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Summary

Suction feeding in fishes is the result of a highly and mouth in both mid-sagittal and transverse planes. We
coordinated explosive expansion of the buccal cavity that found that peak subambient pressure was reached very
results in a rapid drop in pressure. Prey are drawn into early in the kinematic expansion of the buccal cavity,
the mouth by a flow of water that is generated by this occurring at the time when the rate of percentage change
expansion. At a gross level it is clear that the expansion of in buccal volume was at its peak. Using multiple
the buccal cavity is responsible for the drop in pressure. regression analyses we were consistently able to account
However, attempts using high-speed video recordings to for over 90%, and in the best model 99%, of the variation
demonstrate a tight link between prey capture kinematics in buccal pressure among strikes using kinematic
and suction pressure have met with limited success. In a variables. Sonomicrometry shows great promise as a
study with largemouth bass Micropterus salmoides, we method for documenting movements of biological
adopted a new technique for studying kinematics, structures that are not clearly visible in the external view
sonomicrometry, to transduce the movement of skeletal provided by film and video recordings.
elements of the head during feeding, and synchronized
pressure recordings at a sampling rate of 500Hz. From
the positional relationships of six piezoelectric crystals we Key words: sonomicrometry, kinematics, feeding, buccal pressure,
monitored the internal movements of the buccal cavity largemouth bass, Micropterus salmoides.

Introduction

Feeding in fishes has become one of the most extensivedavity (Muller et al., 1982; Muller and Osse, 1984; Van
studied areas of vertebrate functional morphology (for deeuwen, 1984). Pressure and water motion are intimately
review, see Ferry-Graham and Lauder, 2001). From the earhglated in this process. Suction pressure is generated by two
studies of function based on morbid anatomy (e.g. Gregorphenomena (Muller et al., 1982). Expansion of the buccal
1933; Tchernavin, 1948), to mechanical models (Muller et algavity occurs rapidly and may be the largest cause of depressed
1982; Muller, 1996; Cheer et al.,, 2001), and a diversitypuccal pressure. In addition, the induced water flow generates
of technology employed by experimental functionala smaller subambient pressure, which is added to that induced
morphologists (Osse, 1969; Lauder, 1980a,b; Sanderson et dy, buccal expansion. Prey are carried into the oral cavity by
1994), we have gained numerous insights into both ththe flow generated during the suction process. The velocity of
biomechanics of prey capture and the evolution of functiondlow entering the mouth, and hence the magnitude of the
design using fish feeding as a model. Yet, in spite of thipressure drop, are expected to be proportional to rate of volume
success, a number of fundamental problems in fish feedirhange of the fish’s mouth (Muller et al., 1982; Van Leeuwen
have eluded researchers. One of these is a clear understandang Muller, 1983). The induced flow velocity is considered to
of the connection between the complex actions of thée a key component of suction feeding performance, and since
musculoskeletal system of the skull and the pressurdtow and pressure are intimately related, understanding how
generated inside the buccal cavity during suction feeding. fish modulate suction pressure is an important step in one of

The teleost skull is highly kinetic and involves some 60the fundamental goals of fish feeding biomechanics: to
skeletal units powered by approximately 80 musclesinderstand the basis of suction feeding performance.
(Winterbottom, 1974). Suction feeding is the result of a rapid Several studies have empirically investigated functional
expansion of the buccal cavity (Van Leeuwen, 1984; Laudecorrelates of buccal pressure, including muscle activation
1985) that generates a pressure gradient, and water patterns (Lauder et al., 1986; Grubich and Wainwright, 1997)
accelerated into the mouth opening to fill the expanding buccaind cranial kinematics (Svanbéck et al., 2002). The overall
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pattern that has emerged from these studies is one in whitdrge, facilitating the implantation of sonomicrometry crystals
muscle activity and cranial kinematics (excluding significantand a pressure transducer with a quick recovery time.
interindividual effects) typically account for less than 55% of

the variation in pressure patterns among feeding attempts. This Specimens

moderately weak relationship is disappointing because the The largemouth bass were obtained from a private fish farm
water flow generated by buccal expansion is mechanicallijp Yolo County, CA, USA. Specimens were housed
linked to buccal pressure (Muller et al., 1982). The lack of tighindividually in 100 aquaria at 23—25°C and were fed a mixed
relationships between muscle activity patterns (EMGs)diet of goldfish (Carassius auratfysmosquitofish (Gambusia
kinematics and buccal pressure may be the result of a faulgffinis) and pieces of squid (Loligo opalescens). The specimens
understanding of the mechanical basis of buccal pressuresed for this study were identified as Individuals 1-5 and
alternatively, previous attempts to describe the relevartiad a standard length of 235, 242, 249, 257 and 265mm,
kinematic events with data derived from video recordings mayespectively. A narrow size range was used to reduce any
not have portrayed key motions accurately. One reason 8raling effects that have been demonstrated in this species
suspect the latter is that video recordings offer only an externéiRichard and Wainwright, 1995; Wainwright and Richard,
view, and thus provide only indirect estimates of buccal cavityL995).

expansion. In the present study we employed sonomicrometry Before each experiment, the bass were starved for 2—3 days
to measure buccal cavity expansion during suction feeding g increase hunger level. Prior to surgery the bass were
largemouth bass. Sonomicrometry uses ultrasound to precisajyadually anesthetized with a light dose of tricaine
measure distances between small (approximately 2.0 mmnmethanesulfonate (MS-222). The bass were returned to their
piezoelectric crystals. By attaching these crystals to kelfiome tank following surgery (described below). They were
structures in the walls of the buccal cavity we were able tallowed to recover overnight and recording of feeding behavior
obtain an accurate picture of changes in the dimensions of theas started the following day. The bass were fed goldfish
buccal cavity and jaw motion during suction feeding.(Carassius auratys and feeding bouts were recorded in
Kinematic variables generated from positional data were usesliccession over a period of 1-2 days, during which strikes
in multiple regression analyses, with dependent variables takeapresenting a wide range of effort were obtained. The number
from simultaneous buccal pressure recordings. There are b strikes obtained for analysis ranged from seven (Individual
studies to date that have attempted to directly measure interrglto 25 (Individual 1). The total number of sequences analyzed
expansion of the buccal cavity during suction feedingwas 88.

