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Strocture end function in the tail of the Pumpkinseed sunfish {Lepomis gibbosus)

GeoRGE Y. LavDer
Depariment of Anatomy. University of Chicago, Chicago, 1L 60637, U.S A.

{Accepied 8 December 198])
{With | plate and 7 figures in the text)

Patterns of in wirs bone delormation in the casdal shelrion of sunfshes have been studied
-hh_mzmnmhmnﬁuﬁptuurmmumwmh
Mhmﬂuﬁ%iﬁuﬂuulﬂmmnm
_bone wrain patterns. Peak bone strain during fst-stan scceleration was — 3217 e and the
puiunhmrnl—MxTD‘mDIﬂﬂhﬂmn.wﬁnmuudwidn
were conuderably lower (10-85x 10%jae's and IT5=1074 pa, respectrvelyl The main strain
peak duning fisl-starts covun during Linematic stage one. Mean principal tensile and com
presuive angles are alapned parallel and perpendicular 1o the body asis duting fast-sarts,
ﬁklﬂ“h“hmhmiﬂﬁmﬂﬂnﬂuﬂfd’-}rmlhbﬂr
axin. These result are compared 1o strein dats from other verichrates: vertebeate bone i
nhwwrmummtmnmgmmmqmm
than 100 % 107 jee's. The role of this type of functional analyus m wudying actinopterygian

locomator patierm & dacemed
Conteats Page
Introdectson .. ., .. ., e " 1 )
Maermhasdmethos .. .. .. L. L. L. . .. L. L. dB4
Results wa me LEw we e 4 En ae e wE aw .. 485
ARBIOREY .. .. wr sr ss ae ak e we ee ae ae ABS
Ondeclogy A |
Myology.. .. . - Ri2]
Hypural drais panerns ¥ L 1 ]
Prospecin g . d .
Referenons % ' b &34
Introduction

The analysis of the process of locomotion in actinopterygian {ray-finned) fishes has
reccived a considerable stimulus in the last ten years as a result of both theoretical hydro-
dynamic analyses of locomotor mechanics (c.g. Wu, 1971; Weihs, 1972, 1973; Lighthill,
1975), and experimental investigations of locomotor performance and mechanics (see
cspecially Webb, 1975; Hoar & Randall, 1978). These analyses have provided important
insights into the relationship between body form and locomotor performance (Gero, 1952;
Bainbridge, 1958, 1963; Fierstine & Wallers, 1968) and patterns of fin movement dunng
hovening (Blake, 1979) and acceleration.

There are no data, however, on the patterns of internal structural deformations resulting
from forces exerted by the fish on the external medium. Investigations demonstrating a
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relationship between internal organizational features such as the structure of the caedal or
axial skeleton and musculature, and cxternally imposed loads and whole-body deformations
would be especially valuable in light of the important structural changes that have taken
place in actinopterygian evolution. Major paticms of evolutionary change in the axial skel-
eton and caudal skeleton have been identified (eg alignment and fusion of the neural and
hacmal spines with the vertebral centra (Schaefier, 1967; Lauder, 1980), modification of the
primitive external caudal fin asymmetry inlo an externally symmetrical tail: structural
changes in the support of caudal fin rays (scc Patterson, 19682, b, 1973; Patterson & Rosen,
1977), but we still have little or no idea of the lunctional correlates of these changes. Does,
for example, the structure of the il in Amiz produce different patierns of stress and strain
on the axial skeleton than the til of Salmo, and are such patterns primitive for ray-finned
fishes?

In thes paper an analysis of the in vivo pattemn of bone deformation in the caudal fin of
a centrarchid sunfish, Lepomis gibbosus, during both continuous locomotion and fast-start
acceleration is provided. The study is intended to give an anatomical and experimental base-
line for future work on structure/function relationships in fish locomotion, and for the
inferpretation and discovery of functional patierns in the evolution of actinopterygian loco-
motor sysiems.

