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1. Introduction

The feeding anatomy, behavior and diet of the whale shark Rhincodon typus were studied off Cabo Catoche,
Yucatan Peninsula, Mexico. The filtering apparatus is composed of 20 unique filtering pads that com-
pletely occlude the pharyngeal cavity. A reticulated mesh lies on the proximal surface of the pads, with
openings averaging 1.2 mm in diameter. Superficial to this, a series of primary and secondary cartilagi-
nous vanes support the pads and direct the water across the primary gill filaments. During surface ram
filter feeding, sharks swam at an average velocity of 1.1 m/s with 85% of the open mouth below the
water’s surface. Sharks on average spent approximately 7.5 h/day feeding at the surface on dense plank-
ton dominated by sergestids, calanoid copepods, chaetognaths and fish larvae. Based on calculated flow
speed and underwater mouth area, it was estimated that a whale shark of 443 cm total length (TL) filters
326 m3/h, and a 622 cm TL shark 614 m3/h. With an average plankton biomass of 4.5 g/m? at the feeding
site, the two sizes of sharks on average would ingest 1467 and 2763 g of plankton per hour, and their
daily ration would be approximately 14,931 and 28,121 k], respectively. These values are consistent with
independently derived feeding rations of captive, growing whale sharks in an aquarium. A feeding mech-
anism utilizing cross-flow filtration of plankton is described, allowing the sharks to ingest plankton that
is smaller than the mesh while reducing clogging of the filtering apparatus.

© 2010 Elsevier GmbH. All rights reserved.

the water must pass, and upon which the prey are supposedly
trapped before swallowing (Gudger, 1941b, p.86). The very detailed

The whale shark Rhincodon typus (Smith, 1828) is the world’s
largest fish as well as the largest filter feeding fish, yet its feeding
biology is still poorly understood. Denison (1937) provided one of
the earliest and most thorough descriptions of the head, followed
by seminal work by Gudger (1941a,b) who described the shark as
having a huge mouth, small teeth and “curious gill arches” com-
posed of sponge-like masses of filtering gill sieves through which
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descriptions of the cranial anatomy by both authors are at odds with
the poorly described filtering apparatus. To date Gudger’s descrip-
tion remains the most complete description of a unique filtering
apparatus found in no other fish. Comparing this filtering apparatus
to that of the basking shark Cetorhinus maximus and the megamouth
shark Megachasma pelagios, Taylor et al. (1983) and Sanderson and
Wassersug (1993) both concluded that the filtering apparatus of
the whale shark is incapable of sustaining a high rate of water flow
through it.

Better understood, but still controversial, is the diet of this cir-
cumglobal giant. Early scientists recognized that, despite its size,
it had a unique filtering apparatus and subsisted on plankton
near the surface (Gill, 1905). Gudger (1941a) noted that in addi-
tion to planktonic crustaceans, Rhincodon had been conclusively
demonstrated to feed on squid and cuttlefish. He postulated that
an invertebrate diet is insufficient to maintain this species, and
summarized observations of whale sharks purportedly ingesting
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schooling clupeids. Since those early, and often anecdotal, stud-
ies, numerous dietary analyses have been conducted at whale
shark aggregation sites. These analyses, based on stomach contents,
fecal samples, behavioral observations, and plankton tows, indi-
cated that whale sharks primarily feed on a variety of planktonic
organisms. These include euphausids, copepods, chaetognaths,
crab larvae, molluscs, siphonophores, salps, sergestids, isopods,
amphipods, stomatopods, coral spawn, and fish eggs. In addition,
they also feed on small squid and fish (Silas and Rajagopalan,
1963; Taylor, 1994, 1996, 2007; Clark and Nelson, 1997; Taylor
and Pearce, 1999; Heyman et al., 2001; Wilson and Newbound,
2001; Duffy, 2002; Jarman and Wilson, 2004; Hacohen-Domene et
al,, 2006; Hoffmayer et al., 2007; Nelson and Eckert, 2007; Meekan
et al., 2009).

We now know that whale sharks use at least three methods of
filter feeding. The most readily observable, due to its location, is
surface ram filter feeding or surface active feeding. When feeding in
this manner, the whale shark swims at the surface with the dor-
sal surface of the head and usually the dorsal fin and upper lobe of
the caudal fin exposed. With its body pitched upwards, the open
mouth is held partially out of the water, and the animal swims at
relatively slow speeds (0.3-1.5m/s),! ramming the water and food
through its filtering apparatus. The shark is occasionally seen to
“cough”, back-flushing water and particles out of its mouth before
resuming feeding (Clark and Nelson, 1997; Heyman et al., 2001;
Nelson and Eckert, 2007; Taylor, 2007). During stationary/vertical
suction feeding the shark either remains relatively horizontal or
assumes a nearly vertical position, stops or almost ceases swim-
ming, and actively suctions in plankton or small fish with repeated
opening and closing of its mouth. When in the vertical position, the
shark’s mouth is positioned just below the surface (Gudger, 1941a;
Heyman et al., 2001; Nelson and Eckert, 2007). During sub-surface
passive feeding/passive feeding, the shark swims slowly (0.2-0.5 m/s)
(see footnote 1) below the surface with the mouth wide open, fil-
tering the food from the water (Nelson and Eckert, 2007; Taylor,
2007). Nelson and Eckert (2007) noted that every few minutes the
mouth would close and the shark appear to swallow, and no gulp-
ing or suction feeding was noted during this behavior. They also
observed “coughing” during this feeding behavior.

Despite the growing body of literature on the feeding biology of
the whale shark, there is scant detailed information on the anatomy
of the filtering apparatus, or the amount and nutrient content of
the food ingested. There are no estimates of daily dietary intake,
information that is important not only with regards to its basic
feeding biology but also its captive husbandry. In this regard we
undertook a study of whale shark surface ram filter feeding off
the Yucatan Peninsula, Mexico, where one of the largest known
aggregations occurs during summer plankton blooms (Hueter et
al., 2007). The goals of this study were to: (i) better describe the
anatomy of the filtering apparatus; (ii) relate plankton size to fil-
ter mesh dimensions; (iii) describe fluid flow into the mouth; (iv)
estimate plankton ingestion per unit time during surface ram filter
feeding; and (v) estimate nutrient uptake based on ingestion rate
and nutrient analysis of the plankton.

2. Materials and methods
2.1. Study area and field methods

Field work was conducted in 2006, 2007, and 2008 on the
continental shelf near Isla Holbox and Isla Contoy, north of Cabo

1 The swimming velocities in Taylor (2007) are incorrectly printed and should
be 0.2-0.5 and 1.0-1.5m/s for sub-surface passive feeding and surface ram-filter
feeding, respectively (personal communication).

Catoche, on the northeastern corner of the Yucatan Peninsula, Mex-
ico. The area sampled ranged from 21°41.545’ to 21°45.811'N and
86°59.898' to 87°09.866'W, where bottom depth ranged between
10 and 20 m. Between April and September each year at least sev-
eral hundred whale sharks aggregate in the area to feed on plankton
associated with a seasonal upwelling. Population estimates range
as high as 1400 sharks visiting the region every summer, with
sharks ranging in size from 1.5 to 13 m total length (TL) and a
sex ratio of approximately 1 female per 2.6 males (Hueter et al.,
2008). Observations were confined to surface ram filter feeding
as low underwater visibility (due to dense plankton abundance)
mostly prevented sub-surface observations. Observations gener-
ally occurred between 07:00 and 14:00 h. Feeding sharks were
tracked with a motor vessel at a distance of approximately 2-5m,
taking care not to alter the shark’s natural behavior. With the vessel
moving at the same rate as, and parallel to, the animal, swimming
speed was recorded for 33 sharks with either a Garmin GPS MAP
276C or a Garmin eTrex Venture GPS (Garmin International Inc.,
Olathe, KA, USA). The swimming speed of each shark was recorded
two to three times and an average taken. Swimming speed recorded
in this manner closely matched water flow velocity independently
recorded by means of calibrated lasers, as described below. Shark
TL was estimated to the nearest half-meter for each shark two to
three times by motoring within 2-3 m of, and parallel to, the shark
and comparing its total length to one-meter markings on the boat
gunwale. The average of these length estimates was recorded. In
addition, for a subset of these sharks, a pair of calibrated green
laser pointers set 50 cm apart were projected on the head, allowing
total length to be estimated later from still or video pictures using
the ratio of internasal distance or distance of snout to pectoral fin
origin, first gill slit, or dorsal fin origin to total length (see Section
2.5).