Furthermore, empirical investigations of the relationship

between kinematics and pressure suggest that peak gape, for Sonomicrometry
example, precedes minimum subambient pressure (Lauder,We wused an eight-channel digital sonomicrometer
1980c). (Sonometrics Corp.) to measure the kinematics of six internal

Our experiments were designed to answer three questiopssitions on the wall of the buccal cavity (Fig. 1). These
about suction feeding in largemouth bass: (1) what is thpositions were selected to reflect the major movements related
temporal relationship between kinematics of the internalo volumetric change in the buccal cavity (Lauder, 1985;
surfaces of the buccal cavity and the subambient pressurihiller, 1989; De Visser and Barel, 1998). The locations of the
generated by those movements; (2) what are the tempormalystals were: (1) the posterior roof of the mouth just ventral
relationships between various elements of the buccal cavitp the parasphenoid, and in the same transverse plane as
during suction feeding; and (3) can kinematics of the internatrystals 3 and 4 (below), (2) the anterior roof of the mouth just
buccal cavity be used to accurately predict buccal pressuresizntral to the vomer, (3) the left suspensorium just dorsal

to the interhyal-suspensorium articulation, (4) the right
suspensorium (the same as 3 but on the opposite side), (5) the
Materials and methods dorsal surface of the hyoid at the articulation between the

The largemouth bass (Micropterus salmoitlasepede) is basihyal and the first basibranchial (this position was chosen
the largest piscivorous member of the Centrarchidae, a grolgecause when the hyoid is depressed, during expansion of the
of approximately 30 species of North American freshwatebuccal cavity, this crystal will occupy a position approximately
fishes.Micropteruswas selected as the experimental animain the same plane as crystals 1, 3 and 4), and (6) the mucosa
because it has been the subject of several previous analyse®nfthe anteroventral-most region of the buccal cavity, close to
feeding functional morphology (Lauder, 1983; Norton andhe dentary symphasis.

Brainerd, 1993; Richard and Wainwright, 1995; Wainwright The piezoelectric crystals used were omnidirectional and
and Richard, 1995), as well as two studies aimed at linkingither 1 or 2mm diameter depending on location, although
musculoskeletal action with suction pressure (Grubich an@ mm crystals gave a more consistent signal. The crystals were
Wainwright, 1997; Svanback et al., 2002). These studies haweitured to the mucosal layer using surgical thread. Visual
established that this species employs a wide range afspection ensured that the crystals were securely tied to the
kinematics and pressure profiles while feeding. Micropterusnucosal layer. Any crystal showing excessive movement was
was also chosen because the buccal cavity of this speciesaischored using a second suture. All crystals were aligned so



Suction feeding in bas8447

Neurocranium were placed as close to the midline as possible and we assumed
that depression and elevation of the basihyal and basibranchials
was in the mid-sagittal plane. Thus, crystal 5 swung through
an arc in the mid-sagittal plane with crystals 1 and 2. This
assumption was verified by examination of feeding profiles
from each individual bass to confirm that the change in
distance between crystals 3 and 5, and crystals 4 and 5, was
symmetrical. In addition to these kinematic variables, the
buccal cross-sectional area (hereafter abbreviated to buccal
area) was also estimated at approximately the position of
crystals 1, 3 and 4. We used changes in this variable as a metric

Suspensorium

_Nlnterhyal of the expansion of the buccal volume because most expansion

Hyoid occurs in the lateral-lateral and dorsal-ventral axes and not in

B the anterior—posterior axis. Calculation of buccal area was
Neurocranium based on an expanding elliptical model of the buccal cavity.

With distances between crystals 1-2, 1-5 and 2-5 defining a
triangle, it was possible to calculate the vertical distance of the
hyoid relative to the roof of the mouth (axis 1-2) as it moved
in the mid-sagittal plane (Fig. 1). This distance was used as
one axis of the ellipse and suspensorial distance was used as
the other.

From plots of these five variables against time (Fig. 2), we
derived displacement, temporal and velocity variables for each
capture sequence. The following derived variables were used
for further analysis: maximum displacement from onset, onset
time (relative to peak subambient pressure) duration, time
_ Interhyal of peak displacement (relative t),ttime to peak displacement
Hyoid from onset, and velocity of displacement. Velocity of

Fig. 1. Schematic view of (A) the lateral head region, and (B) 4liSPlacement was calculated using 20% of maximum
transverse section through the buccal cavity of the largemouth bagiSplacement as the onset time. This procedure eliminated the
Micropterus salmoideso show the placement of sonomicrometric variable initial stages of displacement kinematics. From our
crystals. Crystals are indicated as black dots. See text for discussioalculations of buccal area we derived two additional variables:
of exact locations. the time of peak rate of change in buccal area (relativg),to t
and the time of peak rate of percentage change in buccal area
that the tip of the crystal was pointing anteriorly. The wireqrelative totg). For all derived variables we defined the time of
from the crystals were run anterior to the gill arches (three ominimum buccal pressure as time zerg). (This point was
each side) and out through the operculum. All six wires weranambiguously identified in all feeding sequences and was of
then bundled together and stabilized by suturing them to theery short duration (about 2 ms).
skin just anterior to the first dorsal fin.
Sonometric data were recorded using the software program Pressure
Sonoview (Sonomicrometrics Corp.) at a sample rate of 500 Hz During experiments we simultaneously recorded intra-oral
and a transmit pulse of 500 ns with an inhibit delay of 3mmbuccal pressure using a Millar SPR-407 microcatheter-tipped
This program records absolute distances between all crystatessure transducer. During surgical implant of the
pairs and we selected those combinations that provided the beshomicrometry crystals (see above) we also inserted a plastic
signals and were relevant to our analysis (below). These traceannula though the mid-dorsal region of the neurocranium
were cleaned of outliers and corrected for other signadbetween the nostrils and the eyes. The cannula had an
problems using Sonoview. An ASCII output file was thenexpanded end holding it in place against the skin inside the
imported into Biopac Lab Pro V. 3.6.5 for deriving the buccal cavity, where it emerged just lateral to the anterior end

