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A biomechanical model for the morphogenesis of
regular echinoid tests

Jacob Dafni

Abstract—Experiments were conducted to test the hypothesis that biomechanical constraints determing
the morphology of regular echinoids. Hard-botrom-dwelling Triprendtes gratitla elatensis were transferred
to an artifical sandy habitac to evaluate whether the change in substrate affects their heighe to diameter
ratio (H/1»), ‘Wichin 1-2 months their H/D ratio increased significantly. This change was shown to be
reversible to some extent. Surgical damage to the ambulacral system of cne ray caused inactivation of
tubefeet and atrophy of injured ambulacra, Test shape was also affected: the damaged ray was lower, and
the nondamaged ambulacra deflected roward che treared one, producing bilateral symmetry as in recorded
cases of rerarology. Study of T. g. elatensis terramers showed that while “perfect”” tetramery was apparently
associated with genetic aberration, “imperfect’’ teramery results from mechanical injury ar an early on-
togenetic stage. Micromorphological scudy shows that in the longitudinal sutures, normally under wnsion,
long and siender trabeculae develop, associared with long and well-aligned collagenous sutural fibers, while
the laticudinal trabeculae and fibers are short and less organized. A mechanical effect is suggested by the
oval cross-section of the fiber-anchoring trabeculae, Further, echinoid plates interact like soap bubbles,
whereas the entire test behaves like a balloon, fastened to the substrate by the ambulacral tubefeer. All
these observations support earlier hypotheses on che biomechanical control of echinoid test growth. A
modet is proposed in which the expansion of the inner mass, counteracted by the mechanical accivity of
the ambulacral tubefeet, mesenterial threads, and lanrern muscles, affects sotural growdh, thus controlling
echinoid morphogenesis.

A morphometric survey among regular echinoids reveals an inverse relationship berween ambulacral
width and relative ambital heighe. Alchough both increase of ambulacral width and lowering of ambitus-
tine are evolurionary trends, it is suggested thart they are a response to a mechanical effect. H/D ratio was
not related to ambulacral width on the phylogenetic level. It is therefore suggested that the later correlation
is ontogenetically controlled. Aspects of irregular echonoid evolution, such as bilateral symmetry, flateening,
and formation of the ambulacral petaloid, also are explained by this model.
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Introduction

Observers frequently are interested in the sim-
ilarities becween the morphology of living forms
and inanimate mechanical structures ( Thompson
1917, 1942; Raup 1968; Benson 1975; Sei-
lacher 1979). It is generally argued thar natural
selection favors stable and economically efhcient
strucrures {Gutrmann 1977), obtainable by fol-
lowing mechanical principles of design (Wain-
wright et al. 1976). The question whether such
structures evolve phylogenetically, selected from
genedcally based variability, or develop pheno-
typically, chrough the daily mreracdon with the
physico-mechanical environment, often is evad-
ed by students of funcrional morphology. A
probable reason is that the evidence for biome-
chanical influences on body shape during ontog-
eny is usually not sufficient to undermine the
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orthodox belief that morphology, like the anat-
omy and physiology of an organism, is inherired.
Bonner {1961), attempting to link the opposing
views, raised the possibility that “‘responsiveness
to the [physical] environment is adaptvely ad-
vantageous and is therefore maintained by selec-
don.” -

It would seem that regular echinoids are es-
pecially susceptible to physico-mechanical con-
straints during morphogenests because of their
larger size and thin, relatively feeble supporting
structures. Yet they exhibit high morphological
stability and resistance against mechanical im-
pact that results from a combination of tightly
fitting calcareous plates and flexible surural col-
lagen fibers (Moss and Meehan 1967, 1968;
Strathmann 1981; Telford 1985). The last au-
thor analyzed the echinoid test’s mechanical de-
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sign and found it to be well adapted to resist
external forces and load. Thompson (1917), on
the other hand, emphasized the influence of in-
ternal forces on its skeletal morphology. He
pointed out the resemblance between a regular
echinoid’s shape, calcified externally and fluid-
filled internally, and that of a drop of liquid,
balanced between gravitational pull of the liquid
content and the outer sutface tension. Suggesting
thar the entire test is plastic to some extent, he
hypothesized that adherence of the ambulacral
podia (tubefeet) to a solid substrate affects the
profile of the test, causing it to become flatter.
This hypothesis has been subsequently support-
ed by field observations: individual urchins, liv-
ing on soft-bottom substrates, or among sea-
weed, where less adhesion is afforded, tend to
be taller than their hard-bottom conspecifics
(Moore 1935; McPherson 1965).