Materials and methods

Strain gauge implantations and recordings were performed on four individuals of Lepomis pibbotus
following the procedure described previomly (Lauder & Lanyon, 1980). Rosette srain pauges (TML
FRA-2, Techni Measure, U K.) which comisted of three 120 ohm foil ungle-clerment g3uges mounted
a1 45" angles 1o each other on a thin plestic base, were bonded 1o hypural 4 {see Plate 1) Hypural
4 was the only caudal clement largs enough to accommodate the pruges. The bonding agent was io-
butyl I-cyanoacrylaic monomer, Bone strain was recorded with a three chanmel Vishay Strain Gauge
Conditioner and a Honeywell 3600 tape recorder. Strain recordings were made at 37-3 em/ and played
back at 4-7 cm/s to preserve the frequency roponse of the strain signal. A Gould 260 chan recorder
was wsed for final display of the recordings. Calibration of the pruges was permitted by known resistance
changes provided by the Vihay strain gavge conditioner, and strain (4 1/1), a dimensionles parameter,
was measured in microstrain (ue), which i strain x 10—, During implantation, care was taken (o ensure
Lhat the erain gauge did not cxtend acrom several hypural bones. Rosette paupes allow the calculanion
of principal strain angle and thus 3 more sccurate inference of loading sitzation than i possible using
single clement gauges. (For methods of calculating principal strain angles see Lanyon, 1976). The
lateral musculature covering hypural 4 was reflected during gauge implantation and beft intsct 1o the
cutent possible. Following recording sesiont, a adiograph was taken to ascenain the cxact placement
of the strain gauge and to permit onentation of the strain angle relative 1o bony landmarks. Strain
patierns around the resting baseline value (which was taken a3 zevo strain), visual observations ol candal
fin motion and fin erection during ft-stan sccelerations were taken a3 evidence that major be havioural
changes had not ccourred a3 a result of gaups implantstion.

Although the rosetie gauges were large with respect 1o the area of hypural 4, the gauge and adhesive
layer of glue were thin in compariton Lo the thicknes of the hypural. Any increase in stiffness due
1o gaupe adhesion would tend 1o reduce the peak sirain values, and the matimem principal strain mag-
nitedes reporied here may thus be an underestimate. Experiments were performed at a water tempera-
ture of 20°C.

Anatomical descriptions were based on clesred and stained and diszected specimens of both Lepomis
macrochirus and L. pibbosus. Hlustrations were prepared with a Wikd M3 dissecting stereomicrowcope
and camers lucuds.
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Resalts
Anaromy
A briel description of the ostcology and myology of the caudal fin is presented as an aid
in interpreting the subsequent functional anal ysis and for comparison with previous studies
of caudal structure (Nursall, 1963; Nag, 1967; Cowan, 1969; Videler, 1975, 1977). Nomen-
clature of caudal musculature follows Winterbottom (1974).

Osteology

The caudal skeleton in Lepomis gibbosus and [ macrochirus is similar to that of many
olher acanthopterygian teleosts (see Patterson, 19685, Rosen, 1973). Three epurals are
usually present (Fig. 1). Lepomis macrochirus frequently only has two epurals as a result
of fusion between epurals 2 and 3. Two uroneurals are present and the second uroncural
is often firmly attached 1o the dorsal edge of hypural 5. Uroncural 1 and hypurals 4 and
5 are tightly attached to the ural complex (PU1 and U1), while hypurals | and 2 show some
mobility relative to the ural complex (Fig. 1),
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Myology

Lateralis superficialis (Figs 2, 3). In lateral view this muscle forms the dominant muscle
of the caudal region. The dorsal and ventral borders of this muscle are not clearly separable
and merge into the epaxial and hypaxial musculature. A mid-line superficial horizontal sep-
tum divides the lateralis superficialis into dorsal and ventral halves. Medially, the lateralis
15 clearly separate from the underlying hypochordalis and hypaxial musculature. The venteal
half of the lateralis inserts posteriorly onto the head of rays 10-16, while the dorsal haifslips
medial to the hypochordal longitudinalis (Fig. 3) to insert on the head of rays 2-9.

Fuleﬂtk-nflhmhthmnﬂhmdﬂmmhlmdm The antericr
procurrent dorsl caudal rays have been removed i this Figure and in Figs 1 and 4,

There is a broad lateralis aponeuroris which arises from the lateralis fibres near the midline
{Fig- 2). This aponeurosis is clearly separate from and lies lateral 1o the underlying lateralis
and hypochordalis muscle fibres. Some dorsal fibres of the lateralis superficialis have a broad
insertion along the anterodorsal edge of the aponcurosis (Fig. 2). Ventrally the APONEUrDss
inserts into the heads of rys 10-14 while dorzally it inserts onto rays 4-9.

Hypaxials. Posteriotly, the hypaxialis inserts via a short flai tendon onto the head of mys
15 and 16 (Fig. 2) and 2 second ventral tendon inserts on the two most posterior procurrent
ventral caudal rays. This tendon lies just superficial to the fexor ventrahis inferior. Medially,
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Fig. ). Lateral view of the middie and deep casdal mancle liyen ia Lepomis macrorkirus.

the hypauial fibres in the caudal peduncle arise from both the h_.um.:l spinecs and from the
lateral face of the sagittal septum connecting adjacent huml! spInes.