Above-water video of bubbles or pieces of flotsam was recorded
as they entered a shark’s open mouth (see electronic supplement,
Shark 9 2007 aerial view surface ram filter feeding). In addition, still
images were taken of feeding whale sharks from an anterior view,
visualizing the exposed portion of the mouth above the water’s sur-
face as the animal swam toward the observer. Using the distance
measures from the green lasers along with these images, the fol-
lowing data were obtained: percent of open mouth area above the
water; absolute mouth width and height (based on internasal width
- see Section 2.5) when the laser lights were visible; and velocity
of water flow in front of the shark, to compare to swimming speed
of the shark as measured by motoring beside the feeding shark.
Underwater observations of the shark’s mouth while surface ram
filter feeding were made by snorkeling within one meter of the
head, and lateral images of the feeding sharks were used to cal-
culate the pitch angle. Video images were recorded with either a
Sony DCR-TRV 103 or a JVC DVL 9800u digital video camera and
still pictures with a Canon A 710IS digital camera, and both video
and still images were downloaded to a computer and analyzed field
by field with BioMechanica DV-R version 2.4 (BioMechanica, Port-
land, OR,USA) and SigmaScan Pro software, version 4.01.003 (Systat
Software, Inc., San Jose, CA, USA).

2.2. Habitat use

Between May and September from 2006 to 2008, whale shark
counts were conducted in the study area for a total of 70 days by
either boat or airplane. On only two of these days no whale sharks
were seen. Locations of sharks were recorded with a Garmin GPS
MAP76 or Garmin GPS V.D. During boat observations each shark
was identified by observable characteristics including size, sex,
fin shape, spot patterns and other distinctive markings, and was
photographed and/or marked by a snorkeler with a conventional
external, numbered tag to prevent re-sampling of the same ani-

Please cite this article in press as: Motta, P.J., et al., Feeding anatomy, filter-feeding rate, and diet of whale sharks Rhincodon typus during
surface ram filter feeding off the Yucatan Peninsula, Mexico. Zoology (2010), doi:10.1016/j.z001.2009.12.001



dx.doi.org/10.1016/j.zool.2009.12.001

G Model
ZOOL-25212; No.of Pages 14

P.J. Motta et al. / Zoology xxx (2010) xxX—XXx 3

mal. Aerial surveys were conducted from a Cessna 207 airplane or
ultralight aircraft, flying at 250 m altitude in order to get a 500 m
range of visibility on each side of the plane. A total of 689 sharks
were observed surface ram filter feeding over 274 h of observation
by boat, and 2474 sharks during 72 h of observation by plane. The
number of sharks sighted per hour of observation for each hour
of the day from 08:00 to 16:00 was compiled for the combined
boat and aerial observations. The aerial observations most likely
included pseudoreplicated sharks that were counted more than
once on different days.

In addition, between 2003 and 2007, a total of 16 whale sharks
were tagged with pop-up satellite archival transmitting tags (PAT2,
PAT4 and Mk10-PAT versions; Wildlife Computers, Redmond, WA,
USA) in the study area, following procedures outlined by Wilson
et al. (2006). Each PAT tag was attached to a stainless steel dart
(Type SSD, 34 x 8.5 mm; Hallprint Pty. Ltd., Victor Harbor, South
Australia) by a 15cm tether comprising segments of monofila-
ment leader and coated wire. When a surface-swimming shark
was spotted and selected for PAT tagging, the research vessel was
maneuvered to drop one or two snorkelers off at a position just
ahead of the moving shark. Using a pole spear, the tagger inserted
the tag’s dart through the shark’s skin and anchored it several cen-
timeters into the subdermal tissue just below the dorsal fin. The
PAT tag archived depth, temperature, and light level measurements
at regular intervals (every 30 or 60s) while attached to the ani-
mal for a user-determined duration. After the tag detached from its
tether and came to the sea surface, it transmitted summaries of its
archived data through the Argos satellite system. Physically recov-
ered PAT tags enabled the retrieval of the full archived data set,
providing a detailed profile of the animal’s diving behavior. Depth
measurements from recovered tags were analyzed to determine
the number of minutes spent in surface waters (0-1m) for each
hour of the day. PAT tags had a resolution of +0.5 m and an accu-
racy of 1% of the recorded depth. Only data from when the sharks
remained in the study area were utilized in the analysis (N =4). The
number of surface minutes for all the recovered tags was combined
inaweighted average to estimate the percent of time that the whale
sharks spent in surface waters while utilizing the study site.

2.3. Plankton sampling

Plankton samples were taken directly beside, and in some cases
in front of, the feeding sharks and subsequently in non-feeding
(control) areas at least 1-10km away from the sharks. A square
PVC frame neuston net (0.5m x 0.5 m, 200 pm; Aquatic Research
Instruments, Hope, ID, USA) was used to collect 16 and 23 plankton
samples in 2007 and 2008, respectively. A mechanical flowmeter
(Model MF315; Sealite Instruments, Inc., Fort Lauderdale, FL, USA)
was used to determine water flow through the mouth of the net
during tows. Tows lasted 240 s. Duration of tow, speed of tow, flow
meter reading, and GPS coordinates were recorded for each tow.

Immediately after collection, the plankton sample was homog-
enized in the cod end and two 4ml subsamples were collected.
Each subsample was placed in a light-protected 30 ml plastic (Nal-
gene) bottle with 18 ml of 10% buffered formalin. The remaining
sample was collected in a 500 ml light-protected plastic (Nalgene)
bottle and placed on ice for later nutrient analysis. Samples for
the determination of nutrient content were frozen for transport
once returned to port. Total plankton weight per tow was deter-
mined using the sum of frozen samples and preserved subsamples
(drained of 10% buffered formalin). Knowing the volume of water
filtered by the net for each tow allowed a calculation of plankton
weight per cubic liter of seawater.

From the two 4ml subsamples, plankton were identified and
counted according to Johnson and Allen (2005) under an Olym-
pus CX stereo microscope. Prey items were identified to taxa and

expressed as a percent count of total composition. Extrapolating
to the complete sample, the number of plankters per cubic liter
of seawater was calculated. In addition, plankton size was mea-
sured from 50 random individuals from each of the 39 subsamples
(total 1950 plankters measured). Random sampling was ensured
by marking the sorting dish into subsections and using a random
number generator to pick which subsections, and subsequently
plankters, to sample. Length and width were taken for most of
the plankters except for shrimp where depth replaced width. All
measurements were performed with a Wild M5 stereo microscope
and reticle. Measuring criteria varied among species. For shrimp,
length was taken from the base of the eyes to the tip of the telson,
and depth was taken at the posterior region of the cephalothorax.
For copepods, amphipods and chaetognaths, length was taken from
the most anterior to the most posterior portion of the body. Setae,
antennae or other types of flexible structures were not accounted
for in these measurements. Lastly, for fish eggs, the diameter was
measured.

2.4. Nutrient analysis

A subsample of plankton (preserved frozen) was used to deter-
mine nutrient content (carried out by NP Aanalytical Laboratories,
St. Louis, MO, USA; and by Omaha’s Henry Doorly Zoo, Omaha, NE,
USA). Total dry matter was measured using a forced air oven at
105 or 133°C (AOAC, 1984). Total fat was determined using a hex-
ane extraction process (AOAC, 1984), protein was determined using
a Leco nitrogen/protein determinator (model FP-2000; Leco Cor-
poration, St. Joseph, MI, USA) (AOAC, 1995), ash was determined
using a muffle furnace (500-550°C, AOAC, 1984), and fatty acid
profiles were determined using gas chromatography (model 5880;
Hewlett-Packard, Palo Alto, CA, USA). Gross energy was determined
by calculation (Church and Pond, 1988).