A similar approach was adopted by more re-
cent investigators. Moss and Meehan (1968)
maintained that echinoid growth is induced by
“expansive fotces,”’ that is, volumetric growth
of the enclosed body tissues and cativies that
serve as ‘‘functional organic matrix’ for second-
ary skeleral growth. According to these authors,
tensional stresses produced at the plate sunures
facilitate periphetal growth of the plates. Raup
(1968), on the other hand, interpreted “close-
packing pattetns’ at the plate edge as evidence
for sutural compression, that limits their growth
and consequently determines the plate’s shape.
PBurther supporting this approach, Dafni and Erez
(1982) showed a general correspondence be-
tween the spatial distribution of tethering con-
tractdle and elastic tissue elements and the dif-
ferential calcification pattern of regular echinoid
plates. Furthermore, Dafni (1980, 1983b) sug-
gested that recently recorded skeletal deformities
result from incomplete calcification thar leads to
permurbations in the mechanical stability of the
test duting growth.

More support comes from the morphology of
the skeletal plates, Thompson (1917} and Raup
(1968) noticed that echinoid plate-edges curve
in a similar way to soap bubbles, indicating elas-
tic behavior, bur did not provide any explana-
tion for this analogy. Relevant for test design
and stability are also the mechanical properties
of its microstructural components—mineral
stereom and sutural collagen fibers. The various

echinoid stereom types, recently reviewed by
Smith (1980), differ in thickness, degree of ot-
ganization of the calcareous trabeculae, and
amount of fenestration, as well as in their me-
chanical strength (Wainwright et al. 1976; Em-
let 1982). Sutural fibers also differ in density
and alignment (Moss and Meehan 1967; Ko-
bayashi and Taki 1969), in cotrelation with the
stereom mesh organization (Smith 1980).

This paper presents evidence, obtained
through experiments and observation, concern-
ing the possible effect of mechanical forces on
normal and abnormal skeletogenesis in the post
larval stages of the common Red Sea echinoid
Tripneustes gratilla elatensis Dafni (1983a). This
evidence supports Thompson's hypothesis that
echinoid skeletal morphology is regulated bio-
mechanically. Experiments included transfer of
living urchins to a soft-bottom artificial habirat,
so disrupting the normal mechanical activity of
tubefeet. Another experiment involved inflicting
surgical damage on normal urchins, and ob-
serving their subsequent regneration patterns.
Narurally occurring abnormal nonpentamerous
individuals wete also studied. The micromor-
phology of the test plates, cross-section of skel-
etal trabeculae, and length and abundance of
associated collagenous fibers were quantitatively
studied, and correlated with the prevalent me-
chanical fotces.

A muodel is proposed to describe echinoid test
growth and morphogenesis in terms of biome-
chanical regulation by contractile and elastic tis-
sue elements. The generality of the model is
tested in a morphometrical survey of living and
extinct regular echinoid species, and by obser-
vations on the test morphology of irregular echi-
noids.

