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ABSTRACT

Fishes demonstrate the greatest change throughout ontogeny in body size of all
vertebrates, some becoming twelve times their original length. Panther groupers,
Cromileptes altivelis, are no exception. This vast size change influences other aspects of
their lives including their feeding behavior, the prey they consume, and the capabilities
of the mechanisms they use to capture prey. The change in the feeding performance of
the panther grouper, Cromileptes altivelis, was quantified through buccal pressure
recordings and high-speed videography. From this data, we can deduce that the larger
juvenile was able to generate greater negative pressure within the mouth. It appears

that feeding performance improves as panther groupers increase in body size.

INDEX WORDS: Scaling, Kinematics, Feeding Performance, Cromileptes altivelis,

Suction, Pressure
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CHAPTER 1

INTRODUCTION

Scaling

D'Arcy Wentworth Thompson was a leader in mathematical biology, best known
for On Growth and Form (1917). He showed that in several fish classes, the morphology
of related species could be generated by simple geometric transformations. My work
focuses on the affine transformation of scaling (Thompson 1984). Scaling is defined as
“the structural and functional consequences of a change in size and scale among
similarly organized animals” (Biology Reference). Scaling affects all organisms by
influencing surface area to volume ratios, metabolic needs, and structural support,
among other things. Many features of an organism increase at the same rate, or
isometrically. Some demonstrate positive or negative allometry. For example, humans
exhibit negative allometry when comparing size and growth rate of our skulls relative to
our bodies (Farke 2010). Julian Huxley developed the idea that an organism’s form
depends on the differential growth rates of the each part of the body. This idea of the
body size dependence of ontogenetic growth was later termed allometric growth, and
had the corresponding equation of Y = YoMb, where Y is the characteristic you seek
such as metabolic rate or life span, Yy is a normalization constant, M is body mass and b
is the allometric scaling exponent (Huxley 1932). Extensive research on Huxley’s

allometry in the 1970’s and 1980’s was compiled into four influential books by: Peters



(1983), McMahon & Bonner (1983), Calder (1984) and Schmidt-Nielsen (1984). These
readings reviewed the empirical evidence and found that it overwhelmingly supported
qguarter-power scaling for BMR and numerous other attributes of organismal form,
function, physiology and life history. These scaling affects hold strong influence upon
many other capabilities. Locomotion, communication, and feeding are all hindered until
our scaling is complete. By studying the scaling affects over the ontogeny of the panther
grouper, we will be able to establish how the animal maintains its functional integrity.

According to D’Arcy Thompson:

In an organism, great or small, it is not merely the nature of the motions of the
living substance which we must interpret in terms of force (according to
kinetics), but also the conformation of the organism itself, whose permanence or
equilibrium is explained by the interaction or balance of forces, as described in

statics.

Studies have confirmed that species ability to generate suction pressure varies
considerably, with over an order of magnitude range in peak pressure among teleost
species (Lauder, ‘80; Norton and Brainerd, '93; Nemeth, '97; Carroll et al. 2004).
However, less is known about how suction feeding performance scales within species
(Richard and Wainwright, '95; Wainwright and Shaw 1999). In essence, we are asking if
the fish generate a common suction pressure throughout their lives, or if their capacity

to generate suction increases as the fish increases in size. Schmidt and Nielson said that



physical laws must be taken into account because they not only provide opportunity but
they also implement constraints (Schmidt-Nielson 1984). For instance, an isometrically
growing animal with a fully expanded bucco-pharyngeal cavity exhibits the following
relationships: (1) the rate of the bucco-pharyngeal volume change will increase
proportionally with the cube of the body length, and (2) the surface area of the mouth,
through which the water flows, increases with the square of the body length.
Accordingly, we assume the flow velocity is proportional to the ratio of rate of volume
change to the area of the mouth opening (Muller ’82 and ’84), and then suction flow
speed at the mouth would increase linearly with body size. Therefore, large animals
would have a substantial advantage over small animals when relating to generating high
suction flow speeds. However, the musculoskeletal system and cranial expansions are
also subject to scaling effects. Inescapably, large animals will become slower in
performing a movement that is similar relative to its body size (Hill ‘50; Schmidt-Nielson
’84). Combined, these opposing effects make it difficult to predict how suction feeding

performance will change during ontogeny.

