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Fig. 4. Whale shark pseudotracks, assuming 1 ms ' swimming speed. Partial tracks of MXA-047 (A) and MXA-406 (B) showing apparent surface feeding
and feeding at depth, respectively. Tortuosity of the tracks is evident, as is the increased oscillatory rate during foraging. Both sharks showed an increase in
oscillatory rate on ascents, consistent with behavior of negatively buoyant sharks (Gleiss et al., 2011a).

of the overall noise in the tag. For all sharks, surface feeding had
ODBA (1.78 m s™2) two times higher than non-feeding periods
(0.87 ms™?) at the surface (Fig. 6). Mean tortuosity of feeding
periods was seven to 28 times higher in feeding periods compared
with non-feeding periods (Fig. 5).

Feeding orientation

Sharks 047 and 522 were primarily oriented east-west when
foraging, while shark 1275 was more uniform in distribution and
shark 406, with a mean foraging depth of 24 m (Table 1B), was
primarily oriented north-east (Fig. 7). Non-feeding periods for

shark 047 were strongly biased south, shark 522 was strongly biased
south-east, shark 406 was primarily between south-west and south-
east, and shark 1275 had five distinct directions.

Foraging cost

For both presumed deep feeding and presumed surface feeding, the
increased ODBA associated with foraging implied a commensurate
increase in metabolic rate compared with non-feeding periods
(Fig. 8A). The increased cost of foraging at the surface (from a mean
ODBA increase of 0.92ms™2) was 3.4 times larger than the
increased cost of foraging at depth (mean ODBA increase of
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Table 1. Tag deployment information

Foraging  Percentage Percentage Mean Mean night- Percentage  Percentage

Shark Deployment  duration of day spent  of night spent daytime time depth  of time spent of time spent
no. Shark ID  Sex Date duration (h) (h) foraging foraging depth (m)  (m) <3 m (day) <3 m (night)
1 MXA-047 F 20 August  92.1 15.1 32% 0% 14.0£13.1  20.6x10.6  39% 12%

2013
2 MXA-522 M 26 June 71.0 1.7 20% 12% 17.4+11.1  18.0¢10.8 23% 16%

2014
3 MXA-1275 M 28 June 454 25 10% 1% 6.1£7.7 2.7+3.4 56% 72%

2015
4 MXA-406 M  2July2015 189.0 48.4 21% 32% 19.3+8.4 21.0£7.1 9% 7%

Values are listed as meanszs.d.; F, female; M, male.

0.27 m s=2). The amount of zooplankton that would have to be
consumed to account for this increased foraging cost is similarly
lower for deep feeding than for surface feeding (Fig. 8B).

DISCUSSION

Whale sharks are the largest extant fish and have a filtering apparatus
unique to its species (Gudger, 1941a; Taylor et al., 1983; Motta
et al., 2010). Due to their large size, and consequent metabolic
requirements in tropical seas, it was presumed for many years that
their diet must consist of larger prey (Gudger, 1941b; Duffy, 2002;
Motta et al., 2010). More recent observations of morphology
(Taylor et al., 1983) and observations of behavior (Motta et al.,
2010) have since confirmed that these animals are strictly filter
feeders (Gill, 1905). The degree to which small fish may be irregular
parts of whale shark diets is at this point still undetermined (Rowat
and Brooks, 2012); however, the low speeds observed in this study
provide additional evidence that these large animals are primarily
filter feeding on zooplankton, as filter feeding on highly
maneuverable forage fish is typically observed to be successful
only as part of the high-speed engulfment filtration feeding of
rorqual whales (Sanderson and Wassersug, 1990) that essentially
use surprise attacks to delay the dispersion of maneuverable prey
(Cade et al., 2020). Filter feeding on aggregations of small but
plentiful organisms is an efficient way to transfer energy across
trophic levels. Due to this efficiency, filter feeding is ubiquitous at
the largest body sizes in the oceans (Gearty et al., 2018; Goldbogen,
2018; Goldbogen et al., 2019; Lawson et al., 2019; Williams, 2019).
Despite decades of interest and a rapidly increasing draw as a tourist
attraction over the last two decades (Norman and Catlin, 2007),
there is no published information on the energetic costs of this
foraging style in whale sharks, and it is that hole that we sought to fill
with this study.