Material and Methods

1. Effect of tubefeet activity on
test morphology

(a) To test Thompson’s (1917) hypothesis
that adherence of tubefeet causes urchin tests to
become flatter, gtoups of hard-bottom-dwelling
T. g. elatensis were maintained for extended pe-
riods on a soft substrate, at different seasons. The
urchins, 10—35 mm in diameter, were collected
in the subtidal zone of a wave-exposed rocky
shore at Eilat (Gulf of Agaba, Red Sea) and
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placed in a shallow aquarium (1.5 m x 2 m,
and 20 cm deep), layered with fine sand, grad-
vally sloping to the rim. Seawater circulation was
at ambient temperatures (23°-25°C). The ur-
chins were fed with the alga Ulva lactyca (L.).
Five caliper measurements were taken initially
for each individual, of rest horizontal diameter
{ID) and height (H), to the nearest 0.1 mm. The
urchins were also measured at the end of the
experiment, and the change in average diameter
and height versus diameter (H /D) ratio was re-
corded. Control groups were kept in glass-bot-
tom aquaria, under otherwise identical condi-
tions. One experimental group was transferred
back to the sea after the “‘sand treatment” and
housed for 30 days in a rigid PVC cage, filled
with algae-covered stones.

(b) The role of tubefeet activity in determin-
ing the test shape was tested also by immobiliz-
ing one of the ambulacral (amb) radii of living
T. g. elatensis. This was performed by inserting
a surgical blade through the peristome mem-
brane, damaging the lantern retractor muscle,
radial water canal, and the adjacent nerve cord.
The operation was repeated 1-3 times within
one month. The damaged amb was always no.
V (the amb opposite to the madreporite, ac-
cording to Loven’s plan {Hyman 1955)). After
in vivo observations, the animals were killed and
their histology examined.

{c) Nonpentamerous abnormal T. g. elatensis,
collected at various localides in the northern Gulf,
were examined with a low magnification dis-
secting microscope, alive or after cleaning with
5% sodium hypochlotite (NaOCI) solution.

2. Plate shape, suture morphology, and
microstruciural observations

(a) The morphology of plate edges in T. g.
elarensis was examined by study of plates, amb,
and interambulacral (interamb), of different sizes,
and by observing growth-line patterns which
show clearly after deaning with sodium hypo-
chlorite and charring at 300°C in a muffle fur-
nace (Pearse and Pearse 1975).

(b) Cleaned, air-dried, and gold-coated skel-
etal pieces were examined with a scanning elec-
tron microscope (SEM)-JEOL-JSM 35.

(¢) Skeletal pieces from the aboral half of a
recently killed 10-mm 7. g. elatensis were fixed
and decalcified with Zenker's fluid (Culling
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1974) and embedded in paraffin. Transverse and
tangential sections of amb and interamb plates
were stained with Heidenhain’s Azan and MSB
stains (Culling 1974), so that density and abun-
dance of the fibers ar the various sutures could
be studied and measured directly, using a mi-
crometric ocular, The sutural '‘trabecular
ghosts’ —nonstained areas surrounded by the
stained fibers—were also measured.

3. Morphometric evidence

A morphomettic survey was conducted to test
the hypothesis thar a relatively wider ambulacral
systern, implying stronger adherence to the sub-
strate, affects the echinoid test configuration in
living and fossil regular echinoids. One hundred
and fifty species, of the orders Cidaroida, Au-
lodonra (Diadematacea), Stirodonta, and Ca-
marodonta, illustrated in great detail by Mot-
tensen {1928-1943) and Moore {1966), were
measured (from the illustrations) to obrain the
following indices: (a) Test height /test diameter
ratio; (b) Ambital position (Ambitus height /test
height); and (¢) relative width of the ambulacral
plates at ambirus level. For several living species
actual test measurements were found to be with-
in 5% of those obtained by measuring the illus-
trations. Other morphological features of fossil
and contemporaty species wete obsetved and
correlated with information on their life habits.

Results
1. Effects of ambulacral activity

{a) Transfer to soft-bottom artificial habi-
tat.—The urchins which were transferted to the
experimental vessel showed limited mobility on
the loose sand. They tended to cling to firm
objects—small pebbles and algal thalli—and
clustered in dense aggregations. This behavior
prevailed until the sand was covered by an algal
film. In the control groups aggregation occutred
only during feeding.