Background

Commonly known as the panther grouper, Cromileptes altivelis, are found in the
Indo-Pacific region. This species is very popular for aquariums due to their hardy
disposition and long lives, being able to grow up to 70 cm (Heemstra and Randall 1993).
In the wild, panther groupers are one of many types of fish that dwell in and around

reefs, lagoons, and tide pools ranging from 2-40 meters in depth (Lieske and Myers



1994). Panther grouper capture their prey out of the many crevices in the reef and
typically consume small, reef-dwelling fishes and crustaceans (Myers 1999). To
accomplish this task they have a narrow morphology and a pointed skull that allows
them to generate enough suction to draw their prey out of the nooks in the reef.

The flexibility, precision and distinct movements of the pectoral fins allows the
panther grouper to discretely turn back to the reef and sneak into perfect alighnment to
suction feed on their prey. The spotted coloration and body shape of the panther
grouper allows them to easily conceal themselves against the changing patterns of the
reef. The reef serves as a source of shelter and food for the panther grouper. Its solitary
lifestyle reveals a territorial predator that can strike from his home with great precision
(ARKive, 2010). Despite these strengths, the panther grouper is currently listed as
vulnerable on the IUCN Red List of Threatened Species (Sadovy et al. 2008). This is
mainly justified by high rates of harvesting, driven by panther grouper’s high value in the
fish markets, and expansive habitat degradation, most notably in Southeast Asia.

My goals were to quantify the maximum suction ability and feeding kinematics in
panther groupers of different lengths to see if scaling affects their feeding performance.
My null hypothesis was that there would be no difference in the feeding performance of
panther groupers of different sizes. While my alternative hypothesis is that feeding

performance is dependent on the size of the panther grouper.



MATERIALS AND METHODS

Experimental Set Up

Two juvenile panther groupers were studied in the WKU Functional Morphology
Laboratory. Each juvenile was housed in a 175 liter tank at a room temperature of 20
degrees Celsius where the water was regularly changed and maintained. On both tanks,
1 cm squares were taped to the back of the tank to provide a scale for analyzing the
video footage. For the larger juvenile there was also a piece of mirror placed in the
bottom of the tank at a 45 degree angle to allow for simultaneous recordings of lateral
and ventral views.

Before we actually recorded any data, we first had to insert a plastic cannula into
each juvenile. This allowed a consistent access point to the buccal cavity for the
pressure transducer during recorded feedings. After a few days of initial adjustment to
our laboratory tanks we gave each juvenile anesthetic and implanted the plastic cannula
through the buccal cavity. Specifically, it was placed just anterior to the orbit through
the dorsal surface of the buccal cavity, just lateral to the parasphenoid and posterior to
the vomer. A catheter-tipped pressure transducer was threaded into the cannula and
held in place with a silicon sleeve, pushed over to expose the end of the cannula; thus
allowing the measurement surface of the pressure transducer to be held in position on
the inside of the roof of the buccal cavity (Wainwright et al. 2006).

After surgery, the grouper were allowed to recuperate in their tanks. Next, we

refrained from feeding the fish for a few days until they seemed willing to feed. This was



usually evident when we would enter the room, and they would follow us, coming to
the top of the tank awaiting a meal. We began to train them to capture small, peeled
shrimp surrounded by the two high powered Lowell Pro lights, each providing 250 watts
of light to illuminate the tank. Following this acclimation, we collected data through
feedings on live common goldfish in the larger juvenile and small ghost shrimp for the
smaller juvenile. Prey was scaled relative to overall body length of each predator, hence
the application of two different prey-types. This also keeps the smaller fish from having
to compensate in terms we are not measuring in order to capture the same prey. We
waited one week between data collected feedings to make sure the fish would attack
aggressively, just like in a natural environment.

To capture the kinematics, we used a Redlake MotionPro high-speed digital
video camera, shooting 500 frames per second, with 1280 x 1024 resolution, 250 watt
lamps, and analyzed data through MiDAS software program. The pressures were
recorded digitally also at 5,000Hz using an analog-to-digital conversion system.
Nineteen video sequences were recorded for the first juvenile, while we collected
seventeen for the second, smaller juvenile. We collected 28 pressure data entries for

the first juvenile and 21 for the second juvenile, all within 12 months.