2.5. Anatomical measures

Four whale sharks (shark A, male, TL2 ~622 cm; shark B, male, TL
(see footnote 2) ~593 cm; shark C, female, TL ~443 cm; and shark D,
female, TL ~482 cm) acquired off Hualien, Taiwan and housed at the
Georgia Aquarium, Atlanta, were used for morphological measures
in addition to a fifth male captive whale shark at the Georgia Aquar-
ium (TL 486 cm) and incomplete but published measurements for
17 whale sharks (TL 394-975 cm) (Smith, 1829, 1849; Haly, 1883;
Thurston, 1894; Bean, 1905; Gudger, 1915; Mowbray, 1923; Gudger
and Mowbray, 1930; Gudger, 1931; Silas and Rajagopalan, 1963;
Bass et al., 1975; Uchida, 1990). Open mouth width-to-height ratio
was also measured from five additional underwater photographs
of feeding whale sharks (size not determined). Morphometrics
included: TL; distance from snout to first dorsal fin, first gill slit
and origin of pectoral fin; open mouth width and height; internasal
distance; and dorsal fin height. The two male captive sharks (A and
B) were anesthetized with 125 mg/l of MS222 (tricaine methane-
sulphonate), and while restrained in a submerged pen their mouths
were opened maximally and dimensions were taken with a tape
measure. The two female specimens (C and D) were restrained
without anesthesia and measurements were taken. From the above
measurements various ratios of each measure to total length were
calculated and means taken, as well as ratios of landmarks such as
open mouth width and height to internasal distance. From these
ratios we were able to calculate the average percent mouth area
above the water from the video and still pictures, validate the
approximate total lengths of field-observed sharks measured with

2 These are average estimated total lengths as the measurements taken live and
at necropsy (sharks A and B) differ slightly.
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the calibrated lasers, and calculate open mouth area from under- = © o o«
water frontal pictures of feeding sharks. s sS85
After two of the male specimens died for reasons unrelated to
this study (shark A, June 2007; shark B, January 2007), necropsies
were performed, including a partial dissection of the filtering appa- 30“
ratus. The complete pharyngeal filtering apparatus was removed 5 E. E
from one side, as well as portions from the opposite side. In cases 23 |3 o
where an upper or lower filtering pad was missing from one side, S ©
the equivalent pad from the other side was used for measurement.
Digital pictures of the filtering pads were taken of the freshly dead =
specimens and the area of each filtering pad was measured with § © Q
SigmaScan Pro software. The tissue was subsequently stored frozen § g g E
and thawed for the following measures. Of the 21 available of 40 SR |» 10
total pads (10 from shark A, 11 from shark B), nine 1 cm? sampling
areas per pad were recorded with digital macro photography and 0 § § § S L
mesh3 diameter was measured. The mesh possesses an irregular & 3
geometry so the mesh diameter was measured at the shortest or - =
widest regions of 50 openings selected haphazardly from each sam- 822 7R
pling area, totaling 9450 diameter measures (Table 1 and Fig. 1). All <|8°° &°°
measurements were averaged to estimate mean mesh diameter per A i
pad and for all pads combined. For each of the nine sub-sampled
areas per pad an open area ratio 8 was calculated. Open area ratio ®2o agT
is the open area per unit area of pad. The mean 8 for each pad gSs g
was then calculated by averaging the ratio for all of the nine sam- a2 =
pled areas, and an overall 8 was calculated for all available pads
for each shark. When multiplied by the combined total area of all N~ %<
filtering pads, the total area through which water can potentially a2 283
flow is expressed, providing the openings are not blocked by plank- N § &
ton or other material. The height and spacing of the primary and
secondary vanes (Fig. 1) on the undersurface of each available pad g .
was measured with a digital caliper at three equidistant midline ; E § § § E E
locations for each of the pads (24 measurements for shark A and 36 2.2 o
for shark B). To estimate the dimensions of the outflow respiratory ° =T ~
channel distal to the filtering pads, the distances between the pri- £ N D
mary lamellae (width of the channel) were measured between the E 81232 2,
third and fourth holobranch on shark A (the only pair still intact). 2 = S
The height of the channel was taken as the length of the under- =]
side of the upper plus lower filtering pads on arches I to IV, and £ E i § § E E ”
the channel depth was the distance from the edge of the secondary E s S S E
vanes to the distal edge of the primary filaments on arches I and III. E - = g
Digital images were analyzed with SigmaScan Pro software. ] 3
f, © 0 O S — < 9]
8 =33 «33| ¢
2.6. Fluid flow through the filtering apparatus g o & S g
£ L g
The volume of water entering the mouth was calculated using a % E 3
simple hydrodynamic model of flow through the respiratory tract. £ N2 #8382 )
Fluid particles were assumed to be negligibly affected by viscous < ~ é c° E ce £ %
forces as they passed into the buccal cavity of the animal (the E 2| - ER
Reynolds number based on mouth diameter and swimming speed E § T‘E
is ~5 x 10°). Thus, the pressure within the buccal cavity was esti- ‘E § I8 |2 g
mated using Bernoulli’s equation: 2| & ¥SS gSS | o
s|5ls|g = |1
pm = 3 (U2 ~ UR) (1) : H
) Gl El= §
where pr, is the pressure in the buccal cavity, p is the density of 5 § é % ;
seawater, Us is the swimming speed of the animal, and Uy, is the E £ £15 8
flow velocity at the mouth. Conversely, the flow through the filter- E NE E Ng E % T
ing pad was assumed to be laminar and subject to relatively large z % = = = g LSU.
viscous forces (the Reynolds number based on the mesh diameter g g 8 2 8lap
K . K =} <= <a=|< &
and the flow velocity at the pad given Uy, = Us is ~3 x 102). The pres- 2 5 ]
sure across the filtering pad was then calculated by estimating the E g =;
3 The term mesh is used instead of pore when describing the holes in the filtering % g % @ % g 53 ::
pads as they are irregular in shape. = <
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Fig. 1. (a) Schematic representation of a surface ram filter feeding whale shark, showing the approximate position of the filtering pads and the direction of water flow through
them. Detail drawing shows a lateral view of the vanes deep to the filtering mesh, as well as the primary gill filaments on the first branchial arch over which the water flows.
(This illustration is, with permission, based upon a copyrighted illustration by Emily S. Damstra.) (b) Gross morphology of the whale shark filtering pads. Dorsal view of the
lower filtering pads of shark A. The most posterior lower pad at the bottom is triangular in shape, and the lateral side of the pads is to the left. The lateral raphe between the
lower and upper pads is visible toward the left. All other soft tissue has been removed. White ruler is 15 cm. (c) The upper second filtering pad of shark B. Because it is an
upper pad, lateral is to the left and posterior toward the top. Upper pads are not as falcate on their medial margin as the lower pads. The squares (1 cm x 1cm) indicate areas
sampled to measure mesh diameter, and the detail is a representative square area showing the irregularly shaped holes of the reticulated mesh. (d) External view of the first
upper left pad of shark A with lateral margin toward the left. Note that the secondary vanes direct water laterally into the parabranchial chamber and over the gill tissue (gt)
before it exits the pharyngeal slit (not shown). White square is 1cm x 1 cm in size. (e) Close-up of a section through the third left lower filtering pad of shark A showing the
reticulated mesh (rm), primary vanes (pv), secondary vanes (sv), and gill tissue (gt). Water flow is through the mesh, between the primary and secondary vanes, and over
the gill tissue. White square is 1 cm.
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Fig. 2. Surface (a) and sub-surface (b) view of two surface ram filter feeding whale sharks (size between 5 and 8 m TL). Note that the majority of the open mouth is underwater
and a bow wave is formed by the lateral edges of the mouth.
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hydraulic resistance of the mesh entrance and the mesh length:

Pm — Pe = Aps(Um) + App(Un), (2)

where p. is the pressure downstream of the filtering pad, and
Aps(Um) and Ap,(Up,) are the pressure drops at the mesh entrance
and across the mesh length, respectively, as a function of the flow
velocity at the mouth. The pressure drop at the mesh entrance, Aps,
from losses associated with the constriction of the flow as it enters
the mesh, was calculated from an empirical model of flow passing
into a regularly spaced grid of openings (Idelchik, 1986). This model
incorporates the effects of the mesh’s Reynolds number, hydraulic
diameter, and open area ratio. The pressure drop across the mesh
length, App, was calculated from an analytical model of the flow at
the entrance of a cylindrical tube (Fargie and Martin, 1971). This
model differs from the commonly used Hagen-Poiseuille equa-
tion in that it accounts for the increasing boundary layer thickness
within the entrance region of the tube, which makes it consis-
tent with both experimental and numerical studies of flow in the
entrance region (Ward-Smith, 1980). Lastly, it was assumed that
the hydraulic resistance downstream of the filtering pad was neg-
ligible and that fluid at the gill openings remained at ambient
pressure, such that the downstream pressure, pe, was also equal to
ambient pressure. Mouth and mesh dimensions were taken as the
average of the measured morphologies, mesh holes were assumed
to be circular, and the fluid density and viscosity were that of sea-
water at 25.5°C (Dietrich et al., 1980). This model makes use of
a number of simplifying assumptions regarding the mesh mor-
phology. The sensitivity of the calculated mouth velocity to these
assumptions was examined by varying mesh parameters within a
realistic range; the resulting range in predicted mouth velocity is
presented in Section 3.4. Eqs. (1) and (2) were solved for the flow
velocity at the mouth, Uy, using a numerical root-finding algorithm
(MATLAB 7.6.0; Mathworks, Inc., Natick, MA, USA).

