale. The BLFM represents this
interaction with the drag equation (Eqn A10), where
C(t)S(t)0.1Ac(t) when Vc(t)>Vw(t) and C(t)S(t)0 when
Vc(t)≤Vw(t). This is a rather crude approach to a complicated
hydrodynamic phenomenon. An improved representation for Fww,
as implemented along with an explicit accounting of the mass

captured anteriorily to the TMJ, is currently being developed and
tested.

Input parameters
Our simulations were obtained from the numerical integration of
the equations of motion using the simple Euler–Cromer algorithm
(Gould and Tobochnik, 1996). Although usually unsuitable for most
multi-temporal scale simulations, Euler’s method is accurate for the
problem at hand given that the two time scales operating here,
namely that of the mouth cross-section area [Ac(t)] and that of shape
drag, are of the same order of magnitude, i.e. 100–101s (Potvin et
al., 2009). As a further check, several simulations were performed
at a shorter time increment (dt0.001s) in addition to the increment
of dt0.01s used for all simulations, and were verified to yield
identical results.

The BLFM incorporates a large number of input parameters
corresponding to the dimensions of the body, namely Lbody, L0,
whead, Ljaw, Mc and Abody (Table 2 and Table A1). Other parameters
used here included the density of seawater (w1025kgm–3),
maximum gape angle (out

gape80deg1.39rad), and initial speed
of engulfed water [Vw(0)0]. Most importantly, initial speeds of
3.1, 3.68 and 4.10ms–1 were considered to gauge the variability
with regards to the sensitivity of the results to initial speed. The
values of the parameters related to the forces of relevance were
listed in the previous section.

Simple veracity check
We checked the veracity of our simulations using the following
simple but correct energy relationships (Potvin et al., 2010). Along
straight-line trajectories, horizontal or angled, over which Fext and
T are negligible, a whale’s drag energy losses (DQdrag) during
engulfment can be assessed via the integral over travel distance for
the equation of motion (Eqn A1), namely:

Again, the engulfment time tengulf is computed from Eqn A8. The
derivation of the mean rate of energy loss [Pdrag(t)] follows a similar
reasoning and from the fact that Pdrag(t) is the time derivative of
Qdrag(t). Averaging Pdrag(t) over the duration of engulfment yields
exactly:

Given the dependence of DQdrag and Pdrag on the speed Vc(tengulf)
at the end of engulfment (and prior to purging the engulfed water
mass past the baleen), this veracity check requires knowing (or
approximating) the scaling of Vc(tengulf) as well. This is done from
the fact that the speed decrement over engulfment time is (exactly)
equal to the time-averaged deceleration:

Pdrag

Mc

≡
1

tengulf

d

dt

Qdrag

Mc

⎛
⎝⎜

⎞
⎠⎟

dt
0

tengulf

∫

=
1

Mctengulf

dQdrag

0

tengulf

∫ =
ΔQdrag

Mctengulf

 .  (A15)

  

Vc (0) − Vc (tengulf ) = ac tengulf

~
L0

tengulf( )2
tengulf =

L0

2Γ L0 − Ljaw( )Vc (0) . (A16)

  

ΔQdrag

Mc

=
FED + FSD

Mc

d x
0

Xc (tengulf )

∫ =
Mc ac (t)

Mc

d x
0

Xc (tengulf )

∫

=
Vc

2 (0)

2
1−

Vc
2 (tengulf )

Vc
2 (0)

⎛
⎝⎜

⎞
⎠⎟

 . (A14)
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The second line of the equation approximates �|ac|� as the ratio
of a travel distance scale (L0) over the square of a characteristic
time (tengulf

2) and involves Eqn A8 in the last step. The use of L0

as a typical distance scale can be argued from constant-acceleration
kinematics, where tengulf

2�ac�2(d–Vc(0)tengulf); this result is used
along with EqnA8 while approximating L0 as L0�d (i.e. the actual
travel distance, which is good only for large adults), approximating
Ljaw as Ljaw�1/3L0 (as suggested by morphology) and setting
1.2�1.0. The body size data of TableA1 thus show that the ratio
[Vc(0)–Vc(tengulf)]/Vc(0) is ~0.64 [or Vc(tengulf)≈0.36Vc(0)] for the
three sizes of blue whales considered here, which is in overall
agreement with the simulations (i.e. within ±0.15ms–1).

Using Eqns A14 and A16 yields the following energy losses due
to drag, in the case of a 25m whale moving at Vc(0)3.68ms-1 at
the beginning of engulfment: DQdrag365,373J (22m whale),
575,415J (25m) and 730,561J (27m). These values compare well
with the simulation values discussed in the text. The mass-specific
rate of energy loss (at the same initial speed) comes from Eqns A15
and A16: Pdrag/Mc1.12Wkg–1 (22m whale), 0.95Wkg–1 (25m) and
0.88Wkg–1 (27m), which again match those of the simulations.

APPENDIX 2. EXAMPLE ENERGY BUDGET FOR LUNGE-
FEEDING EFFICIENCY DURING FORAGING DIVES

We estimated the energetic efficiency of blue whale foraging dives
by accounting for the energy obtained from ingested prey and the
energy expended during diving and lunge feeding (Fig. A1). The
energy input accounted for assimilation efficiency and variation in
krill density (Table 3). The energy expenditures included the
mechanical energy required to lunge (Appendix 1), the combined
efficiency of converting metabolic energy into mechanical energy
(0.15) and AMR during diving and post-dive recovery time.

LIST OF ABBREVIATIONS
Abody cross-section area of the body (closed-mouth, empty-cavity

configuration)
ac acceleration of an empty whale
Ac instantaneous (vertical) cross-section mouth area
afluke fluking acceleration
Amouth mouth area
AMR active metabolic rate
aw acceleration of engulfed water
BLFM basic lunge-feeding model
BMR basal metabolic rate
d travel distance
EK kinetic energy
FB buoyancy
FBC buccal cavity wall force
FED engulfment drag force
Fext whale’s weight minus buoyancy, projected along the direction

of motion
FMR field metabolic rate
FSD shape drag force
Fww water-to-water drag force
kclose reaction constant used in EqnA7 to calculate the cavity wall

force during mouth closing
kopen reaction constant used in EqnA7 to calculate the cavity wall

force during mouth opening
L0 length of the VGB (from the anterior end of the mandible to

the umbilicus)
Lbody body length
Ljaw length of the jaw
Mbody body mass
Mc mass of an empty whale
Mw mass of engulfed water
Pdrag Energy loss
Qdrag whale drag energy

t time
T fluking thrust
TADL theoretical aerobic dive limit
TE engulfment fluking thrust
tengulf engulfment time
TMJ temporomandibular joint
TPE pre-engulfment fluking thrust
Vc whale speed
VGB ventral groove blubber
Vw engulfed water speed
W whale weight
 proportionality constant used in Eqn A8, ~6/5
gape gape angle
w density of seawater
glide glide angle during descent
 proportionality constant used in Eqn A3, =4/3
head width of the head
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