Table 2. Surface and sub-surface foraging energetics

Most studies of metabolic expenditure in swimming animals have
found, or presumed, that all else being equal it takes about the same
amount of energy to move a given fish mass forward a given
distance at a given speed (e.g. Schmidt-Nielsen and Knut, 1984;
Carlson et al., 2004; Gleiss et al., 2011a). Two characteristics of
feeding in whale sharks, however, incur additional energetic costs
above normal swimming modes. Continuous ram filtration feeding,
even if performed passively, always incurs additional energetic
costs compared with normal swimming due to the increased drag
of water flow through a filter, and this is compensated for with
increased stroke amplitudes, stroke rates, decreased speeds or
decreased distance traveled per stroke while filtering (Sanderson
and Wassersug, 1990; Sims, 2000; Carey and Goldbogen, 2017; van
der Hoop et al., 2019). The most commonly observed whale shark
filter feeding mode in the literature is active ram feeding at the
surface (Nelson and Eckert, 2007; Motta et al., 2010). Although
these reports may be biased by the limitations of surface-based
observations, in this study we noted that three of four feeding sharks
used this mode exclusively for more than 90% of the 30 logged
hours of putative feeding. Swimming close to the surface is known
to increase drag and, thus, swimming costs (Blake, 2009), and we
observed higher costs of foraging for the three sharks feeding at the
surface compared with the shark feeding at depth, as measured by
tail beat amplitude, tail beat rotation rate and ODBA (Fig. 6).

The few ram filtration feeding species that have been studied all
appear to compensate for the increased drag of filtering in similar
ways. Northern anchovies (Engraulis mordax), despite the dangers
of falling behind their school, slow down by 18% when filter
feeding and switch gaits from the normal beat-glide gait to a
continuously stroking motion while foraging. Each stroke during
normal swimming is completed in 0.72 s, while each stroke while
ram feeding takes 0.29 s, and anchovies move three times as far

At depth (>3 m)

At surface (<3 m)

Mean Tail beat Tail beat Tail beat Tail beat
Shark foraging Tail beat amplitude rotation rate ODBA Tail beat amplitude rotation rate ODBA
no. Shark ID  depth (m) period (s) (deg) (degs™) (ms=?) period (s) (deg) (degs™) (ms2)
Non-feeding 1 MXA-047 0.7+2.2 6.9+1.5 20.4+3.1 6.0+1.6 0.3+0.3 6.8+1.8 23.9+5.5 7.2+1.7 1.0£0.7
2 MXA-522 0.1+0.4 7.7+1.6 143120 2.8+1.3 0.2+0.1 7.8+2.3 16.3+3.9 4.0+1.5 0.7+0.6
3 MXA-1275 1.1£1.5 7.2+1.0 18.7+4.3 4.8+2.6 0.2+0.2 7.6t1.6 20.5+5.9 9.4+2.7 0.9+0.7
4 MXA-406 24.0+4.2 5.8+1.2 19.6+3.6 5.2+1.6 0.3+0.2 6.6+£1.5 23.3+5.9 7.2+2.0 1.0£0.7
Feeding 1 MXA-047 0.7+2.2 7.943.1  31.6+9.3 8.8+2.3 0.9+0.8 6.0+2.3 32.4417.7 10.0£2.1 1.9+1.4
2 MXA-522 0.1+0.4 n/a n/a n/a n/a 6.0+2.1 29.3+7.2 6.0+1.7 2.1+1.9
3 MXA-1275 1.1£1.5 8.4+1.7  29.616.1 6.4+2.5 0.4+0.5 7.5+2.4 28.2+6.1 10.5+3.3 1.4+1.1
4 MXA-406 24.0+4.2 55+1.1 22.3+4.2 6.3+1.7 0.3+0.2 5.3+1.8 26.8+6.5 7.8t2.4 1.7£1.3

Values are listed as meansis.d.; n/a, not applicable. Italicized values were calculated for sharks that spent <1% of their time foraging at depth.
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Fig. 5. Summary information of presumed feeding and non-feeding periods. Error bars are 95% confidence intervals.