Suspensorium

10

Expanded

4 buccal cavity 3

variables used in our analysis. of the parasphenoid bone. A sleeve of silicon tubing was fitted
_ _ _ flush with the skin of the neurocranium and it stabilized the
Kinematics and variables position of the cannula. Following recovery from surgery the

The following distances were transduced: posterior hyoigressure transducer was threaded into the cannula so that the
(distance between crystals 1 and 5; Fig. 1), anterior hyoitp was flush with the opening of the cannula in the buccal
(distance between crystals 2 and 5), suspensorial distancavity. The transducer leads were sealed around the head of
(distance between crystals 3 and 4) and gape (distance betwélea cannula by a plastic sleeve with a soft plastic core. The
crystals 2 and 6). During the implantation, crystals 1, 2 and &nalog pressure signal was digitized at 500Hz through a
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40 1 Statistical analysis
—— Pressure . . .
We used multiple-regression analysis to explore the
A correlations between kinematics of the buccal cavity and
— 304 Suspensorial < pressure. In this analysis we used each pressure variable in turn
E 1 & as the dependent variable and all kinematic variables as the
§ 0 g independent variablgs, adding i.ndividual bgss as a categorical
= @ variable. The resulting analysis of covariance (ANCOVA)
o &’ model included interaction terms between each kinematic
e 10_‘ variable and individual bass. Each model was run in a two-step
Ant. hyoid L -3 process. Initially, all kinematic variables and interaction terms
were included in the model. We then removed variables and
0 A ' | ' ' _a interaction terms from the model if thé#r value was greater
0.4 0.2 0 02 0.4 than 0.4 (a very conservative cut-off of significance). The
reduced model was rerun and although it inevitably provided a
700 lower overall ?, it is the model reported here. Cumulative
values were calculated to provide insight into the extent to
600 . . . . ) )
& which kinematic variables provided independent explanatory
E 500/ power. All data were log transformed prior to data analysis to
g normalize variances and to linearize exponential relationships.
g 4004 Analyses were performed using Systat for Windows v. 9.
& 300,
s 2001 Results
o .. . .
2 \.’J | Descriptive kinematics and pressure
100; The bass were aggressive feeders, using rapid expansion of
0 B the buccal cavity (Fig. 2) to generate an average minimum
0.4 0.2 0 02 0.4 pressure of —5.22+0.28 kPa (mean.eM.) (Table 1). Prior to

the expansive phase, a preparatory phase where the buccal area
decreased by more than 10% was present in 39% of feedings
Fig. 2. (A) Representative kinematic profile of buccal cavity(N=88) (e.g. Fig. 2B). Based on plots of buccal area against
variables and pressure during suction feeding Mitropterus  time (e.g. Fig. 3), the expansive phase lasted an average of
salmoidesto show the overall pattern and preparatory phase (se3ms (Fig. 4). However, peak subambient pressure was
text}. Po_st., posterior; Ant., anterior. (B_) Buccgl cavity area plotte¢egched on average 45ms prior to peak buccal area (Table 1,
against time for the same sequence as in A. Time zgnefresents  riq 4y The mean total duration of the feeding cycle, including
the time of peak subambient pressure. expansion and compression, was approximately 205 ms.

Gape distance was the first kinematic variable to increase
parallel channel on the sonomicrometry system, allowingluring the expansive phase, with a mean onset time of
precise synchronization of the two types of data. —40.7+2.7ms (all values are relative ttp Table 1, Fig. 4).

The synchronized pressure recordings were also processAdterior hyoid depression (-26.2+1.8 ms) and posterior hyoid
in Sonosoft and Biopac Lab Pro V. 3.6.5. From traces oflepression (-27.7+2.4ms) began virtually simultaneously
pressure against time we derived the following variables(Table 1). Finally, the suspensorium began to abduct at
peak subambient buccal pressure, onset time of the buccal9.6+1.8 ms. The drop in buccal pressure started immediately
pressure curve (when the pressure fell below ambient), totafter the onset of hyoid depression at —24.5+£2.0ms. Buccal
buccal pressure duration from onset to when the pressuagea showed a detectable increase at —18.4+2.2ms (Fig. 4).
again reached ambient (offset), time to peak subambieifthe temporal sequence of mouth opening followed by hyoid
buccal pressure, measured from onset to peak subambiefgpression and then suspensorial abduction was found in 91 %
buccal pressure, and rate of buccal pressure drop, measuddeeding sequences (N=88).
as the average rate from 20% of peak subambient pressure t@ne notable feature that was revealed by the synchronized
peak subambient pressure. Again, the 20% onset value weecordings was the very early time of peak subambient buccal
used to calculate rate due to the variable nature of thgressure during the feeding sequence (Figs 2, 3). Pressure was
pressure profile during the initial stages. Finally, pressuréhe fastest variable to reach its peak value from onset
area was calculated as the area between ambient pressure @#5+2.0ms), and peak subambient pressure occurred on
the pressure in the buccal cavity from the onset to the offseverage 24 ms before the first kinematic variable (gape)
of subambient pressure. All experimental techniques wereached its peak (Table 1, Figs 3, 4). Subambient pressure
approved by UC Davis (institutional animal care and useeached its peak prior to any kinematic variable 100% of the
protocol #10168). time (N=88).