Epaxialis. The epaxialis hasa :hmun:_limuinm:mmm bead of ruy 2 (Fig. 2) and
a | insertion on the three most postenor procurrent rays. .

Er!:nnfn:uxh. The infracarinalis posterior (Figs 2, 3) inserts on Ihcr\ftllluﬂ canilage
body just anterior to the haemal spine of PU3. The supracarinalis posierior inserts on the
dorsal cartilage body dorsal 1o the neural spine on preural vericbra number uuu_ (Fig. 3).
The ongin of these muscles 15 ;Tm the most posterior anal and dorsal fin pterygiophores,
respectivel interbotiom, 1974).

flﬂrﬂﬂd:ﬂthFi‘. 2). The dorsal interradialis muscles extend antcroventrally between
adjacent rays. Postenorly the fibres connect only adjacent rays but anteriorly the superficial
fibres extend between two or occasionally three rays. A small separate section of the dorsal
interradialis connects hypural 5 1o the most posterior dorsal procurrent ray {Fig. 2). The
ventral interradialis muscles extend posteroventrally (i.c. at a 907 angle to the dorsal fibres)
1o connect adjacent fin rays. The anterior ibres cross several rays Between rays 9 and I_[‘.l_
the dormal mnter-radialis overlies the ventral muscle fibres. A few fibres connect ray 17 wath

enior procurrent ventral ray.

Ih:f::ar“g:'af Ia-uﬁimd':’mh’: {Figs 3, 4). This muscle has a broad origin from the lateral
surface of hypural |, the parhypural, the spinous process of the parhypural, hypural 2 and
the ural complex. Four distinet tendons insert on rays 1-4.
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Flexor veruralis externus (Fig. 3). This muscle arises musculously from the lateral surface
of preural vertebrae 3 and 4, the haemal spincs of preural vertebrae 2 and 3, and the inter-
spinous septum. The fexor ventralis externus extends posteriorly and thins out into a flat
tendinous sheet inscrting via separate endons on rays 10, 11 and 12. Ventrally the tendon
becomes very thin and merges with the fascia overlying the fexor ventralis,

Flexor ventralis (Fig. 3). This large muscle is divided into dorsal and ventral sections. The
ventral section ofiginates from preural vertebra 2 and the haemal spines of preural vertebrae
2 and J. Insertion is on rays 16 dnd |7 only. The dorsal section originates from the lateral
surface of prevral vertchrae 2 and 3, the ural complex, and the domally projecting spinc on
the parhypural, and from the lateral surface of hypural 1 and the parhypural, The dorsal
section inserts on rays 10-16.

Flexor ventralis inferior. The origin of this muscle is from the anterior surface of the an-
teroventral cantilage body, the median septum between the haemal spines of preural
veriebrae 2 and 3, and the haemal spinc of preural vertebra 3. Insertion is on the four most
postenior ventral procurrent fin rays.

Flexor dorsalis (Figs 3, 4). The flexor dorsalis has a broad origin from the dorsal surface
of preural vertebrae 2, 3 and 4, from the neural spines and interspinous septa of preural
vericbrae 2 and 3, the ural complex, uroneurals, and cpurals 2 and 3, but not from hypurals
3and 4, The Rexor dorsalis inserts on rays [-9,
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Flexor dorsalis superior (Fig. 3). The ventral border of this muscle is not distinct from
the flexor dorsalis. The flexor dorsalis superior arises from cpurals 1-3 and inserts on the
three of four most posterior dorsal procurrent caudal fin rays.

Hypural strain patterns

Hypural strain patterns were analysed for both fasi-start accelerations and for slow, con-
tmuous (sicady) locomotion. (See Plate I for strain gauge location.) During fast-starts, peak
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. principal tensile and compressive strains were reached within 20 ms {Figs 5{a) and 6). The

peak principal strains recorded were — 3213 prand 2764 pe and the peak (imposed) principal
strain rate was —296x 107 ue/s. Most fast-starts showed strain rates over — 200 107 pess
but the mean principal strains were [026 ue and — 1906 pe, a ratio of nearly one o two.,
* Principal strain onentation oa the hypural during the fast-start remained relatively constant
after an initial change (Fig. 6). Orientation of the principal strains at peak strain magnitude
varied relatively little between fast-starts. The total range of variation was 13* and the princi-
pal compressive strain was parallel to the horizontal body axis (Fig. 7: F5). The greater the
compressive strain magnitude, however, the greater the anteroventral tilt in the axis of peak
principal compressive strain.