for each stroke when normal swimming, while mean tail beat
amplitudes (as determined by head yaw) was not significantly
different (Carey and Goldbogen, 2017). Atlantic Menhaden, in
contrast, swam 2.4 to 3.5 times faster when filter feeding, but
compensated for the increased speed with higher than expected
oxygen utilization (Durbin et al., 1980). At the larger end, North
Atlantic right whales in the Bay of Fundy were shown to slow down
while foraging by 21% from their descent speeds, yet stroke twice as
fast and use strokes with more rotation to obtain the lower speed.
Ascent speeds were similar to descent speeds, but stroke rates and
amplitude were comparable to those employed when foraging (van
der Hoop et al., 2019), probably due to fighting against buoyancy
forces. Filtering drag increases with both the area of the filter and
with the square of speed (Vogel, 1994), implying that these right
whales were fighting against filtering drag to obtain slower speeds
with more effort. Indeed, larger whales were observed to swim more
slowly while filtering (van der Hoop et al., 2019). Whale sharks also
forage at slow speeds <1 m s~ (this study; Hoffmayer et al., 2007;
Nelson and Eckert, 2007; Motta et al., 2010), and we found that
whale sharks, similar to right whales, increase their stroke amplitude
during ram filtration, and like both previously studied species,
decrease the period of each stroke (Fig. 5).

Despite these increased costs of swimming while foraging, we
found that the actual prey densities required to make up for the costs
of foraging are relatively low, supplying evidence that the mass-
specific metabolic costs of filter feeding may be low at large body
sizes (Yowell and Vinyard, 1993). Assuming that sharks in regions
where prey densities have been measured (e.g. Motta et al., 2010;
where mean near-surface zooplankton density was 4.5 g m~3) have
similar energetic expenditures, whale sharks appear to have
foraging efficiencies, defined as the energy from captured prey
divided by expended energy, around 30 to 40. However, this value is
only accounting for the cost of foraging over non-foraging at the
same depth. Swimming at the surface is known to incur extra costs

due to drag at the air—water interface (Blake, 2009). The measured
difference in ODBA between surface foraging and surface non-
foraging was approximately equivalent to the ODBA difference
between surface non-foraging and sub-surface non-foraging periods
(Table 2), implying that foraging efficiency would be cut in half;
however, this interpretation should be treated with caution as at the
surface the sharks’ dorsal fins were often above the water surface
and un-supported, potentially creating increased tag motion that
increases at a different rate than for motion at depth. Regardless,
foraging efficiencies appear to be approximately equivalent to
other large ram feeders (e.g. bowhead and right whales;
Goldbogen et al., 2019), and the low increase in energetic cost
of foraging at depth compared with regular swimming at depth
appears to allow foraging even at extremely low prey
concentrations; indeed, Nelson and Eckert (2007) report prey
concentrations approximately one-tenth as dense when sub-
surface feeding by whale sharks was observed compared with
when active surface feeding was observed.

The one shark that exhibited substantial sub-surface feeding also
exhibited highly biased north-east orientation when foraging (Fig. 7).
The prevailing sub-surface currents in this region are northerly
(Kjerfve, 1994; Merino, 1998), so it is likely that this shark was
orienting itself against the current to help aid prey capture under low
prey density conditions. There are many unknowns when inferring
foraging efficiencies, including uncertainties in assimilation
efficiency, how ODBA scales with shark size, and, critically, how
swim speed scales with shark size. Some of these aspects could not
be tested using our data, unfortunately, but technology exists to
supplement tagging studies in the future. For example, the use of
tags with speed sensors sensitive to low speed, the use of
photogrammetric data to estimate shark length (Johnston, 2019),
and the use of on-animal cameras to confirm foraging periods as well
as to determine under what conditions and in what manner active
suction is employed, could all enhance future studies. Additionally,
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future studies that seek to elucidate the overall foraging efficiency of
whale sharks would do well to collocate accelerometer enabled
tagging efforts with simultaneous prey density measurements at the
depths of observed foraging. We observed diverse foraging tactics
among our four tag deployments, but because we did not have
simultaneous prey measurements, we could not determine the degree
to which these differences reflect individual behavioral choices or
instead reflect differences in prey availability.