Analysis

For the videos we measured maximum gape, time to maximum gape, maximum
hyoid depression, time to maximum hyoid depression, maximum cranial elevation, time

to maximum cranial elevation, prey velocity before and after suction, and total gape



cycle time (Richard and Wainwright 1993). Centimeters were used to measure all of the
distances, seconds were used for the timing, and kPa was used to measure the pressure
generated. To begin the kinematic measurements we defined time zero as the moment
right before the jaw opens for the feeding cycle (Figure 1). Next, we measured the
maximum gape as the time at which the fish’s jaws expanded furthest (Figure 2).
Maximum hyoid depression was the frame at which the greatest depression of the
hyoid arch was reached (Figure 3). The time to maximum cranial elevation was found as
the frame in which the cranium was at its greatest height relative to the body (Figure 4).
The total gape cycle was found by starting at time zero and stopping time at the
moment when the fish closed its jaws together immediately after feeding. Also we
measured the velocity of the prey before suction and during suction. We did this by
using the formula of velocity equals distance divided by time. We measured the distance
that the prey traveled over a set of frames before the feeding began, and again during
frames at which it was being sucked into the buccal cavity. The grid in the background, a
centimeter scale, was used as a reference for the MiDAS program to properly calculate
the distances.

All of this data was recorded into Microsoft Excel spreadsheets. From the 36
total video data points over the 12 month period we established two sets of data, one
from the first, larger juvenile at 24.62 cm and one from the second, smaller juvenile
which is half of the length of the first at 11.13 cm. Additionally two more sets of data

were collected from the 49 total pressure entries.



sjamd (A) 222 X (D BLb sjaxd (a) 52z x () see [ sewd (a)sz2x i) sec @] sead (a) ToE X Q) e ]

5 _13 rz ——e——
ooooal L of 4 ] ie] =T w ri

mE_._._mmm_;aaammm.w?mmnm_.mN.ND.DSN
uanisinbay je 0|7 Wads SOEMNes 000826 £FSZE L £2-20-0107

sniElg

E HADPLILAY W07 Uad )

- AR |7 HMoyg
SMI04 payael | dejdsig

24 0052 92y B2 (] Papioaay
i =) oooL aul| m_JMDn_xm
sd) 00§ aje Y papiosay
8% 00000 au | juaung
0 auel 4 juanng

% BRE 2|y paploday
3d) 00z aey yoegded Gay

oI JuELINnT

saley m L] oiey yoeqieyg

B4 |ﬁ‘ #0|5

Sy Hoegield 95

4= [l =g dwnp g -
I Y Y Y | W
=
[ B B B B a
0se EER S8 £ —
340 ¥ 0 0 AN =
2
o o X TN T Y
- ARl sjanuay m
o
) B =

diaH  MOpuly,  mEly  sjoo) sBunzas  essweD usdo E)d

Woo7 pOLEL T - SYAW RIP3Y ;]

"9[04D) SUIpady Jo SUTUUISIY "0.13Z W) Jk Z d[IudAN{ "I 31n31




uels £:

spad (43 108 (U Eve £

sjaead (4) 522 % () 268

s 13 e —————J7—
o o)L NEIIEI RN

mE;_mmm__._.aaammmﬁammnm_.mm.ma.a_.am
Inbaw 2 oo ] waisds 0805 OO0ZFE £FS2'EL £2-20-0102

spaad () 22z w (W ek LT s (a) S22 w0 (y) o6 [

smigyg

E WAOPULA, W00Z uad[

a IR || tMoUYG
IO payae | dejdsig

ZH 0052 ajpY BB (] paploday
i JaEn ooo L aun| m_JmDn_xm

sd) 00g ajey papioaay
288 OFL00 auwl| jualng
4 allEl4 JuannT

%  BEE S)ey paploasy %
sdj 002 ey yoegiey Bay

UONEUIO)U] UBInT

salEY W L1 ouEY aeqiEy

p=3| |ﬁ‘ G

2|2y yregred B S

[eT=r dunp
I | 1 | | 11

S
@
G
o a2
940 3ra FANI] £ =
2
| [im [ [ pr

) losing e Epopy gpg  |Yydedy Sndyuo] FaNuo] M
1 - PO ] m

& B =

diaH  sopuly,  wsly,  Sjo0l  sbuges  esswen usdo E)d

Woo7 pOL°EL T - SVAW {EIPAY N

'SpU023s 10’0 2w e aden wnwixep 'z 2.andig




24 ue;s £;