2.7. Statistics

Plankton lengths and widths between feeding and non-feeding
areas were compared by Mann-Whitney rank sum test due to the
very unbalanced sample sizes. Amphipod and crab measures were
not tested due to small sample size. Plankton densities between
feeding and non-feeding (control) sites were compared by a two-
tailed t test after In transformation, and similarly, plankton biomass
after square root transformation. Swimming speed of the feeding
animals was related to total length with a linear regression. Nutri-
ent data, being very unbalanced with only 2 samples at non-feeding
areas and 24 at feeding areas, were tested with a Mann-Whitney
rank sum test. All tests were conducted with an alpha level of 0.05
and tests were performed with SigmasStat version 3.1 (SSI, San Jose,
CA, USA).

The experiments and observations conducted during this
research comply with the Animal Care and Use Committee of
the University of South Florida protocol numbers W 3170 and W
2255; the knowledge and permission of the Comision Nacional de
Areas Naturales Protegidas (CONANP) of the Secretaria de Medio
Ambiente y Recursos Naturales (SEMARNAT), Mexico; and the
requirements of the Georgia Aquarium Conservation, Research and
Animal Care Committee.

3. Results
3.1. Field observations

In 2006, 2007 and 2008, a total of 33 whale sharks ranging in size
from 450 to 850 cm TL were tracked by boat while surface ram filter

feeding north of Cabo Catoche. The average water temperature was
25.5°C and average swimming speed during this feeding behavior

Fig. 3. Hourly percent time spent in surface waters (0-1 m) by satellite tagged whale
sharks in the study area. The reported percentages are weighted averages of four
sharks representing 67 days of archival depth data. Standard error bars for the four
sharks are indicated by hour. Overall, the four sharks spent an average of 31.1% or
7.5 h/day in surface waters.

was 1.1 +0.04 m/s (mean & s.e.m.); range 0.5-1.6 m/s). Swimming
speed was not related to total length (F=0.201, df=1, p=0.657).
The sharks (N=20) swam at an average angle of ~13 4+ 0.3° upward
pitch with their heads at or slightly above the water surface such
that the dorsal surface of their head and part or all of the dor-
sum between the rostrum and the first dorsal fin was exposed (see
electronic supplement Shark 11 2006 underwater view of surface
ram filter feeding). Underwater and surface observations during
surface ram filter feeding indicated that the open mouth formed
an ellipse with the internal width greater than the height. During
the surface ram filter feeding, an average of 15.3 +£1.0% (N=27, 105
measures) of the vertical height of the open mouth was above the
water’s surface; however, many sharks surface fed with the open
mouth completely underwater with only the dorsum of the head
and anterior body above water. When visible, the laser calibration
indicated flow rate in front of the shark matched swim speed of
the shark as measured by GPS. Flow around the lateral edges of the
mouth (formed by the labial cartilages) formed a bow wave such
that water medial to each bow wave entered the mouth (Fig. 2;
see also electronic supplements Shark 6 2008 aerial view of surface
ram filter feeding and Shark 9 2007 aerial view of surface ram filter
feeding). Coughing during surface ram filter feeding, resulting in
material being forcefully expelled out of the mouth, was observed
on numerous occasions (see electronic supplement Shark 8 2008
coughing behavior). Time between coughs ranged from 3.25 to
13 min (mean=7.4min, 1.6 s.e.m., N=5). Vertical suction feeding
was not observed.

Four deployed PAT tags were physically recovered from whale
sharks tagged at the study site, comprising three males (5.5-7 m
TL) and one female (7m TL). The archived surface depth data
(0-1m depth range) were only analyzed for the periods of 1, 2,
18, and 46 days after tagging, respectively, for a combined total
of 67 days of data where the sharks remained in the study area.
Expressing these combined data as an hourly weighted average
revealed a pattern of greater surface swimming in the morning
(06:00-10:59, 46.3%), a decrease around mid-day (11:00-13:59,
33.2%), followed by increased surface swimming in the mid- to late
afternoon (14:00-18:59, 48.0%), and the least surface swimming at
night (19:00-05:59 = 16.0%) (Fig. 3). Overall, these sharks spent on
average 31.1% of the time, equal to 7.5 h/day, in surface waters.

Combined aerial and boat counts indicated a pattern similar to
the satellite-tagged sharks with the number of sharks per hour
of observation peaking during mid-morning, the sharks retreat-
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Table 2

Combined length and width (mm) data of plankters in feeding and non-feeding areas.

2007 +2008 Feeding area Non-feeding area
Length (mm) Width (mm) N Length (mm) Width (mm) N

Sergestids 10.382 0.667 842 9.72 0.60 187
Chaetognaths 10.74 0.692 237 10.73 0.62 72
Copepods 1.072 0.342 188 0.86 0.26 239
Fish eggs 1.03 1.03 13 0.94 0.94 133
Crabs 2.28 1.14 7 1.59 1.11 2
Amphipods 0.82 0.34 2 0.57 0.15 2

N is the number of plankters measured in each category; for sergestids depth replaces width; crabs include both zoea and megalopae.

2 Significantly greater in feeding sites.

ing to sub-surface waters about noon, and again increasing slightly
in number at the surface in mid-afternoon (Fig. 4). The few boat
observations of sub-surface swimming, obscured by low underwa-
ter visibility, indicated some sharks were using sub-surface passive
feeding while the majority swam with their mouths mostly closed.

3.2. Plankton composition, size and nutrient analysis

In the feeding areas, plankton was dominated by sergestid
shrimp (57.2%), calanoid copepods (15.9%), chaetognaths (12.8%),
and fish larvae (12.2%). In non-feeding areas, plankton was domi-
nated by calanoid copepods (45.4%), fish larvae (20.8%), sergestid
shrimp (15.9%), and chaetognaths (12.1%).

In 2007 and 2008, the median length of plankters in the
feeding areas ranged from 0.82 to 10.74mm, and width from
0.34 to 1.14mm. In the non-feeding areas the length ranged
from 0.57 to 10.73mm, and the width ranged from 0.15 to
0.94mm. The three dominant prey items, sergestids, copepods,
and chaetognaths, were greater in width at feeding sites compared
to non-feeding sites for the two years combined (t=80337.500,
p<0.001; t=44595.500, p<0.001; t=9217.000, p=0.003, respec-
tively), and sergestids and copepods were greater in length
(t=76888.000, p<0.001; t=44742.000, p<0.001) (Table 2).

Nutrient content (protein, lipid, ash, kJ) as well as moisture did
not differ between feeding and non-feeding areas (p =0.163-0.885),
but this result must be viewed with caution as only 2 samples at
non-feeding sites were compared to samples at 24 feeding sites.
Moisture content of plankton samples from feeding areas was
88.9 + 0.46%, mean crude protein content was 6.3 +£0.32% (as a per-
cent of total wet weight), mean lipid content was 0.8 +0.05%, and
mean ash content was 3.5+ 0.10%. Mean calculated gross energy

Fig. 4. Number of sightings of sharks surface ram filter feeding per unit hour of
observation from 08:00 to 16:00 h, based on combined boat and aerial observations
of 3163 sightings over 346 h of observation from 2006 to 2008. Standard errors are
indicated.

of the plankton was 1.357 +0.084 k]/g (wet weight) or 12.225Kk]/g
dry weight.*

Mean plankton density was greater (18414616 perm?3) in the
feeding areas than in the non-feeding (control) areas (752 +429
perm3;t=—-2.171,32df,p=0.037). Likewise, plankton biomass was
about 2.5 times greater at feeding sites (4.5 + 0.6 g/m3 wet weight)
than at non-feeding sites (1.8 +0.7 g/m3 wet weight; t=3.232, 32
df, p=0.003).