Time (s)
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Table 1.Basic statistics of variables measured from 88 prey capture sequences in five largemouth bass

Variable Mean S.E.M. Range Units

Kinematics
Gape onset —40.68 2.72 -5to-147 ms
Time to peak gape 35.18 1.53 16-104 ms
Time of peak gape 23.85 1.20 5-77 ms
Gape peak displacement 19.25 0.56 8.76-31.10 mm
Gape velocity 0.49 0.02 0.13-0.99 mm nT$
Gape duration 148.33 5.59 52-294 ms
Ant. hyoid onset -26.15 1.78 0to-83 ms
Ant. hyoid time to peak 39.05 1.48 16-94 ms
Ant. hyoid time of peak 35.97 1.45 18-86 ms
Ant. hyoid peak displacement 15.88 0.45 7.25-25.61 mm
Ant. hyoid velocity 0.53 0.03 0.11-1.13 mm nd
Ant. hyoid duration 195.24 5.88 77-365 ms
Post. hyoid onset -27.73 2.36 —-2to-161 ms
Post. hyoid time to peak 38.06 1.41 18-90 ms
Post. hyoid time of peak 34.53 1.48 14-92 ms
Post. hyoid peak displacement 12.73 0.52 4.07-28.54 mm
Post. hyoid velocity 0.30 0.02 0.07-0.66 mm nd
Post. hyoid duration 206.71 7.48 76-394 ms
Suspensorium onset -19.58 1.79 8to0-72 ms
Suspensorium time to peak 50.47 1.89 26-118 ms
Suspensorium time of peak 53.05 1.90 24-106 ms
Suspensorium peak displacement 15.88 0.45 7.25-25.61 mm
Suspensorium velocity 0.28 0.01 0.10-0.60 mm ntd
Suspensorium duration 227.51 6.61 82-437 ms
Buccal area onset —-18.38 2.24 90 to -55 ms
Buccal area time to peak 42.61 1.91 24-104 ms
Buccal area time of peak 45.25 2.77 22-162 ms
Buccal area peak displacement 7415 38.1 231.5-1925.4 mfh
Buccal area velocity 14.75 0.80 2.32-38.51 mrms1
Buccal area duration 205.33 8.04 124-422 ms
Time of peak rate of change in buccal area 11.19 0.73 -5-31 ms
Time of maximum rate of percentage change 0.56 0.47 -12-12 ms

in buccal area

Pressure
Subambient pressure onset —24.49 0.98 -8 to -58 ms
Peak minimum pressure -5.22 0.28 —1.61 to -14.56 kPa
Rate of pressure drop -0.25 0.02 —0.07 to —0.86 kPamb
Pressure area -237.9 125 —68 to —616 kPams
Duration of subambient pressure 116.8 3.8 46-223 ms

Ant., anterior; Post., posterior.
Onset times and time of peak values are relative(torte of peak subambient pressure).
S.E.M. is —1 standard error of the mean.

Relative to minimum subambient pressutg, the average measurements, which both peaked at approximately 35ms.
time of peak rate of change in buccal area was 11.2+0.7 nBuccal area peaked at 45.3+t2.8ms and, finally, the
(Table 1), and this was significantly different from the peaksuspensoria were maximally abducted at 53.0£1.9 ms (Fig. 4).
rate of percentage change in buccal area, which occurrdthe early peak of the buccal area relative to suspensorial
earlier at 0.56+£0.47 ms (mixed model analysis of variancegbduction is a consequence of the hyoid (one of the two axes
ANOVA; P<0.001, d.f. 1,4) (for example, see Fig. 3C,D). of buccal area) beginning to elevate before the suspensorium
The time of peak values for gape, hyoid and suspensoriuftas reached peak displacement, which occurred in 99% of
followed the same temporal sequence found for onset timefgedings (N88) (Fig. 5). The temporal sequence of peak
and this sequence occurred in 100% of feedings88N values for kinematic variables is also illustrated by
(Fig. 4). During the expansive phase, gape peaked first auperimposing the time of peak values for kinematic variables
23.9+1.2ms, followed by the anterior and posterior hyoidand pressure onto the displacement of the hyoid crystal with
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Fig. 3. (A) Representative kinematic profile of buccal cavity variables and pressure to show the details of the expansion phase during suctior
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reference to the roof of the mouth (defined by fixed crystals 1
and 2) (Fig. 5).

The anterior hyoid measurement had the fastest velocity of
any kinematic variable during feeding at 528+25 mh{Eable
1), and the correlation of this variable with peak subambient
buccal pressure and pressure area is significant (peak
subambient buccal pressure, Pearson correlation —-0.71,
Bonferroni-correctedP<0.001; pressure area correlation 0.48,
Bonferroni-correctedP<0.05; also see below). It is important
to remember that the displacement of the hyoid is in a

Fig. 4. Bar plot of the mean onset and peak times of variables used in
this study. Values are means #s.km. Time zero @, solid vertical

line) represents the time of peak subambient pressure. The vertical
dashed line represents the average time of prey capture (i.e. the time
that the prey crosses the plane of the gape: 28.83+2.89 ms; mean +
s.D.), using data from Svanbéck et al. (2002) with similar sized bass.
Post., posterior; Ant., anterior.



posteroventral direction and is not restrictec
ventral motion only (Fig. 5).

Kinematics and pressure relationships

The multiple regression models were all abl
account for over 90% of the variation among st
in pressure (Tables 2—6). In the reduced muli
regression models, kinematics accounted for 9
of the variation in peak subambient buccal pres
96.7% of the variation in buccal pressure ¢
91.7% of the variation in buccal pressure |
91.9% of the variation in the time to peak bu
pressure, and 96.3% of the variation in bu
pressure duration (Tables 2—6). No single var
or class of variables dominated the regress
In each multiple regression a large numbe
variables and interaction terms were independ
significant, and no single kinematic variable
interaction term accounted for more than 39.5!
the variance in any pressure variable.

One striking feature of these analyses was
large contribution of the interaction terms in e\
model. As a group, interactions accounted
20-45% of the total variance explained by
model (Tables 2-6), which implies that
influence of kinematic variables on pressure vi
between individual bass (Fig. 6). In some ¢
even the direction of the relationship betweer
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Fig. 5. Typical feeding sequence showing the displacement of the hyoid

relative to a fixed neurocranium (top axis). Also indicated are the peak times

of all the buccal cavity variables measured in this study. The position of the

hyoid was calculated using the distance between crystals 1, 2 and 5 (see
Fig. 1). Note the early time of peak subambient pressure (red triangle) relative
to kinematic variables. Also note the high velocity at the early stages of

depression, as indicated by the spacing between successive points (2ms
intervals).