wdvz (y o A

siad () 577 = () ek [ sewd (s szzx iy see (@) sEd (A) 105 = (4 epe F

sjad (4) 242 % (4) ey I
5 _12 L8 ———————
oalooft |4 e[« Tw [bri

auwn| 1966U) 000866 FFSZE L EZ-E0-0L0Z
uonisnbag 8 Ha0[) Wajsds 5O:Nnes  N00IPE EFIGZE | £2-20-0L02

SEYS

E MOPULA, W00F wad g

GBS
U0 paarl | depdsig

Z4  00Se 2)E Y BR(] pEpIOoayY
% el=kag) oooL aun m._jwo_u_xm

sd) 005 3y papioday
288 02100 all | uaung
[ =TT

%  EBE S8y paploasy i
sd) 002 Sy orgiey Bay

LIONEULIOU | JUaLnT

sauey m Ll oneyyjaegaed

R4 |ﬁ‘ 0[5

Y HoegdEld 185
4= a7 dunp [
| | | L | | I__1

[ et
0ge EET 58 £5
340 w0 FAN] gL
| S— <] o[ [T o
3OSy e lapop pg  [Ydely einbjuo] oo

piooay ey ‘s!s.&pguv]

& A =
digH  mOpUly,  MSl,  Sjoo)  sBupyes  esswed uado REE]
wooy pOL°EZ " - SYALW =>fe|pay ;M._

810’ dwn e uoissaada proAH winwixe *§ 31ngr

10



Lies £

sfid (4) 522 X (U) 26 (@] sEwd (a) 10 % () £be B

5 13 = —
pszoo|il gt A AR e [

aun) 1a660 ) 0O0SEE FF/SZEL EZ-Z0-0 LOZ
UoRISIND% 12 H00|] WASAS 5ORIN0S  OO0FSE SF'SZE L E2-20-0 02

sfaid (4) 522 x (U) 268 [

sEd i) 247 % (4] 62

sniElS

E SHAOPLIL A, WIODF Lad

6L
FUI04 pafarl ] dejdzig

Z4 0052 2 Y BjE(] Paploday
B p—— 3N awl | anzods
Woo7 pOL'EL T ook ik 3

sdl O0g ajey papoday
o083 (9200 al) jualng
el alEl4 uaIng

% BBE 21y papiaaay 2
sd) 002 Sy Hoeqred By

LIDEULIOYU| jLisin

salley ﬂ LIl DUEY jIRgiEg

R4 |ﬁ| Mo|§

3BY HIEGAE| 125

[ [omz @ 0

&
o
E
o £
03e fatara ot} £9- —
340 arn 210 EL0 =
2

IR
i iosing e capopapg  [4dein Snbyuos sjonuog W
2

& B

daH  mopug, M3l 5ol sBuiges  esawes uado 34
woo7 pOL°EZ " Z - SYAIW =fe|pay E

970" 9WI] 1k UONBAJ[F [eIULI) WNWIXE "} 2InS1

11



RESULTS
The time at which each noted measurement was met usually took longer for the
smaller juvenile, most likely due to his smaller muscles used to quickly expand the
buccal cavity. However, the total cycle time took longer for the first, larger juvenile. The
increments measured leading up to the capture of the prey, time to cranial elevation
and time to hyoid depression, do not seem to equate to fish 1’s extended total gape
cycle time, thus we can infer the slowness of the feeding action occurs in the closing of

the jaws and not in the rapid expansion which causes the negative pressure in the

buccal cavity. The first juvenile was measured at 24.62 cm while the second juvenile had

a total length of 11.13 cm. Noting this considerable difference in length, the kinematic

measurements do not seem to be as differentiated as one might expect (Table 1).