During continuous locomotion hypural strain oscillated around the resting value as the
tail was swept from side to side (Fig. 5(b)). Ipsilateral strain peaks are defined here as those
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occurmng as the caudal fin is swept towards the side of the tail bearing the strain gauge, while
contralaleral peaks are those ococurring as Lhe 1ail moved away from the side with the strain
gauge. The angles and relative magnitudes of principal strain during continuous locomotion
arc shown in Fig. 7. Note the closs correspondence in angle between ipsilateral and contra-
lateral peaks (no significant difference in angle was found). Mean principal strains for contra-
lateral peaks were — 1074 pe and 574 pe, while ipsilateral peaks were =379 pe and 729 s
Ipsilateral peaks were thus lower than contralateral values probably because of partial dis-
ruption of the overlying musculature dering strain gauge implantation. The ratio of mean
maximum principal compressive to tensile strain was different for contralateral (— [-8) and
ipsilateral (—0-51) caudal fin movements.
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Maximum imposed sirain rates (measured over a 10 ms interval) varied from 85 x 107 pe/s
lo 10x 10" ue's dunng slow locomotion. The mean strain rate (calculated from principal
sraing) was 18 x 107 pess. Strain orientation on the hypural dunng slcady swimming was
consisiently different from that during fast-stants (Fig. 7: CLC, CLIL The mean principal
compressive or tensile strain orientation relative (o the body axis (depending on whether ipsi-
lateral or contralateral manima are considersd) was — 34°, significantly different from the
" mean for fast-starts (Fig. 7).
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Discussion

(_‘.'!ud.ﬂ odeology and myology in Lepomis gibbosus and macrochirus shows many simi-
III'III.IH o caudal structure in other perciform fishes (sce Nag, 1967; Cowan, 1969;
Winterbottom, 1974). The presence of a hypochordal longitudinalis and dorsal and ventral
flexors is a general telcost (or possibly halecostome) condition. Polypterus appears to lack
both a hypochordal longitudinalis and interradialis muscles (Nurmall, 1963). No adductor
dormalis muscle was found in Lepomis,

Videler (1975) has studied the function of several caudal muscles in relation to tail move-
ments in Tilapia. He demonstrated by electromyography that there is extensive overlap in

e ey S

activity periods of the lateralis superficialis, the flexor ventralis, Aexor dorsalis, and hypo- *

chordal longitudinalis during steady swimming. Videler alwo showed that the feror dorsalis
superior and flexor ventralis inferior arc active duning both ipsilateral and contralateral 1ail
strokes 1o abduct the fin rays. While no electromyographic studies have been conducted of
fast-stant performance, Webb (1977, 1978) and Eaton e al, (1977) have shown that median
and caudal fin erection occurs just prior 1o rapid acceleration. The degree of caudal fin ab-
durflm and clectrical activity in caudal muscles will have an important influence on the
sirain pattern caperienced by the hypurals. Asymmetrical sctivity beiween the doral and
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ventral caudal muscles (particularly the fexor domalis and ventralis, flexor dorsalis superior
and inferior) could easily account for the change in angle of hypural strain (Fig. 7) between
fast-starts and steady locomotion. Unfortunately, no work is available on the electromyo-
graphic activity of caudal musculsture in relation to il kinematics duning the fast-start.

The strain patterns recorded on hypural 4 duning fast-start performance (Fig. 7: F5) are
consistent with a loading regime of lateral bending in the horizontal plane. Principal tensile
strains arc onented exactly perpendicular to the body axis, parallel to the axis of bending.
The rapid and consistent rise (o maximum strain during the early phase of the fist-start (Fig.
5{a)) appears to occur dunng kinematic stage one of the [ast-gart as defined in Webb (1977,
1978). This stage lasts about 45 ms (kinematic data for Lepomis are prosented in Webb,
1978) and 15 followed by a less stercotyped kincmatic stage two, the main propulsive stroke
(Weths, 1973; Webb, 1978; 215). Secondary modulations of hypural bone strain following
the rapsd initial rise appear to comespond lo kinematic stage two which, at 15°C, lasts an
average of B7 ms in Lepomis (Webb, 1978: fig. 3). Subsequent strain patterns during the vari-
able kinematic stage three were of considerably less magnitude than those of stagss onc and
two and approached values seen in steady swimming.