Table 2.Results from analysis of covariance from five largemouth bass using kinematic variables as independent variables and
peak subambient buccal pressure as the dependent variable

Variable d.f. F-ratio P Cumulative ? Slope*
Individual 4 3.19 0.017 0.135
Ant. hyoid velocity 1 64.57 <0.001 0.530 -
Ant. hyoid time to peak 1 53.41 <0.001 0.537 +
Buccal area time to peak 1 40.00 <0.001 0.562 +
Ant. hyoid duration 1 21.33 0.001 0.596 +
Post. hyoid duration 1 19.36 0.002 0.598 +
Gape duration 1 13.75 0.005 0.624 +
Significant interaction terris:

Indxa, Ind*b, Ind>xc, Ind>d, Ind>e, IndX, Indxg, Ind>h, Indx, Indxj, Indxk, Indx
Error 75
Total cumulative # 0.991

*Direction of the slope of correlation between the independent variable and dependent variable.
The reduced model of main factors is based on the removal from the larger model of main factors and interaction terrRsvgieleling

greater than 0.4. See text for details of this analysis.
Ant., anterior; Post., posterior; Ind, Individual.

TThe interaction terms are listed in ascending ordenaflie and are coded in Tables 2—6 as: a, buccal area peak displacement; b,cant. hyoi
time of peak; c, buccal area time of peak; d, buccal area velocity; e, post. hyoid time of peak; f, ant. hyoid peak disgapestemmyai
duration; h, post. hyoid displacement; I, post. hyoid time to peak; j, suspensorium duration; k, buccal area duration; |, gape peak displaceme
m, suspensorium time to peak; n, gape time of peak; o, gape velocity; p, ant. hyoid time of peak; q, suspensorium aslodiyod,
duration; s, gape time to peak; t, ant. hyoid velocity; u, suspensorium time of peak; v, gape duration; w, post. hyaid velocity
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Table 3.Results from analysis of covariance from five largemouth bass using kinematic variables as independent variables and
subambient buccal pressure area as the dependent variable

Variable d.f. F-ratio P Cumulative ? Slope*
Individual 4 7.98 0.001 0.280

Suspensorium peak displacement 1 30.46 <0.001 0.344 +
Suspensorium velocity 1 26.94 <0.001 0.521 +
Post. hyoid velocity 1 18.62 <0.001 0.543 +
Ant. hyoid velocity 1 17.65 <0.001 0.565 +
Post. hyoid peak displacement 1 16.82 <0.001 0.576 +
Gape peak displacement 1 16.69 <0.001 0.587 +
Gape time to peak 1 10.96 0.003 0.602 +
Gape duration 1 10.95 0.003 0.603 -
Ant. hyoid peak displacement 1 10.94 0.003 0.605 +
Buccal area time to peak 1 5.60 0.027 0.607 -

Significant interaction terms:
Indxm, Ind>g, Ind>n, Ind>o, Ind>d, Ind*b, Ind>p

Error 54
Total cumulative # 0.967

*Direction of the slope of correlation between the independent variable and dependent variable.
Ant., anterior; Post., posterior; Ind, Individual.

See Table 2 and text for details of this analysis.

TThe interaction terms are listed in ascending ordenaflie and are coded as indicated in Table 2.

Table 4.Results from analysis of covariance from five largemouth bass using kinematic variables as independent variables and
rate of subambient buccal pressure drop as the dependent variable

Variable d.f. F-ratio P Cumulative ? Slope*
Individual 4 3.75 <0.001 0.344

Gape velocity 1 12.06 0.001 0.650 +
Suspensorium duration 1 6.89 0.012 0.676 -
Post. hyoid velocity 1 2.55 0.118 0.729 +
Suspensorium time of peak 1 1.07 0.306 0.732 -
Gape duration 1 0.81 0.372 0.737 -

Significant interaction termis:
Indxl, Indxn, Indxq, Ind>g, Indx, Indxs, Indx

Error 77

Total cumulative # 0.917
*Direction of the slope of correlation between the independent variable and dependent variable.
Ant., anterior; Post., posterior; Ind, Individual.

See Table 2 and text for details of this analysis.
TThe interaction terms are listed in ascending ordenaflée and are coded as indicated in Table 2.

kinematic and pressure variables varied among bass (Fig. 6@ve lateral displacements been reported (e.g. Lauder,
although in none of these cases was the interaction a domindr#i80a,b; Van Leeuwen and Muller, 1983). Film and video
term in the model. recordings provide only indirect evidence of buccal
expansion, and for some variables, such as movement of the
hyoid, the relevant structures are mostly obscured by other
Discussion parts of the skull. Our use of sonomicrometry allowed us to
The kinematic patterns associated with suction feeding iprovide the first direct measurements of changes in the
fishes have been described in several species (reviewedimernal dimensions of the buccal cavity as we tracked
Lauder, 1985). However, previous studies have been basetbvements of the hyoid and the walls of the suspensoria, and
on film or video recordings of feeding fish, and only rarelyto synchronize these recordings with buccal pressure. We
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Table 5.Results from analysis of covariance from five largemouth bass using kinematic variables as independent variables and
time to peak subambient buccal pressure as the dependent variable

Variable d.f. F-ratio P Cumulative ? Slope*
Individual 4 9.42 <0.001 0.315

Gape time to peak 1 4.25 0.064 0.429 +
Gape velocity 1 4.25 0.064 0.433 -
Gape peak displacement 1 4.25 0.064 0.461 +
Ant. hyoid time of peak 1 3.43 0.091 0.500 +
Ant. time to peak 1 1.16 0.304 0.507 -

Significant interaction termss:
Indxu, Ind>q, Ind>a, Ind>c, Ind>, Indx, Indxi, Indxk, Indxv, Indxw, Indxd

Error 77
Total cumulative # 0.919

*Direction of the slope of correlation between the independent variable and dependent variable.
Ant., anterior; Post., posterior; Ind, Individual.

TThe interaction terms are listed in ascending ordenaflie and are coded as indicated in Table 2.
See Table 2 and text for details of this analysis.