Table 1: Summary of Juvenile Kinematic Averages

Sequ- | Predator | Mean Skull Kinematics
ence | Charact-

eristics
No. >
ol o = < c c c o
= | £ O v kel 9 o o =
|- |8|E|s59€8 |55 5~|2%]%
€| E v | ¥ v E 5 >SEH| 2 el 2w g > | o
O o o (] = Q O c © =~ o < o £l % o o v o
— ~ © o - = v © = [J] B v e [] o0 + O ©
— — o0 © 2 9 v c O| © vl T .=| 5 c U —= 00
PR | 5| B S 2|22 BT |5
© = & > o o @© = s
212 | 2OE° |z |z |6 5|e
Fish1 | 24.|8.28 | 2.6 |.01 |10.289 | 355.23 480 | .015 | 19.20 | .0188 | .043
Mean | 62 13 | 15 1
Fish2 | 11.|2.61 |1.0| .01 | 3.039 102.25 .351 | .016 | 26.67 | .0256 | .037

Mean | 13 39 |11
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The mean suction pressure generated by the larger specimen was 18.26 kPa, and
only 14.02 kPa for the second, smaller specimen. It seems there is a notable difference
in the capabilities of the fish as they grow (Table 2). This may also be backed by the
mean velocity of the prey. Juvenile one generated an impressive mean movement of
prey during feeding of 355.3 cm/s, while the second juvenile only generated 102.25
cm/s (Table 1). This differentiates from the Snook who maintained a relatively constant
suction capacity throughout their growth.

Due to the buccal cavity’s size and shape change during the course of an attack
(Sanford and Wainwright, 2002) and the flow changes in velocity (Day et al., 2005) we
cannot use the apply the Bernoulli principle, and hence the need for direct

measurements of pressure speed.

Table 2: Summary of Juvenile Pressure Averages

Baseline Max Absolute 20mm Hg  kPa

Negative Change scale generated
-0.1059 -0.2342 .0342 18.257

Fish 1 Mean .1283

Fish 2 Mean .2365 .0567 -.1716 .0342 14.0176

To our knowledge thus far we can infer that despite the larger juveniles greater
gape distance, larger and heavier bone structure, and greater amount of water to
displace, the species must develop relative cranial and jaw musculature to sustain a
speed and force necessary for effective suction feeding speed and pressure that we

measured (Figures 1 and 2). From our data, you can also note that as the fish grew, and

13



as they adapted to the noncompetitive tank environment, their maximum negative
suction pressure generated decreased (Graph 1 and 2). The difference is more notable

for fish one, who not only grew more, but also had longer to adapt to the tank.

Fish 1 kPA over Time
30.00
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DISCUSSION

Hyoid depression measurements must be studied in this experiment to
understand the implications of the buccal expansion used during feeding. Cranial
elevation increase contributes to an increased mouth gape during suction (Richard and
Wainwright, 1994). Gape distance is also measured because it can help indicate the
maximum size of the prey able to be captured. Analyzing these factors together is
necessary to determine the kinematics of feeding performance in fishes. Using these
measurements in combination with the timing of each we can find the extent of scaling,
within the juvenile size range.

Parallel to a few other specialized species, the panther groupers seem to be an
exception to the common fish, who changes feeding styles as fish grow (Wainwright et
al. 2006). Despite the extended time needed to open and close their mouths during
feeding, they continue to use the same method, suction feeding. Unlike other grouper
such as the goliath grouper, that may change to become ram feeders, using explosive
speed to ambush and capture prey (Bullock and Smith,1991), the panther grouper is
able to maintain a suction feeding lifestyle throughout its ontogeny (Huskey and
Turingan, 2001). It has been suggested by Wainwright and Richard (1994) that one can
expect a larger fish to have slower movements based only on its larger body size where
larger, heavier body elements must impart greater volumes of water. Our data, as
previously noted in table one, total gape cycle, concurs with Wainwright and Richard’s

conclusion.
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You can note in Figures 5 and 6 the bone structure of Fish 1, which exemplifies
the anterior cranial surface for maximum amount of muscle attachment, thus great
muscle capabilities to quickly expand the buccal cavity thereby creating an intense
negative suction pressure to capture their prey. Although the time to max gape
increases with maximum gape distance, these are seemingly proportional, and directly
related to the size of the fish. This altogether unique design is the basis for allowing the
panther grouper to sustain a suction feeding predation style throughout its life. As the
panther grouper grows and the maximum gape distance increases, larger prey can be
consumed. Panthers are obviously able to capture larger prey as they increase in body

size.