3.3. Anatomy

Anatomical measurements indicated maximum internal mouth
width was 12.0% (N=8), and mouth height 6.3% (N=10) of TL, and
the open mouth width to height ratio was 1.9 (N=10). Internasal
width was 10.0% of TL(N=11), and vertical mouth height/internasal
width was 0.61 (N=11). Based on open mouth internal heights, the
estimated total open mouth area was 2035 cm? for shark A (622 cm
TL), 1841 cm? for shark B (593 cm TL), and 1079 cm? for shark C
(443 cm TL) (N =4 frontal pictures of feeding sharks).

The anterior margin of the mouth is funnel-shaped with the
labial cartilages forming the lateral walls of the funnel. Mouth
width, as recorded here, refers to the narrowest aperture of the
funnel, in essence the anterior dimensions of a “tube” through
which water may flow.> Posterior to the upper and lower bands
of tiny teeth are two upper and two lower passive buccal valves.
In the 593 cm TL male shark, the anterior lower buccal valve was
3cm wide, and attached by a frenulum at the midline, and the
posterior lower valve was 10cm wide and also was attached at
the midline. The anterior upper valve was 3cm and the poste-
rior upper valve was 4cm wide and neither was attached at the
midline.

On each side of the pharynx there are five lower and five upper
filtering pads. The lower pads were larger in area than the cor-
responding upper pads (Table 1). The most posterior pads were
the largest. The first four pads were approximately rectangular
in shape, whereas the fifth pads were somewhat triangular with
their apex pointed posteriorly (Fig. 1). Adjacent pads from ante-
rior to posterior were jointed by a flexible raphe of connective
tissue. A similar raphe also ran medially, joining the right and
left pads dorsally and ventrally. This tissue was connected to the
pharyngeal wall anteriorly and to the entrance of the esophagus
posteriorly, such that water must pass through the pads to exit to
the parabranchial chamber and eventually out through the pha-
ryngeal clefts. The entire pharyngeal basket is therefore flexible
and can collapse or expand, particularly in the sagittal plane. The
cartilaginous branchial arches I-1V were lateral to and between the
filtering pads I-V and their raphes.

4 Total dry weight, not ash-free dry weight.

5 Consequently, other authors either refer to mouth width as the widest part of
the funnel or the narrow aperture, without clearly explaining which measure they
are taking.
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The pharyngeal surface of each filtering pad was composed of
a denticle-covered reticulated mesh with irregularly shaped holes.
Superficial to this mesh were uniformly arranged cartilaginous pri-
mary vanes which merged to form a series of larger cartilaginous
secondary vanes, which in turn opened into the parabranchial cav-
ity (Fig. 1). These secondary vanes, the “ladder-rung partitions” of
Gudger (1941b, p. 94), spanned the branchial arches and supported
the filtering pad laterally. Water must therefore flow through the
mesh, between the primary and secondary vanes, and over the
primary gill filaments of four holobranchs which lay between
adjacent pads, lateral to the cartilaginous branchial arches. A hemi-
branch was located on the anterior surface of the first pharyngeal
cleft. The fifth and most posterior pads were supported externally
by greatly flattened cartilaginous pharyngobranchials (upper) and
ceratobranchials (lower). Water flowing through the posterior end
of the fifth triangular filtering pad is directed anteriorly by these
flattened cartilages and a connective tissue floor. It must flow over
the most posterior hemibranch and into the parabranchial chamber
before exiting through the pharyngeal clefts.

The total area of the filtering pad for shark A and B was esti-
mated at 10,799 and 11,807 cm?, respectively, with an average area
of 11,303 cm?2. Average mesh diameter was 0.9 mm for shark A and
1.4mm for shark B, with a mean of 1.2 +0.1 mm (Table 1). Some
of the filtering pads of shark B were superficially abraded during
necropsy, perhaps leading to the slightly larger diameter. The open
arearatio 8 was 0.46 & 0.02 for shark A and 0.60 & 0.02 for B, with a
mean of 0.52 + 0.02 for both sharks. The average height and width of
the primary vanes for both sharks was 12.04+0.2 and 5.2 + 0.1 mm,
respectively, and the average combined height of the primary and
secondary vanes was 33.6+ 0.5 mm (Fig. 1). The average distance
between the spacing of the secondary vanes was 16.94+ 1.6 mm.
The ratio of combined height (primary + secondary vanes) to width
(primary vanes) was 6.5. The excurrent parabranchial channel of
shark A had a width of ~6cm, a dorso-ventral height of ~80cm,
and a streamwise depth of ~20 cm.

3.4. Filtering volume and energetics

The hydrodynamical model presented above indicated that the
flow velocity of water entering the mouth was nearly equal to the
swimming speed and was relatively constant over a realistic range
of parameter values. For the measured morphology, the flow veloc-
ity at the mouth was calculated to be 90.4% of the swimming speed.
The sensitivity of these calculations was assessed by independently
varying the mesh diameter (0.9-1.5 mm), mesh length (5-15 mm),
and mesh opening shape (elliptical or rectangular geometry, with
a fineness ratio that varied between 1.0 and 5.0). Such calculations
produced a range of mouth velocities between 86.1% and 93.5% of
the swimming speed.

Given the measured morphology and the calculated flow veloc-
ity at the mouth, it was possible to calculate the Reynolds number
for each element of the flow tract. Using the mouth width and
the mean flow velocity through the mouth, the Reynolds number
at the mouth opening was estimated to be 7.3 x 10° for a whale
shark swimming at 1.1 m/s. Using the mesh opening diameter and
the mean flow velocity through each mesh opening, the Reynolds
number within the mesh was estimated to be 3.0 x 102, Using the
half-width of the parabranchial chamber and the mean flow veloc-
ity through this channel, the Reynolds number within the outflow
of the filtering apparatus was estimated as 1.0 x 10%. Additionally,
the hydrodynamical model was used to calculate the pressure head
across the filtering apparatus, which was estimated to be 113 Pa for
a whale shark swimming at 1.1 m/s.

The biomass ingested was estimated by calculating the volume
of water passing through the partially submerged mouth per unit
time multiplied by the mean biomass of plankton per unit volume.

With an average of 84.7% of the open mouth underwater during
surface ram filter feeding, a 443 cm TL shark would present an open
mouth area of ~914 cm? (84.7% of 1079) and a 622 cm TL shark
an open mouth area of ~1724cm? (84.7% of 2035) to the water.
With a flow velocity at the mouth of 0.99 m/s (90.4% of 1.1 m/s) the
smaller shark would filter 0.0914 m2 x 0.99 m/s or 0.0905 m3/s of
water =326 m?3/h, and the larger shark would filter 614 m3/h. With
an average plankton biomass of 4.5g/m3 at the feeding sites, the
sharks would, on average, ingest 1467 and 2763 g of plankton per
hour, respectively, and for an average feeding time of 7.5 h per day,
a total of 11,003 and 20,723 g of plankton/day, which at 1.357kJ/g
equates to 14,931 and 28,121 K] per day, respectively.