Table 6.Results from analysis of covariance from five largemouth bass using kinematic variables as independent variables and
subambient buccal pressure duration as the dependent variable

Variable d.f. F-ratio P Cumulative ¢ Slope*
Individual 4 7.21 <0.001 0.258

Buccal area peak displacement 1 45.48 <0.001 0.320 +
Buccal area time to peak 1 13.55 0.003 0.420 +
Gape time to peak 1 8.05 0.014 0.532 +
Suspensorium time of peak 1 0.82 0.381 0.586 +
Suspensorium time to peak 1 0.79 0.391 0.595 +

Significant interaction termis:
Indxl, Indxt, Indxc, Ind>w, Indxb, Indx, Indxg, Indx, Indxf, Indxj, Indxv

Error 58

Total cumulative # 0.963
*Direction of the slope of correlation between the independent variable and dependent variable.
Ant., anterior; Post., posterior; Ind, Individual.

TThe interaction terms are listed in ascending ordenafl&e and are coded as indicated in Table 2.
See Table 2 and text for details of this analysis.

emphasize four major observations on prey capture functionatcount for over 90% of the variation among suction strikes
morphology in Micropterus salmoidesom our analysis. in pressure variables, i.e. with substantially greater success
(1) The first direct evidence for the presence of a distindhan has been achieved in past studies using video recordings
preparatory phase involving buccal compression immediatelgr electromyographic data.

prior to the onset of the expansive phase was confirmed

and observed in 39% of strike sequences (Fig. 2B). (2) We Buccal kinematics during suction feeding

confirmed that buccal expansion proceeds in an anterior to Previous evidence of a preparatory phase has been limited
posterior progression (Figs 2, 3, 4), as described by earli¢o periods of superambient pressure prior to suction strikes
researchers (Van Leeuwen, 1984). (3) Minimum bucca{Lauder, 1980a,c; Svanback et al., 2002) and electrical activity
pressure is achieved early in the strike sequence, 18.4 ms aftér buccal compression muscles at this time (Liem, 1978;
the initial increase in buccal area, 45 ms prior to peak bucchlauder, 1980a). Gibb (1995) reported a compressive phase in
area (Table 1, Fig. 4), and is synchronous with the timehe flatfish Pleuronichthys verticalis. However, this was based
of peak rate of percentage volume change (Fig. 3D)on movements of the operculum and not the suspensorium.
(4) Multiple regression models built with kinematic Thus, our study provides the first direct observation of
parameters developed from the sonomicrometric data couklispensorial adduction and decrease in buccal volume prior to
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the expansive phase of suction feeding. In our recording8arel, 1998) mouth opening clearly began before hyoid
following the preparatory phase, the expansive phase begdepression or suspensorial expansion (Fig. 2A). We saw no
with mouth opening, followed by hyoid depression (aboutmotion of the basihyal crystal relative to the neurocranium
14 ms later), and then suspensorial abduction (21 ms) (Figs 24crystals 1 and 2) until 14 ms after the onset of mouth opening,
4). This kinematic sequence reflects the general models of skwhich implies that mouth opening is not initiated by hyoid
function described in actinopterygians (Lauder and Liemretraction, as has been proposed by some workers (De Visser
1980; De Visser and Barel, 1998; Lauder, 1985). As foundnd Barel, 1998), but rather by some other action, such as
previously in analyses of film (Lauder, 1980a,b; De Visser andranial elevation or opercular rotation (Lauder, 1980b; Wilga
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et al., 2000; Adriaens et al., 2001).

Our results provide empirical evidence that the onset of hyoid
depression precedes abduction of the suspensoria (Fig. 4), a
pattern that was predicted in models of optimal hyoid motion
in cichlids (De Visser and Barel, 1996, 1998). However, this
pattern seems to contradict previous electromyographic data
from largemouth bass indicating that the levator arcus palatini,
a muscle that directly abducts the suspensorium, is activated
before the hyoid-retracting sternohyoideus (Wainwright and
Richard, 1995; Grubich and Wainwright, 1997).

It has been predicted that the initial stages of hyoid
movement are restricted to the longitudinal axis of the body
(Aerts, 1991; De Visser and Barel, 1998). By triangulating the
two crystals fixed to the roof of the mouth and crystal 5 on the
hyoid we were able to calculate movement of the hyoid crystal
in the x—yreference frame defined by crystals 1 and ax{g)
and crystal 5 (yaxis). The resulting pattern shows clearly that
the hyoid crystal swings in an arc and does not show an initial
retraction along the waxis (Fig. 5). Indeed, in no sequence
examined (N=76) was there evidence of an initial retraction of
the hyoid crystal.

In Micropterus, buccal cross-sectional area continues to
increase after the hyoid has reached a maximum, the result of
continued suspensorial abduction (Figs 3A,B, 4, 5). Peak
buccal area (and presumably volume) is reached about 86 ms
after mouth opening. This is approximately 20 ms later than
peak volume estimated for Oncorhynchus myk{¥sn
Leeuwen, 1984). The shorter time to peak buccal volume
estimated for O. mykiss unlikely to be related to size, as Van
Leeuwen (1984) used larger fish.