Lateral and rostral views of the skeleton of the larger juvenile, Fish 1, used in this
experiment.

Figure 5

f
f,",]
a4
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Figure 6

Due to the negative allometry demonstrated by their suction capacity, it appears
that the tank environment had a much greater impact on the pressure measured than
we had originally estimated. The larger juvenile demonstrated a less aggressive attack as
he acclimated to his noncompetitive environment, yet continued to maintain at least an
average 15 kPa of suction, which is similar to how the smaller juvenile was performing.
Inferring from this data we can say that the capabilities of the fish’s performance
increase with size, despite the fact that one might not always exhibit that capacity if it is
not required.

Thus far in this investigation it seems as though the null hypothesis is false. For a

direct defense we can note the times the larger fish was faster, the mean prey velocity
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during attack, and the suction pressure exhibited. These quantities all agree that scaling
does have an impact on the panther grouper’s performance, yet as previewed in the
introduction there are many physical laws in place that we have yet to test to verify our
results thus far.

The studies discussed in this work, and soon this work also, allow for a firm
knowledge that one cannot assume a species will have a specific capacity for generate
suction pressure; some will change and others will stay stagnant. Although this creates
challenges for attempts to generate comparative data, it entails the need for suction
pressure capacity to be expressed in relation to a particular body size of that species.

This project must expand to include more fish and especially those of many sizes
ranging from 10 cm to up to 50 cm. In this project we were able to place a cannula in
the cranium of one of the smallest fishes ever studied, so the species is obviously very
accommodating. From here we must increase the number of replications within our
experiment, as well as expand our experimental set-up to include more calculations to
help us decrease the variables and increase our specificity to the cause and
relationships in order to verify the panther grouper’s feeding ontogeny strategies and

capacities.

18



References

ARKive. 2010. http://www.arkive.org/humpback-grouper/cromileptes-

altivelis/info.html#ireference 6

Biology Reference. 2010. <http://www.biologyreference.com/Re-Se/Scaling.htm|>

Bullock, L. H., and Smith, G. B. 1991. Seabasses (Pisces: Serranidae). Memoirs of the
Hourglass Cruises. Florida Marine Research Institute Department of Natural

Resources. St. Petersburg, FL.

Carroll, A.M., Wainwright, P.C., Huskey, S.H., Collar, D.C., Turingan, R.G. 2004.
Morphology predicts suction feeding performance in centrarchid fishes. J Exp

Biol 207:3873-3881.

Clarke, A. and Johnston, N.M. 1999. Scaling of Metabolic Rate with Body Mass and

Temperature in Teleost Fish. Journal of Animal Ecology. 68: 893-905.

Day, S.W., Higham, T.E., Cheer, A.Y., Wainwright, P.C. 2005. Spatial and temporal flow
patterns during suction feeding of bluegill sunfish (Lepomis macrochirus) by

Particle Image Velocimetry. J Exp Biol 208:2661-2671.

Farke, Andy. The Open Dinosaur Project . 2009-2010. Key Concepts: Scaling.

http://opendino.wordpress.com/2009/10/19/key-concepts-scaling/ (4/21/2010)

Heemstra, P.C. and J.E. Randall. 1993. FAO species catalogue. Vol. 16. Groupers of the

world (family Serranidae, subfamily Epinephelinae). An annotated and illustrated

19



catalogue of the grouper, rockcod, hind, coral grouper and lyretail species known

to date. FAO Fish. Synop. 125(16):382 p.

Hill, A.V. 1950. The dimensions of animals and their muscular dynamics. Sci Prog 38:209-

230.

Huskey, S. H. and Turingan, R. G. 2001. Variation in prey-resource utilization and
oral jaw gape between two populations of largemouth bass, Micropterus

salmoides. Environmental Biology of Fishes 61: 185-194.

Huxley, J.S. (1932) Problems in Relative Growth. Methuen, London.