4. Discussion
4.1. Feeding behavior

The aggregation of juvenile and adult male and female whale
sharks off the Yucatan Peninsula is among the most important
population centers for the species and is the largest whale shark
aggregation site known in the world (Hueter et al., 2008). During
the course of this study the sharks spent the majority of daylight
hours in the summer months surface ram filter feeding or swim-
ming just below the surface in the shallow, plankton-rich waters
north of Cabo Catoche. This aggregation of sharks appears to occur
in response to upwelling currents off the eastern Campeche Bank,
which bring nutrient-rich waters that produce abundant plank-
ton (Merino, 1997; Pérez et al., 1999; Zavala-Hidalgo et al., 2006;
Cardenas-Palomo, 2007). The plankton tends to concentrate at
or just below the surface, particularly before 11:30-12:00 h each
day during the summer months (de la Parra, personal observa-
tion). Similar aggregations in response to plankton blooms or mass
spawning events also occur at: Ningaloo Reef, Australia (Colman,
1997; Wilson et al., 2001; Taylor, 2007); Gulf of Tadjoura, Djibouti
(Rowat et al., 2007); off the Seychelles, Mozambique, and Mal-
dives (Rowat and Gore, 2007); Gladden Spit, Belize (Heyman et al.,
2001); the Galapagos Islands (Arnbom and Papastavrou, 1988); the
Gulf of California (Clark and Nelson, 1997; Hacohen-Domene et al.,
2006; Nelson and Eckert, 2007); and the northern Gulf of Mexico
(Hoffmayer et al., 2007).

The behavior of whale sharks swimming with the body inclined
upward and the open mouth partially or totally submerged is
consistent with the reports from other localities where plankton-
rich surface waters occur (Clark and Nelson, 1997; Heyman et
al,, 2001; Nelson and Eckert, 2007; Taylor, 2007). The swimming
speeds observed during this type of feeding ranged from 0.5 to
1.6 m/s (average 1.03 m/s) and are remarkably similar to speeds
of surface feeding whale sharks in the north central Gulf of Mex-
ico (average speed 1.03m/s; Hoffmayer et al., 2007), off Baja
California (0.3-1.1m/s; Nelson and Eckert, 2007) and Ningaloo
Reef, Australia (1.0-1.5 m/s; Taylor, 2007). This average swimming
speed for 29 sharks of average TL 6.7 m is slightly less than the
predicted optimum swimming speed (1.13 m/s) for energy conser-
vation for swimming fish (Up =0.503L043; Weihs, 1977; Weihs et
al,, 1981). The latter theoretical predictions are, however, based on
smaller bony fishes and would be an overestimate for larger sharks
with lower maintenance costs (Weihs, personal communication),
although the estimates have been shown to be very accurate for
2 m standard length Carcharhinus leucas and C. plumbeus (Weihs
et al., 1981). Eckert and Stewart (2001) also found that whale
sharks had occasional travel rates of 1.1 m/s but when traversing
longer distances averaged 0.3 m/s. Rowat and Gore (2007) sim-
ilarly found ground speeds between 0.3 and 0.7 m/s for whale
sharks traversing long distances. However, these long distance
averages include periods of vertical movement including deep
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dives (Eckert and Stewart, 2001; Graham et al., 2006; Wilson, 2006;
Wilson et al., 2006; Brunnschweiler et al., 2009), and time and
distance required to execute dives is generally not considered in
these swimming speed calculations. Thus, whale sharks may make
horizontal oceanic crossings at higher speeds than localized move-
ments suggest (Rowat and Gore, 2007). The average swimming
speed for filter feeding basking sharks (4-6.5m TL) is 0.85m/s
(range 0.76-0.94 m/s), which is 29-39% slower than the speed pre-
dicted by the model of Weihs and Webb (1983) (Sims, 2000b). As
was suggested for basking sharks, we expect that swimming with
an open mouth and swimming at the surface increases drag on
whale sharks, effectively reducing the optimum swimming speed
(Videler, 1993; Sims, 2000b). While the pressure at the mouth
opening is reduced by the flow of water into the buccal cavity, the
pressure head over the mesh imparts a drag force onto the filtering
apparatus. It would seem likely that the total drag is increased both
by the passage of water through the small mesh openings as well
as by any flow separation that may occur as a result of the outflow
from the gill openings. This is consistent with studies of filter feed-
ing bony fishes, in which filter feeding animals have a metabolic
rate elevated above that of non-feeding animals even beyond that
which would be expected simply from differences in swimming
speed (James and Probyn, 1989; Macy et al., 1999). On the other
hand, a lower than expected swimming rate may represent the
most efficient speed for filtering plankton through the unique filter-
ing pads. Although not recorded, it appeared that surface ram filter
feeding whale sharks at the Yucatan Peninsula site reduced their
swimming speed when encountering a particularly dense plankton
patch, as do whale sharks feeding on fish spawn off Belize (Heyman
etal.,, 2001) and plankton-feeding basking sharks (Sims, 1999). The
whale shark body pitch of approximately 13° most likely permits
lift generation by the ventral body surface and pectoral fins at these
relatively low speeds (Wilga and Lauder, 2000), allowing the sharks
to keep their open mouths at the water’s surface.

Our satellite tags and observational data both indicate that
whale sharks off Cabo Catoche approach the surface to filter feed
during the early morning, peak in abundance during mid-morning,
return to slightly deeper waters around noon, and resurface to
feed in the afternoon, returning to deeper waters again in the
late afternoon. Although on-water observations were not made
at night, satellite tag data indicate limited surface activity during
night hours. In almost all cases, when the sharks were swimming
between 0 and 1 m depth in the daytime they were surface ram fil-
ter feeding at the study site. When the sharks retreated to slightly
deeper waters (~2-6m) and were still visible from the surface,
they were often swimming with their mouths slightly open and
apparently not filter feeding. These diurnal vertical movements are
most likely related to diel vertical migrations of the plankton. Time
spent at the surface by basking sharks depends largely on the min-
imum abundance of prey in the surface layer and time of day and
is timed to plankton migration, and lower, near threshold, levels
of zooplankton abundance may be more important in determin-
ing surface duration than higher levels (Sims et al., 2003, 2005).
Our satellite tag estimate of four whale sharks spending on average
7.5 h/day within 0-1 m depth, presumably feeding at the surface,
is in close agreement with Rowat and Gore (2007) and Rowat et al.
(2009), who found from pop-up archival tags that whale sharks off
the Seychelles spent on average 60% of daylight hours (7.2 h/day)
within 10 m of the surface. In the Gulf of California (Sea of Cortez),
whale sharks spend more than or equal to 80% of their time (24 h)
at depths less than 10 m; however, the satellite tracking method
used to determine this was admittedly biased towards shallower
depths (Eckert and Stewart, 2001). In the western Indian Ocean,
two tagged whale sharks spent on average 7.8 h/day at the surface
(shark 1=5.6h/day, shark 2=10.0 h/day at surface) and an aver-
age of 13.9 h/day between 0 and 5 m depth (Brunnschweiler et al.,

2009, personal communication). These accounts, however, do not
differentiate between feeding and non-feeding behavior.

4.2. Diet and foraging behavior

The surface ram filter feeding whale sharks observed off the
Yucatan Peninsula sought out surface aggregations of plankton
dominated by sergestid shrimp, calanoid copepods, chaetognaths,
and fish larvae. The three dominant prey items (sergestids, cope-
pods and chaetognaths) were greater in width at feeding sites
compared to non-feeding sites, and shrimp and copepods were
greaterin length. The sharks were often observed to turn repeatedly
to stay within the denser plankton patches, which were visibly red-
dish in color. Off La Paz, Mexico, whale sharks have been observed
suction feeding in dense patches of plankton, primarily copepods,
and they stayed in the patches with frequent turns (Clark and
Nelson, 1997). At Bahia de Los Angeles, Baja California, whale
sharks also fed on dense plankton patches primarily composed
of copepods, but interestingly varied feeding method with plank-
ton density (Nelson and Eckert, 2007). Surface ram filter feeding
occurred at a mean plankton density of 86.9 x 103 m~3, which was
over 4 times greater than densities observed during vertical suction
feeding, and 14 times greater than during sub-surface passive feed-
ing. Our recorded mean plankton density off the Yucatan Peninsula
was much lower (1841 +616 perm3), and even lower than den-
sities recorded during the sub-surface feeding by sharks off Baja
California (5900 per m3) (Nelson and Eckert, 2007). In the north-
ern Gulf of Mexico, whale sharks surface ram filter feed on eggs of
little tunny Euthynnus alletteratus at densities of 9000 eggs per m3
(Hoffmayer etal.,2007). Our relatively low densities could be in part
due to the plankton being primarily confined to the very surface
waters whereas the plankton net sampled to a depth of approxi-
mately 45 cm.