It is generally assumed in modeling efforts that during
suction feeding the buccal cavity is circular in cross section,
thus minimizing the friction forces by creating the lowest

Fig. 6. Logo/logio bivariate scatterplots with regression lines of
correlations between kinematic variables and pressure variables to
show (A) and (B) significant main effects with approximately
parallel (homogenous) slopes; and (C) a significant interaction effect
with regression lines that diverge from one another. Regression
equations: (A) individual 1y=-0.29x+1.88,r2=0.55; individual 2,
y=-0.12x+1.50, r2=0.30; individual 3, y=-0.17x+1.64, r>=0.67,
individual 4,y=-0.80x+3.31,2=0.65; individual 5y=-0.41x+2.22,
r2=0.41; (B) individual 1,y=0.88x-€.07, r2=0.62; individual 2,
y=0.66x+0.34, r2=0.26; individual 3, y=0.84x-9.35, r2=0.87;
individual 4, y=1.74x2.32, r2=0.62, individual 5,y=0.91x-0.05,
r2=0.49; (C) individual 1,y=0.81x9.55, r2=0.63; individual 2,
y=-1.52x-2.80, r2=0.71; individual 3, y=-2.08x-3.34, r2=0.84;
individual 4, y=0.53x-0.22, r2=0.28; individual 5,y=-0.61x-1.47,
r2=0.52. See text for explanation.
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area/circumference ratio (Muller et al., 1982; Barel, 1983poorer performance of EMG variables in accounting for buccal
Muller and Osse, 1984; De Visser and Barel, 1998). Althougpressure may reflect the indirect link between muscle electrical
the dorsoventral distance between the hyoid and the roof aefttivity and buccal pressure, as compared to a closer link
the mouth, and the suspensorial distance (Fig. 1), woulbdetween buccal expansion and pressure.
occasionally be approximately equal, we did not find strong Although our results provide solid confirmation of the
empirical support for this expectation. In most sequencesxpected relationship between pressure and buccal cavity
examined, throughout the expansive phase, even at peak hy&idematics, it is not possible to use the multiple regression
depression, the distance between the hyoid and the roof mdsults to compare the importance of different variables in
the mouth was much less than the distance between tigenerating buccal pressure patterns. Independent variables that
suspensoria. This suggests that the buccal cavity cross-sectimontribute high % values to the multiple regression models can
is described better by a dorsoventrally flattened ellipse thando so either because they are in fact the causal basis for the
circle. It might be argued that this inference would depend ohuccal pressure dependent variable, or because they are strongly
the crystals used to calculate buccal area being in the saroerrelated with the actions that do underlie buccal pressure.
region of the buccal cavity. Examination of Fig. 5 andFurther, patterns of shared correlation between independent
displacement patterns of several sequences indicate that,vatiables and the dependent variable result in only one of the
maximum depression, the hyoid reaches a position almosidependent variables making a strong showing in the
directly ventral to crystal 1 (see Figs 1, 5). Care was also takeegression models, while the effect of other variables are not
during surgery to place the two suspensorial crystals (3 and gignificant because of these correlations (James and McCulloch,
in the same transverse plane as crystal 1. 1990). This pattern may actually mask causal relationships
Our discovery of extensive individual variability is common between individual variables and can be misleading. For
in studies of this type (Tables 2-6; see also Wainwright andxample, anterior hyoid velocity had a significant negative
Lauder, 1986). These differences between individual basorrelation with peak subambient buccal pressure (Fig. 6A).
occurred with both the kinematic variables and the pressutdowever, we do not regard this as establishing that the
variables. movement of the hyoid relative to the vomer is more important
in generating peak subambient buccal pressures than any other
The relationship between kinematics and pressure  variable. Anterior hyoid velocity explained approximately 40%
Suction pressure results from the rapid expansion of thef the variation in peak subambient buccal pressure, but at the
buccal cavity in a highly deterministic way that should permitsame time anterior hyoid rate was also significantly correlated
pressure to be accurately calculated from kinematic dataith 14 of the possible 24 other variables, not all of which
(Muller et al., 1982; Muller and Osse, 1984; Van Leeuwenappeared in the reduced multiple regression. Thus, other
1984; Muller, 1989; De Visser and Barel, 1998). Howeveryariables may play a causal role, but are statistically redundant
previous attempts that employed multiple regression methodss predictors of buccal pressure. In summary, we emphasize the
to link buccal pressure with prey capture kinematics (Svanbaakverall explanatory power of the models, therather than the
et al.,, 2002) and muscle activation patterns (Lauder et alcpntribution of individual variables.
1986; Grubich and Wainwright, 1997) in largemouth bass met Although we cannot dissect apart the causal role that
with only moderate success. Kinematic variables based dndividual kinematic variables play in generating buccal
movements of the jaws, hyoid and head that were generatpdessure, it is of interest that several variables were significant
from high-speed video recordings accounted for 79.7% dfctors in each of the multiple regression models (Tables 2-6).
variation in minimum buccal pressure (Svanback et al., 2002},his pattern indicates that the basis of pressure is complex and
although this was reduced to an average of 50% across ailvolves some independence among kinematic variables in their
pressure variables. Electromyographic variables accounted fonfluence on buccal pressure. Svanbéack et al. (2002) in their
an average of 54.8% of the variation among strikes ikinematic study found a consistent pattern of mouth opening
minimum buccal pressure (Grubich and Wainwright, 1997). Irand hyoid depression dominating the regression models.
contrast, regressions calculated in the present study were aklafortunately, the suspensorial movements were excluded from
to account for 99% of the variation between strikes irthat study so it is unclear whether these movements would also
minimum pressure, and never less than 90% for any pressumrave contributed significantly to the regression analysis. In our
variable; these results strongly support the general nature sfudy it is clear that kinematic patterns associated with
the kinematic basis of suction pressure (Muller et al., 1982novements of the hyoid, gape and suspensorium are all
Muller, 1989). We suggest that one major factor accounting fazontributing at some level to the magnitude of negative buccal
the statistical resolution of this study compared to that opressure. However, in every multiple regression the vast
Svanbéack et al. (2002) was our use of sonomicrometry. Thimajority of the explanatory power of the kinematics was seen
technique allowed us to measure the changes in internad the first variable. This reflects the strong pattern of
dimensions of the buccal cavity, movements that are directlgoordination, and thus correlation, among kinematic variables.
tied to the increase in buccal volume and hence the flow of A conspicuous aspect of the regression analyses was the
water and pressure that are generated. Standard videoportant role of interaction terms in accounting for the overall
recordings provide poorer resolution of these movements. Thexplanatory power of the models. The independent variables
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were responsible for over half of the variance explained in eaoterts, P. (1991). Hyoid morphology and movements relative to abducting
multiple regression analysis, but interaction terms accountedforces during feeding in Astatotilapia elega(®eleostei: Cichlidae). J.