Although this study utilized OpenTags to elucidate shark
behavior, this generation of OpenTag may need improvements in
sensor stability before it should be relied on for further studies.
From nine recovered tags, we had only four give readable records.
Within those four, several analytical problems arose within the tag
records. For all deployments, pressure and temperature are stored
in a separate file from the accelerometer data. In all files, there is a
variably sized gap (usually <2 s) between where one file ends
and where the next begins, probably as a result of file write
processes within the tag, and this gap also varies between the two
concurrently recorded files. We wrote a script, available from
https://purl.stanford.edu/dp151fd3984, to read in OpenTag files,
synchronize the two types of files, and interpolate between the
gaps, but would recommend that any potential users are familiar

with the limitations of the device before relying on OpenTags for
critical data.

Recent developments in bio-logging device sensors have led to
increased availability of these sensors at a variety of cost points
depending on need (Fahlbusch and Harrington, 2019). We deployed
the open-source OpenTag system on ten sharks from 2013 to 2016
with mixed success. The attachments used elastic bands on the first
dorsal fin and the observed reactions to the tagging events were
minimal, although this may represent a potential bias as animals prone
to reaction were not approached. Gleiss et al. (2009) deployed similar
devices on the second dorsal fins of whale sharks in Western Australia
using a clamp and latch and noted a dive response in nine of 10 sharks
with substantial initial tagging reactions in three animals. The muted
responses of our animals could be due to the softer attachment (elastic
bands) versus the metal clamps used in the previous study, or could
also be due in part to the habituation of the sharks in the Yucatan to
human divers. Having a consistent attachment point allows for
comparisons of body rotation and ODBA, both metrics that are
sensitive to tag placement. The first dorsal fin does have some stability
issues that had to be filtered out in post-processing, but this attachment
point allows for both calculation of stroke rates as well as body
orientation, so we would recommend this deployment location for
future studies, although ideally placing the tag as close to the base of
the dorsal fin as possible to minimize fin wobble.

The depth data from these long-term deployments also proved
enlightening. Whale sharks spend a substantial portion of time
descending or ascending or swimming at depth, even directly
proximal to feeding periods (Fig. 4). This is important because it
means we are likely to be under-estimating the abundance of whale
sharks when using typical surface or aerial assessments of
populations. IMU data indicate that whale sharks spend 68+20% of
their time away from the surface during daylight hours, which
warrants application of a multiplicative correction factor of ~3 for
estimating abundance from surface assessments at this site, at least for
surveys not undertaken during intensive surface foraging, when most
of the population is probably taking advantage of high-quality food.

In addition to swimming forward at a consistent depth, we found
that the whale sharks in our study also regularly performed ‘bounce
dives’ in which they took advantage of their negative buoyancy to
glide with minimal stroking on descent and then ascend while
stroking (Fig. 4). We also observed the converse, where the shark
first ascended from depth and then followed that maneuver with a
gliding descent (Fig. 4). Bounce dives are an enigmatic, but
consistently observed feature of shark elasmobranch behavior that is
probably related to energy conservation while gliding and thermal
regulation in colder water to reduce metabolic rate (Gleiss et al.,
2011a; Thums et al., 2013), but could also be related to surveying
the water column for the presence of sufficient food. As we found
that sub-surface feeding is less costly than surface feeding, locating
sub-surface thin layers of zooplankton (Benoit-Bird et al., 2009)
may assist energy acquisition at low cost, and may allow for
foraging at lower prey densities.

Given the increased energetic costs of filter feeding, it is only
efficient to do so if prey conditions are sufficiently high. Whale
sharks, like other large filter feeders (Ashjian et al., 2010; Findlay
et al., 2017; Crowe et al., 2018), form aggregations spatially and
temporally collocated where and when dense concentrations of
potential prey can be found (Hoffmayer et al., 2007; de la Parra
Venegas et al., 2011; Norman et al., 2017). The Afuera aggregation
of whale sharks in our study area appears annually at the
northeastern tip of the Yucatan Peninsula from May to
September, largely coincident with increased zooplankton at the
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Fig. 7. Compass orientation of sharks when feeding and not feeding.