A significant increase in the test height versus
diameter (H/D} ratio was shown in all three
experimental groups (Table 1A). In group III it
showed in only 17 days, during which the di-
ameter (D) had barely changed. Transfer of
group III back to the original subtidal habitat,
protected by a hard PVC cage, resulted wich a
barely significant decrease in H/D ratio within
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Change in test diameter, D (in mm) and height vs. diameter ratio (H/D) (means + SD) in three experimental

groups of T. g. elatensis, removed from their natural hard-bottom habitat into a sand-borrom aquarium (I-1ID). One such
group (I11) was transferred back to the original habirat and restricted there in a hard PVC cage. Parentheses indicate no.
of susvivors at the experiment’s end. Three control groups (IV-VI) were maintained in hard-botrom aquaria. Means of
diameter and H/D values were differentiated with a two-tailed #-test: *, P < 0.1; ** P < 0.05; *** P < 0.01; (—),

non-significant. Season: 8, summer; A, autumn; W, winter,

Inicial measurements o Final measurements Significance
ays,
Group 1 D) (H/D) sca.!an (D) (H/Ix InD In H/D
Experiment A. Transfer to sand
I 10 28.71 £ 314 0,329 £ 0.028 W38 3027 £ 352 0559 £ 0.034 (—) b
I 18 10,59 £ 1.88  0.53%9 = 0.034 542 26.44 + 3.83 0572 £ 0.026 *EE i
I 21{19) 3635 = 410 0.537 + 0.032 Al7 36.81 =399 0.557 & 0.031 (— b
Experiment B. Transfer back to the sea
Hil 19¢16) 36,81 + 399 0.557 £ 0.031 W30 3775 £ 340 0541 £ 0.028 (=) *
Conrrol groups
v 11 21.05 x 442 0.542 £ 0.023 AT0Q 26.36 £ 3.93 0.539 = 0.020 ek —)
v 15 3493 = 13.7  0.531 £ 0.040 We0 49.82 £ 8.17  0.528 + 0.027 o (—)
VI 9{7) 36.67 = 630 0.332 £ 0012 S60 47.25 £ 3.65 0.341 = 0.032 el —)

30 days (Table 1B). Although growing intense-
ly, H/D ratio of the control groups did not
change significantly.

Qualitative observations on group I urchins,
held for a subsequent month in a glass aquari-
um, showed that they rended to decrease their
high H/D ratio. Most group II urchins were
killed and preserved, while several individuals,
subjected to a **Ca incorporation assay, exhibited
abnormal calcificarion patterns (IDafni and Erez,
in prep.).

(b) Effect of damaging the ambulacral iys-
tem.—Response to surgical injury of the am-
bulacral system, and observations of accidental
damage, are summarized in Table 2. Of the
eight treated individuals, two showed complete
regeneration of the amb system, three did not
survive the operation, and three showed the fol-
lowing changes:

One urchin {no. 1) showed teduced activity
of the treated amb 2 wk after the first incision,
and its tubefeet became reduced in size and rel-
advely inactive. The activity of the other four
ambs was not impaired. Post-mortem exami-
nation, 3 months after the treatment when the
diameter had reached 46 mm, showed that the
retractor muscles of the treared amb (V) had
atrophied and its auricle pair, to which these
muscles normally attach, had totally disap-
peared. The protractor muscles, attached to the
interamb bases at both sides of the treated amb,
appeared to be intact. The skeletal configuration
of this urchin changed considerably (Fig. 1A):

The affected column of amb plates became
shorter aborally, and the uppermost plates, ap-
parently added subsequent to the operation, were
narrow latitudinally and most of them showed
no tubefeet pores. This individual’s apical plate
system was elongated (5.8 X 3.2 mm) in the
V-2 axis, that became ultimately the axis of an
apparent bilateral symmetry for the entire rest.
Most remarkable was the deflection of the un-
treated ambs, I and IV, toward amb V (Fig.
1A, B). Amb V was 3 mm lower than the rest,
and the entire test became skewed along the V-2
axis (Fig. 1B). Urchins 2 and 3 showed tem-
porary loss of tactile activity in amb V, though
it had been regained by no. 3 within 1 month.
Post-mortem examination showed that in both
individuals the retractor muscle and auricles had
disappeared from the treated amb, and the test
became slightly skewed along the same axis (Ta-
ble 2).