4.3. Anatomy, prey and mesh diameter

The whale shark’s filtering pads are a unique autapomorphic
character. Although their homology is unclear, Denison (1937),
Gudger (1941b) and Compagno (1984) referred to them as gill rak-
ers. During filter feeding, water enters the elliptical mouth, passes
into the pharynx, proceeds through the 20 filtering pads exiting
between the primary and secondary vanes, passes over the pri-
mary gill filaments and into the parabranchial chamber, and exits
the external gill slits. The flexible raphe joining the filtering pads
laterally and mid-sagittally prevents water discharge anywhere
but through the filtering pads and allows the pharyngeal cavity
to expand in the sagittal plane. The large labial cartilages laterally
occlude the mouth opening, directing water into the funnel-shaped
oral cavity, and the passive buccal valves help to prevent the back-
flow of water when the mouth is closed. Similar labial cartilages and
buccal valves are found in the orectolobid suction feeding nurse
shark Ginglymostoma cirratum (Motta and Wilga, 1999). When
observed inside the pharyngeal cavity of an actively feeding whale
shark, the upper filtering pads are more horizontal in orientation
than the ventral pads, which tend to be ventrally displaced and pre-
sented to the incoming water at an acute angle due to the ventrally
bulging pharyngeal cavity (Figs. 1 and 5).

During surface ram filter feeding we observed little or no
evidence of pulsatile suction feeding. This is in agreement with
observations by Taylor (2007). The gill slits remained open and
gently fluttering as the animals swam forward and there was no
indication of rhythmical pumping as has been seen during station-
ary/vertical suction feeding and in some cases sub-surface passive
feeding (Clark and Nelson, 1997; Heyman et al., 2001). On one
occasion, when a shark encountered what appeared to be a par-
ticularly dense plankton patch the shark slowed to a near stop
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Fig.5. Anterolateral view into the pharynx of an actively feeding whale shark show-
ing the angle of the lower pads relative to open mouth. The branchiohyoid apparatus
can depress ventrally, thereby enlarging the cavity and orienting the lower pads, in
particular, so that they face the incoming water at an acute angle.

and commenced pulsatile suction feeding while remaining at the
usual swimming angle, with the dorsal surface of the head and body
above the water’s surface.

Total filtering area of the pads greatly exceeds the open mouth
area, which is expected to reduce the flow resistance incurred
by the filtering pads. The estimated total open mouth area was
2035 cm? for shark A (622 cm TL), and 1841 cm? for shark B (593 cm
TL). Even during surface ram filter feeding, in which an average of
84.7% of the open mouth was underwater, the area through which
water passes into the buccal cavity (~1724 and 1559 cm?, respec-
tively) was notably smaller than the total filtering pad area in both
sharks (10,799 cm? and 11,807 cm?, respectively). However, the
total filtering pad area includes both the area of the mesh openings
and the area of the mesh itself. The ratio of the area of the openings
to the total area, the open area ratio 8, was 0.46 for shark A and
0.60 for shark B. Accounting for this, the open area through which
water can pass through the filtering pads was 4924 and 7096 cm?
for sharks A and B, respectively. As the pads become clogged with
plankton, the effective mesh diameter would decrease as the total
open area, leading to the “coughing” behavior that back-flushes the
pads and clears them (Hoffmayer et al., 2007; Nelson and Eckert,
2007; Taylor, 2007; this study).

4.4. Filtering mechanism

Consideration of the filter feeding mechanism in whale sharks
has focused on two potential methods: dead-end sieving and
hydrosol filtration (Gudger, 1941a,b; Clark and Nelson, 1997). In
dead-end sieving, water and the entrained particles approach
approximately perpendicular to the filter and particles larger
than the pores are trapped while smaller particles pass through.
Conversely, in a hydrosol filter, the filtering surfaces have some
adhesive properties, possibly as aresult of being covered with sticky
mucus, such that any particle that contacts a filtering element sticks
to it and is captured. The particles encounter the hydrosol filter due
to hydrodynamic processes such as direct interception and iner-
tial impaction, allowing particles even smaller than the pores to
be retained (Rubenstein and Koehl, 1977; LaBarbera, 1984). How-
ever, recent work on filter feeding in bony fishes has implicated a
third potential filtering mechanism known as cross-flow filtration.

In this method, the water and entrained particles pass approxi-
mately parallel to the gill arches or filter pads while traveling at
high velocities. As the suspension travels posteriorly, the water
exits between the gill rakers or through the filtering pads, and the
particles are concentrated into a bolus at the rear of the pharynx
where they can be swallowed (Brainerd, 2001; Sanderson et al.,
2001; Callan and Sanderson, 2003; Cheer et al., 2006). This mecha-
nism results in the entrapment of both larger and smaller particles,
reduces fouling of the filtering apparatus, concentrates particles
in the posterior pharyngeal cavity, and transports the food to the
entrance of the esophagus. It has been demonstrated to function
during suspension feeding in some bony fishes (Sanderson et al.,
2001; Callan and Sanderson, 2003; Smith and Sanderson, 2007)
and has been hypothesized to contribute to filter feeding in fin
whales (Goldbogen et al., 2007). Cross-flow filtration is also used in
numerous industrial applications, particularly where it is necessary
to reduce clogging of the filter element (Ripperger and Altmann,
2002).

The hydrodynamics of filter feeding in whale sharks appear to
be comparable to that observed in filter feeding bony fishes and
baleen whales. The Reynolds number for flow through a single mesh
opening of the filtering apparatus was estimated to be ~300. This is
within the range of 150-600 observed for flow past the gill rakers
of suspension feeding bony fishes (Sanderson et al., 2001) and is
comparable to the value of 570 reported for flow past the baleen
fringes of fin whales (Goldbogen et al., 2007). At such a Reynolds
number, flow through the channel is expected to remain laminar
even for ducts with rough surfaces (Ward-Smith, 1980). The pres-
sure drop across the mesh was calculated to be 113 Pa for a whale
shark swimming at 1.1 m/s. This relatively small pressure head is
consistent with the absence of a large bow wave, as was observed
in videos of surface feeding whale sharks. Interestingly, this dif-
ferential is markedly less than the ~2000Pa pressure head that
was calculated for bowhead whales during continuous filter feed-
ing (for a 10 m body length swimming at 1.1 m/s; Werth, 2004). It
is unclear whether this disparity arises from morphological differ-
ences or differences in how the flow through the respiratory tract
was modeled. However, the pressure head of 113 Pa calculated for
whale sharks is consistent with the pressure observed across fish
gills during routine ventilation, which falls between 30 and 200 Pa
for a diverse range of taxa (Hughes, 1960a,b; Burggren and Bemis,
1992; Ferry-Graham, 1999).

Several workers have questioned the effectiveness of the whale
shark’s filtering pads at sustaining a high flow of water through
them during ram filter feeding (Taylor et al., 1983; Sanderson and
Wassersug, 1993) and their ability to filter out plankton smaller
than the holes in the filtering pads (Clark and Nelson, 1997).
Although the majority of plankters ingested by the whale sharks off
Cabo Catoche are greater in length than the average mesh diameter
of the filter pads (1.2 mm), the ability to feed on plankton less than
the diameter of the openings in the filter pads enhances the food
resources available to the whale shark. At Gladden Spit in Belize,
the sharks were observed feeding in areas dominated by fish eggs of
0.75-0.78 mm diameter (Heyman et al., 2001) and in the northern
Gulf of Mexico whale sharks surface ram filter feed in water abun-
dant with fish eggs of 0.70-0.80 mm diameter (Hoffmayer et al.,
2007). If whale sharks relied on dead-end sieving to perform filter
feeding, the majority of such plankton would likely not be cap-
tured. However, if whale sharks are able to utilize either hydrosol
filtration or cross-flow filtration, then it is possible that such items
could be effectively retained. There is no direct evidence for cross-
flow filtration in whale sharks, but the morphology suggests this
may be an important mechanism in their filter feeding. The fil-
tering pads of the whale shark, particularly the lower pads, lie at
an acute angle to the incoming water when the mouth is open
and the pharynx distended, such that the bulk of the water flow
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might be expected to be parallel or near parallel to the filtering
pads (Figs. 1 and 5). Additionally, in computational models of filter
feeding in bony fishes, vortices were observed near the esophageal
opening (Cheer et al., 2001). If such vortices exist in whale sharks,
they could act to increase the flow velocities parallel to the filtering
pads. As a feeding mechanism in whale sharks, cross-flow filtration
is an intriguing hypothesis in part because it might explain how the
sharks are able to feed on very dense aggregations of plankton and
not quickly clog their filter pads. In three species of bony fishes
using cross-flow filtration only a very small amount of the ingested
particles contacted the filtering apparatus and accumulated there
(Sanderson et al., 2001). Such a mechanism would explain how
whale sharks ingest large volumes of plankton yet “cough” rela-
tively infrequently to clear the filtering pads. By comparison, filter
feeding bowhead whales (Balaena mysticetus) pause to clean the
baleen about every 2.5min (Simon et al., 2009). Such coughs by
whale sharks may perform a role similar to the temporary rever-
sals of flow within the oropharyngeal cavity of some bony fishes,
which lift and clear mucus and particles from the branchial arches
(Smith and Sanderson, 2008).