surface (de la Parra Venegas et al., 2011). Although the precise
contribution of these foraging periods to the overall energy budgets
of these sharks is unknown, it is likely, based on the aggregations
they draw, that they form a substantial contribution of the overall
energy intake of Yucatan whale sharks. Observed foraging bouts
were as long as 11 h, implying that whale sharks probably feed for
as long as prey conditions are good. Given that in 397 h of tag data
we identified only 78 h of feeding (20% of the total time), and the
four sharks averaged 5.0+2.2 h per day foraging, if shark foraging is
interrupted by tourist boat activity, which typically spend around 3 h
among the aggregation, it could represent a substantial interruption
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of foraging while conditions are good. Although the sharks we
tagged appear to be feeding for ~20 times longer each day than
whale sharks investigated in Australia by Gleiss et al. (2013), it
should be noted that (a) reported foraging behavior in the Australian
study was limited to identification of vertical feeding (high pitch
angle) on discrete surface patches of krill, and (b) foraging period
identification in that study was limited to times when dynamic body
acceleration was greater than the 90th percentile of the overall
deployment record, implying that even if no other criteria were
considered, no more than 10% of total time could be identified as
foraging using their method. As such, we consider our approach to
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Fig. 8. Increased cost of foraging at depth and at the surface, based on increase in ODBA. The highlighted region represents the approximate range of
shark sizes tagged in this study, estimated by researchers at the time of tag attachment. (A) Calculated metabolic rate (Mo,) and the equivalent amount of
zooplankton that should be consumed for a shark of a given size. Y-axis units are in g O, h=" for clarity, while the listed equation matches the text and
maintains mg O, h™". (B) Minimum mean patch density (2,) that would have to be consumed for a shark of a given size to recover the increased energy spent

for locomotion when ram filter feeding. L, shark length.

10

>
(@)}
9
2
(2]
©
o+
c
(]
£
-
()
o
x
NN
Y—
(©)
©
c
S
>
(®)
—_




RESEARCH ARTICLE

Journal of Experimental Biology (2020) 223, jeb224402. doi:10.1242/jeb.224402

be a more generally applicable method for identifying periods of
ram filtration feeding in whale shark accelerometer data.

It should also be noted that feeding effort of whale sharks in the
Afuera aggregation has generally been interpreted from surface
observations to be between 08:00 h and about 14:00—15:00 h, with
peak activity between 09:00 h and 12:00 h. However, our four
sharks did not conform to this pattern. While we did observe a
higher proportion of foraging from 09:00 h to 12:00 h (Fig. 9), we
also observed surface foraging in the pre-dawn hours
and throughout the day, and we observed sub-surface feeding
throughout both day and night-time hours. More research with these
non-invasive tags may be necessary to determine if the general
interpretation of diel foraging effort is influenced by human
observers in the area.

In addition to potential impacts from disturbance, whale sharks
are also vulnerable to direct human injury through vessel strikes. We
found that whale sharks spend a considerable amount of time on the
surface during the day (Table 1). In other locations, sometimes more
than a quarter of whale sharks have detectable scars indicating past
boat strike injuries (Womersley et al., 2016), which is roughly
consistent with our observations at the Afuera site since 2009, where
13-30% of individuals show unique scarring patterns (Ramirez-
Macias et al., 2012). Risk of boat strike should be incorporated into
management practices, including codes of conduct and interactions
guidelines, for all whale shark tourism activities.

In warm tropical waters, oxygen is less available than in
temperate climates and is expected to decrease as ocean
temperatures continue to warm (Matear and Hirst, 2003; Shaffer
et al., 2009). Due to lower food availability and lower abilities to
extract oxygen, habitat for large ectotherms shrinks in warming
oceans (Sheridan and Bickford, 2011; Penn et al., 2018). Indeed, in
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Fig. 9. Histogram of identified foraging periods for shallow and deep
feeding. (A) Shallow feeding; (B) deep feeding.

prior mass extinction events, large ectotherms were some of the
most affected by deoxygenation from warming ocean waters
(Daufresne et al., 2009; Belben et al., 2017). As it is likely that
whale sharks will be similarly affected by the current trends,
particularly given the increased energetic costs associated with their
foraging style noted in this study, there is an urgent need for more
detailed investigation into the energetic balancing act played out by
the world’s largest fish in tropical ocean waters.
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