. . Morphol. 208, 323-345.
for between 20% and 45% of the total variance eXplamegarel, C. D. N.(1983). Towards a constructional morphology of cichlid fishes

(Tables 2—6). The implication of these interaction terms is that (Teleostei: PerciformesNeth. J. Zool33, 357-424.

the relationship between individual kinematic variables andheer. A. Y., Ogami, Y. and Sanderson, S. (2001). Computational fluid
. . .. dynamics in the oral cavity of ram suspension-feeding fish@heor. Biol.
pressure often varied among bass (Fig. 6). Unfortunately, it 70 463-474.

cannot be determined from the regression analyses aloDe Visser, J. and Barel, C. D. N(1996). Architectonic constraints on the
whether this also implies that the kinematic basis of pressurehyoid’s optimal starting position for suction feeding of fisiMorphol.228,

: : 1-18.
Va”e_d among bgss. This pattgrn COl_Jld a!so come about l'bfe Visser, J. and Barel, C. D. N(1998). The expansion apparatus in fish
spurious correlations between kinematic variables and pressureeads, a 3-D kinetic deductioNeth. J. Zool48, 361-395

are ephemeral and vary among individual fish. However, thigerry-Graham, L. and Lauder, G. V. (2001). Aquatic prey capture in ray-
. . .finned fishes: A century of progress and new directidndlorphol. 248,
result underscores the need for replicated experiments ingg 179

organismal functional morphology and the pitfalls of relyingGibb, A. C. (1995). Kinematics of prey capture in a flatfiBtteuronichthys

upon interpretations of results from a single specimen. Vemca”\s/\'/lEXFiglzig;'l?'hnEhl18A3' wdv of th ution of natural
.. . regory, . K . FIsSn skKulls: studay o € evolution or natura
Minimum buccal pressure occurred at the time when the ratcémechamsmsﬂans_ Am. Phil. So@3, 71-481.

of percentage volume change in the buccal cavity was highestubich, J. R. and Wainwright, P. C.(1997). Motor basis of suction feeding
(Fig. 3D), 11.2ms before the time of highest rate of increase performance in largemouth bass, Micropterus salmoides. J. Exp.2Za@ol.

) - 1-13.
in buccal are?‘ (Table 1)' Mm'mum buccal pressure Shomgames, F. C. and McCulloch, C. E(1990). Multivariate-analyses in ecology
occur at the time when the velocity of flow at the pressure and systematics — panacea or Pandora Box®? Rev. Ecol. Sys?1, 129-

transducer is highest. Guided by the principal of continuity we 166.

. . . uder, G. V. (1980a). The suction feeding mechanism in sunfisipgmis):
predict that the time of peak subambient pressure would al§8an experimental analysis. J. Exp. B&S, 49-72.

coincide with the peak flow of water into the mouth. Thus anyauder, G. V. (1980b). Evolution of the feeding mechanism in Primitive
prey in front of the mouth at the time of peak subambient Actinopterygian Fishes: A functional anatomical analysisPofypterus,

. . Lepisosteus, and Amia. J. Morphol. 163, 283-317.
pressure would be SUbJeCt to maximum drag generated by tII’Jguder, G. V. (1980c). Hydrodynamics of prey capture by teleost fishes. In

influx of water. We did not directly measure water flow inside Biofluid Mechanics, vol. 2 (ed. D. Schenk), pp. 161-181. New York: Plenum
the buccal cavity but this flow will be related to the ratio of Press.

uder, G. V. (1983). Prey capture hydrodynamics in fishes: experimental
rate of buccal volume change and the area of the mou{‘f"i‘testS of two models. J. Exp. Bidio4, 1-13.

opening. All else being equal, peak flow at the mouth openingauder, G. V. (1985). Aquatic feeding in lower vertebrates. In Functional
will occur when the rate of volume change of the buccal cavity Vertebrate Morphology(ed. M. Hilderbrand, D. M. Bramble, K. F.

is highest. However, the gape opens during the strike, thusI|5|reer2éand D. B. Wake), pp. 210-229. Cambridge, MA: Harvard University

decreasing the relative flow at the mouth opening. The rate Qfuder, G. V. and Liem, K. F. (1980). The feeding mechanism and cephalic
buccal volume change is increasing while the gape is alsomyology of Salvelinus fontinalis: form, function, and evolutionary

. - . significance. In Charrs: Salmonid Fishes of the Ge®aiselinus (ed. E. K.
increasing, which suggests that peak flow may occur at Ngalon). pp. 365-390. The Netherlands, Junk Publishers.

intermediate point in time, prior to the time of peak volumeLauder, G. V., Wainwright, P. C. and Findeis, E.(1986). Physiological
change, as we observed (Fig. 3). mechanisms of aquatic prey capture in sunfishes: functional determinants of
One implication of this result is that peak subambient buccal buccal pressure chang&omp. Biochem. PhysidaA, 729-734.

; . _iem, K. F. (1978). Modulatory multiplicity in the functional repertoire of the
pressure was already achieved when many of the kinematiCieeding mechanism in cichlid fishes. 1. PiscivorksMorphol. 158, 323-

events that were measured occurred. Thus, although variable§60.

: : . ller, M. (1989). A quantitative theory of expected volume change in the
such as time to peak gape are correlated with minimum preSSUP/&jmouth during feeding in teleost fishds.Zool. Lond217, 639-662.

peak gape actually occurs after peak subambient pressufiler, M. (1996). A novel classification of planar four-bar linkages and its
indicating an indirect mechanical relationship between these application to the mechanical analysis of animal systéhs. Trans. R.

; ; T oc. Lond. B356, 689-720.
variables. The early peak in buccal pressure also indicates t%ﬁler, M. and Osse, J. W. M.(1984). Hydrodynamics of suction feeding in

the forces resisting buccal expansion are highest very early infish. Trans. Zool. Soc. Lon®&7, 51-135.
the event and suggest an important role for power production Muller, M., Osse, J. W. M. and Verhagen, J. H. G(1982). A quantitative

; ; ; hydrodynamical model of suction feeding in fiShTheor. Biol 95, 49-79.
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