The consequences of the filtering pads and primary and sec-
ondary vanes for the excurrent flow also remain unclear. The effect
of flow passing through mesh-like bodies has been studied to the
greatest extent in the context of water and wind tunnel design. In
the construction of wind tunnels, thin screens are used to produce
a uniform flow across a section by imposing a uniform, static pres-
sure drop. However, while the screens improve uniformity they also
produce small-scale turbulence. It has been observed that screens
with an open area ratio 8 greater than 0.57 reduce this production
of excess turbulence (Mehta and Bradshaw, 1979). Thick collima-
tors are used to dissipate upstream vortices larger than the cell
diameter by restricting the lateral velocities. However, while they
dissipate vortices larger than the cell diameter, collimators will also
produce vortices that are smaller than the cell diameter. Thus, col-
limators are most effective at reducing the total turbulence when
the cell length is approximately 6-8 times the cell diameter (Mehta
and Bradshaw, 1979). Interestingly, the filtering pad has an open
area ratio of 0.53 while the vanes form “cells” with a combined
height (primary + secondary vanes) to width (primary vanes) ratio
of 6.5. While the geometry of the filtering pads is certain to be
constrained by their role in filtering plankton, it is possible that
it also serves to “condition” the outflow. The Reynolds number of
the excurrent channels was estimated to be ~10%. At these Reynolds
numbers the flow is very likely turbulent, but the nature of that tur-
bulence is uncertain. In the initial length of a parallel channel, such
as the parabranchial chamber, the flow is characterized by high-
frequency, small-scale turbulence and reduced boundary layer
thickness (Byrne et al., 1969). However, after this initial length, the
flow is dominated by low-frequency, large-scale turbulence and the
boundary layer extends the entire channel width (Clark, 1968; Moin
and Kim, 1985). It is possible that the primary and secondary vanes
act to reduce the upstream turbulence in the parabranchial cham-
ber and delay the formation of low-frequency vortices within the
relatively short outflow tract (~4 channel widths long). Reduction
of such turbulence within the outflow tract may be important in
reducing the hydrodynamic losses that would otherwise increase
backpressure and reduce the flow of water through the filtering
pad.

4.5. Energetics

The whale, basking, and megamouth sharks are among the
largest fishes and all are planktivores. As such they must filter large
volumes of water and consume large quantities of prey for mainte-
nance and growth. A surface ram filter feeding whale shark of 4.4 m
is estimated to filter 326 m3/h, and a 6.2 m shark 614 m3/h. In com-

parison, 5 m basking sharks are calculated to filter 432 m3/h during
sub-surface ram filter feeding (Sims, 1999). The estimated daily
ration of 14,931 k] for a 443 cm TL whale shark and 28,121 k] for a
622 cm TL whale shark are the first in situ estimates for the species.
These are probably conservative estimates when considering that
sharks at other localities may feed in much higher plankton densi-
ties (Hoffmayer et al., 2007; Nelson and Eckert, 2007). However,
a similarly analyzed and independently derived daily ration for
captive and growing whale sharks (515-664 cm TL) at the Georgia
Aquariumis 17,287-31,238 kJ/day) (Zeigler, personal observation).
The similarity in daily ration for these sharks is surprising con-
sidering metabolic differences due to captivity, temperature and
other environmental factors (Cortes and Gruber, 1994; Schmid and
Murru, 1994; Carlson et al., 2004). In contrast, an 8.4 m TL whale
shark at the Okinawa Churaumi Aquarium is fed a daily ration of
50,242-83,736 k]/day (S. Uchida and K. Sato, pers. comm.). Unfor-
tunately, lacking length-weight data for these whale sharks, direct
comparison of daily ration to other elasmobranchs, which is usu-
ally expressed as a proportion of mean body weight per day, is
impossible (Wetherbee and Cortes, 2004). These caloric estimates
must be taken with caution because of possible errors that could
include an underestimate of the number of hours feeding per day,
not accounting for sub-surface feeding which could contribute to
the former, and variance and errors in calculating mouth area
from digital photographs of sharks with their mouths apparently
fully open. Taylor (2007) observed whale sharks with their mouths
approximately 50% open when surface ram filter feeding; how-
ever, during our underwater observations these surface-feeding
sharks appeared to have their mouths fully open the majority of
the time. In addition, plankton counts will vary by site and time,
and energy per gram will vary with plankton composition (Davis,
1993).

In contrast to whale and megamouth sharks, which can use suc-
tion and ram feeding to collect plankton, basking sharks rely solely
on forward swimming to ram filter feed their prey (Taylor et al.,
1983; Compagno, 1990; Sims, 2000a; Nakaya et al., 2008). As such,
for basking sharks that only ram filter feed and incur high drag
from the open mouth, there is a threshold prey density estimated
at approximately 0.62 g wet weight/m3, below which the animals
should cease feeding because net energy gain can no longer be
achieved (Sims and Quayle, 1998; Sims, 1999, 2000a). Off Plymouth,
UK, basking sharks forage in areas with zooplankton densities rang-
ing from 0.47 to 8.29 g wet weight/m3, and when density was below
the background level of 0.50-0.80 g/m?3, the sharks ceased feeding
(Sims, 1999). This predicted foraging threshold for basking sharks
is much lower than the plankton density observed at the whale
shark feeding sites off the Yucatan Peninsula (4.5 + 0.6 g/m3) and
even lower than at non-feeding sites (1.8 +0.7 g/m3). By contrast,
basking sharks in Monterey Bay, California, off the Pacific coast of
Vancouver Island, Gulf of Maine, and north of Santa Cruz Island,
California select plankton patches (primarily copepods) with den-
sities ranging from 739 to 2647 plankters/m?3, very similar to our
recorded average density of 1841 per m3 (Baduini, 1995). The lat-
ter plankton biomass was recorded in a region of upwelling and
high plankton density and during surface ram filter feeding, which
is reported to occur at the highest plankton densities (Nelson and
Eckert, 2007). Missing in our data are plankton densities for feed-
ing areas not characterized by upwelling and plankton blooms,
values which would be instructive in gaining a better understand-
ing of overall energetic costs for the whale shark. Nevertheless,
we hypothesize that whale sharks, similar to basking sharks (Sims
and Merrett, 1997; Sims and Quayle, 1998; Sims, 1999), may avoid
feeding at an energetic loss by moving within ocean basins to for-
age in high productivity regions. This leads to patchiness in whale
shark distribution and potentially an erosion of population struc-
ture, heightening the need to manage conservation plans for these
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magnificent animals on a global scale (Taylor, 1996; Eckert and
Stewart, 2001; Eckert et al., 2002; Castro et al., 2007; Schmidt et
al.,, 2009).

4.6. Future directions

Utilizing fluid models, fluid flow through the filtering pads
and the putative cross-flow filtration mechanism should be inves-
tigated. Further estimates of daily ration would provide insight
into the energetics of the world’s largest fish and augment cap-
tive husbandry. Future studies should also investigate nutritional
requirements and feeding on a longer time and area scale, span-
ning not only these regions of rich plankton biomass but also other
feeding sites. We must also consider the possibility of feeding, prey
choice and energetics during deep dives of whale sharks, which
have been recorded to depths of more than 1700 m and ambient
temperatures of about 4 °C (Tyminski et al., 2008). Lastly, it would
be instructive to determine if diel vertical migrations of the whale
shark, even on such a small scale as occurs off Cabo Catoche, is
related to vertical movements of its plankton food base.
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