Lauder, G.V. 1980. The suction feeding mechanism in sunfishes (Lepomis): an

experimental analysis. J Exp Biol 88:49-72.

Lieske, E. and R. Myers. 1994. Collins Pocket Guide. Coral reef fishes. Indo-Pacific &

Caribbean including the Red Sea. Haper Collins Publishers, 400 p.

Muller, M. and Osse, J.W.M. 1984. Hydrodynamics of suction feeding in fish. Trans Zool

Soc Lond 37:51-135.

Muller, M., Osse, J.W.M., and Verhagen, J.H.G. 1982. A quantitative hydrodynamic

model of suction feeding in fish. J Theor Blol 95: 49-79.

Myers, R.F. 1999. Micronesian reef fishes: a comprehensive guide to the coral reef fishes
of Micronesia, 3rd revised and expanded edition. Coral Graphics, Barrigada,

Guam. 330 p.

20



Nemeth, D.H. 1997. Modulation of buccal pressure during prey capture in
Hexagrammos decagrammus (Teleostei: Hexagrammidae). J Exp Biol 200:2145-

2154

Norton, S.F., Brainerd E.L. 1993. Convergence in the feeding mechanics of
ecomorphologically similar species in the Centrarchidae and Cichlidae. J Exp Biol

176:11-29

Pelletier, D., Guderly, H., and Dutil, J.D. 1993. Does the aerobic capacity of fish muscle

change with growth rates? Fish Physiology and Biochemistry. 12(2): 786-791.

Philippine News Agency. 2009. Palawan fish traders pledge to secure future of RP's "lapu-
lapu" stocks. Asia Pulse Pty Ltd. February 25, 2009.
<http://www.encyclopedia.com/Philippines+News+Agency/publications.aspx?pa

geNumber=1>

Richard, B. A., and Wainwright, P. C. 1994. Scaling the feeding mechanisms of
largemouth bass (Micropterus salmoides): kinematics of prey capture. The

Journal of Experimental Biology. 198:419-433.

Riggs, Michelle. 2009. Scaling of feeding behavior and performance in the goliath

grouper, Epinephilus itajara. CE/T, WKU Honor’s College.

Sanford, C.P.J, and Wainwright, P.C. 2002. Use of sonomicrometry demonstrates link
between prey capture kinematics and suction pressure in largemouth bass. J Exp

Biol 205: 3445-3457.

21



Sadovy, Y., Thierry, C., Choat, J.H. & Cabanban, A.S. 2008. Cromileptes altivelis. In: IUCN
2010. IUCN Red List of Threatened Species. Version 2010.1.

<www.iucnredlist.org>. Downloaded on 21 April 2010.

Savage, V.M., Gillooly, J.F., Woodruff, W.H., West, G.B., Allen, A.P., Enquist, B.J., Brown,
J.H. 2004. The Predominance of Quarter-Power Scaling in Biology.

http://onlinelibrary.wiley.com/doi/10.1111/j.0269-8463.2004.00856.x/full#m1

Schmidt-Nielson, K. 1984. Scaling: Why is Animal Size so Important? Cambridge

University Press, Cambridge.

Thompson, D.W. On Growth and Form, abridged ed., New York: Cambridge University

Press, 1984 pp. 298-301.

Thompson, D.W., Bonner, J. On Growth and Form, abridged ed., New York: Cambridge

University Press, 1992

Wainwright, P.C., Huskey, S.H., Turingan, R.G., and Carroll, A.M. 2006. Ontogeny of
suction feeding capacity in Snook, Centropomus undecimals. Journal of

Experimental Zoology. 305A: 246-252.

Wassenberg, S.V., Aerts, P., and Herrel, A. 2005. Scaling of suction feeding performance

in catfish Clarias gariepinus. Physiological and Biochemical Zoology. 79(1): 43-56.

Zeuthen, E. 1953. Oxygen uptake as related to body size in organisms. The Quarterly

Review of Biology 28: 1-12.

22



	Western Kentucky University
	TopSCHOLAR®
	Spring 5-4-2010

	Scaling of Feeding Performance in Panther Grouper, Cromileptes altivelis
	Candace R. Read
	Recommended Citation


	Microsoft Word - 229714-text.native.1292004181.docx