The strain patterns recorded during conlinuous locomotion differed significantly from the
fast-stant pattern (Fig. 7). The observed strain onentations and magnitudes for stcady swim-
ming are consistent either with a loading regime of hypural bending around an oblique axis
parallel to the more vertical tensile and compressive strains in Fig. 7, or with a twisting mo-
ment. If, as the hypural is moved laterally through the water, a force s applied to the post-
erodorsal aspect of the hypural in a direction oppoute to the direction of il movement,
then the hypural would tend to rotate about its attachment (o the wral complex. This rotation
would result in the oblique orientation of Lhe principal strain axes observed in stcady swim-
ming Because a strain gauge could not be simultancously implanied on the contralateral
ude without excesuive disruption of muscle function, the purc bending and bending plus
twisting loading regmes could not be distinguished (see Lanyon, 1973, 1976; Hylander,
1979; Lavder & Lanyon, 1980, for more general discussions of the inference of bending and
twisting loads from strain data). The difference in strain patiern between fast-starts and steady
swimming may be due either to the different mechanical situations experienced by the Lail
during these two locomotor paiterns, different patterns of caudal muscle activity, or both.
Only detailed simultancous ftudy of muscle activity, kinematics and bone strain will allow
the basis for the different strain patterns (o be understood.

The strain rates and magnitudes recorded during steady swimming accord well with values
obtained in other vertebrates (regardless of size). For example, rosclle strain gacgess on the
femur of Faranus revealed peak strain magnitudes of —850 pe and peak strain rates of
12 10 pefs (Lanyon, Lawder & Rubin, unpublished data). Comparable data on other
veriebrales include: Ovfs locomotion—peak strain 1637 pe, peak strain rate 42 x 10° pe's;
Anter  Aying——2700pe, 36x107pess (Lanyon, unpublished), Eguus loco-
molion—3200 pe, —76x% 10" pe's (Lanyon & Rubin, 1980}, Ranus locomotion—>500 pc,
173 10" peds (A, Biewener, unpublished). During fast-starts, however, the strain magnitudes
reporied here in Lepomis (— 3213 ue) equal the peak reported previously for vertebrate loco-
motion (Lanyon & Rubin, 1980) and the peak strain rate of —296x 10 pefs excesds all
reports for locomotor performance. Only strain rates recordad on the sunfish operculum dur-
ing feeding (Lauder & Lanyon, 1980) cxcerd those found here duning fasl-starts.

The range of comparative data now available on in vwivo patterns of bone deformation in
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vertebrates duning normal functional activity permits the following conclusions about
vertebrate bone and normal loading patterns. (1) Vertebrate bone is rarely subjected 1o strain
rales h||1?cr than 100x [0' pe/s. Only during extremely rapid movements (such as fast-start
am&g:tm of suction feeding in fishes) do sirain rates rise above this value. (2) Vertebrate
bone is rarely sul:gmnd‘m strain magniludes greater than 3100 pe. These peak values have
only been recorded during fast locomotion in horses and fast-start accelerations in fishes.
{3) Yertcbratc bone s rarcly subjected to pure bending or pure axial tensile or compressive
stresses. Some degree of torsional stress has been found in nearly all in vive analyses of bone

deformation. (4) Bone mass appears 1o be adjusted 1o regulate the strain Jevel to which it

it subjecied during normal functional activity. The sunfish operculum and the horse radius,
bones which differ in mass by a factor of at least 10, both are subjected to peak strain magni-

tudes of over 3000 ue. During steady locomation, both the rat femur and the sunfish hypural *

undergo similar deformations (500-1000 pe; 10-205 10* peis).

Prospectus

While this study has provided additional comparative data on vertebrate bone deformation
patterns and has aided in defining the range of sirain values and rates that vertebrate bone
i subjected to i vivo, it only serves as an initial indication of structure/function relationships
in the wil of ray-finned fishes. Given the importance of external and internal structural
changes in caudal morphology for the study of actinopterygian evolution (AfMcck, 1950:
Num_tl. 1956, 1962, Alexander, 1967; Rosen, 1973; Webb, 1982), a number of important
questions remain 1o be examined in a comparative study of locomotor morphology and bone
strain patterns. {l_] Do externally asymmetrical tails subject the hypurals to diffcrent patterns
of stress and straim than externally symmetrical tails? (2) Is the alignment of the principal
stresses perpendicular to and parallel 1o the body axis during fast-starts a general phenom-
enon? (3) Is the difference in orientation of principal strain axes between fast-starts and con-
tinuous locomotion common to many telcost fishes and if 30, does this difference relate 1o
morphological and functional compromises identificd by Webb (1978, 1982) for sicady
versus unsicady locomotion? (4) What is the role of the intrinsic caudal musculature during
fast-starts and steady swimming, and is muscle activity capable of modifying the stresses seen
by the skeletal clements? These questions relate directly to the relationship beiween exter-
nally imposed loads and intemnal structural patterns in the skeleton and musculature, an area
of fish locomotion that will need (o receive increasing attention as the study of actinoptery-
pan locomotor patiemns progresses.
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