Individual 4 was not treated surgically, but
had had a dermal disease in the superambital
region of amb I, resulting in a malfunctioning
ambulacral system. Later observations, conduct-
ed for 2 months in captivity, showed that chis
amb’s podia remained almost inactive and their
suction discs wete smaller than those of other
ambs. In a post-mortem examination all muscles
and auricles of this urchin were found to be
intact. Its skeletal morphology was almost iden-
dcal to that of no. 1, thar is, in the affected
ambulacrum the plates were small and poreless
aborally, the apical disc was elongate, and the
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nondamaged ambs were deflecred toward the
abnormal one. On the whole, it showed a bilat-
eral symmetry and marked skewedness along
I-3 axis (Fig. 10).

{c) “Perfect” and “'tmperfect’’ tetvamery—The
anatomy of five tetramerous 1. g. elatensis, col-
lected during the present study, was examined
in detail (Table 2). Three of these (nos. 5—7)
possessed four ambulacral rays and a four-jawed
lantern arranged in a perfect fourfold symmerry
which included all skeletal parts. It is here termed
“perfect’” tetramery. Typical of these individuals
was an unusually. high H/D ratio (0.60-0.65),
compared to the 0.53+ /—0.01 of normal in-
dividuals of this subspecies (Dafni 1980). The
other tetramers were '‘imperfect.”’ One {(no. 8)
was perfectly tetramerous aborally, with a four-
fold apical system, consisting of four genital
plates and four oculars. Below the ambitus the
fourfold symmerry was impaited: one interamb
column, at right angles to the madreporite bear-
ing one, was ca. 1.3 wider than the rest at its
base. Among the lowermost plates of this inter-
amb was a minute, unpaired plate rudiment,
flanked from both sides by interamb plates (Fig.
1ID). This individual’s normal five-jawed lantern
was matched by only four auricles in the peri-
stome edge. Two of these jaws faced the abnor-
mally wider interamb, and one lantern retractor
muscle pair was attached to the plate rudiment
mstead of being attached to an auricle, Two
lantern protractor muscle pairs artached to this
interamb, on either side of the abnormal recrac-
tor, instead of being artached each to a separate
interamb. It is probable that one ray, apparently
amb 1V, was deleted during early postlarval de-
velopment, together with the two adjoining half-
interambulacra. The remaining interamb halves
closed in and bridged the gap. The unpaired

—

Figure 1. Test configuration of treated and abnormal T.
g. elatensis. A, B, Aboral and lateral view of individual no.
1, regenerated from amb V immobilization, [ to IV, nonaf-
fected amb rays. M, madrepore bearing genital plate Note
elongation of the apical system and the inflection of amb I
and TV and the bilareral symmerry at V-2 axis. C, individual
no. 4, showing similar effects, centered ar amb I and deflec-
tion of amb Il and V. D, oral view of a nonperfect tetramer
(no. 8). Dark arrow points at the deleted ray (IV) in which
a small, unpaired plate rudiment was noted (R}. Dark tri-
angles mark the four active ambulacra,
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super-ambital

sub-ambital

Ficure 4. Schematic presentation of four ontogenic stages
of T. g. elatensis interamb plate growth. Previous stages are
outlined as growth polygons {(broken lines). A, The youngest
intetamb plate (see also Fig. 3); B, The same plate in a
superambital position, showing an amb plate attached art the
adradial suture (Ad); C, The plate at an ambital position,
showing straightening of the interradial {Ir) edges; and D,
At a subambiral position, exhibiting reversal of the curvature
pattern at the interradial suture, and a wavy suture kine
hotizontally (Hi).

changes: The interradial suture straightens, while
the aboral and adoral edges retzin their former
curvature. As the plates reach a subambital po-
sition {Fig. 41)) the interradial sutural edges re-
verse their curvature: the upper half becomes
convex and the lower becomes concave. The lat-
itudinal margins develop a wavy pattern, in
which the central part retains the former curva-
ture, whereas in their terminal pare, toward the
interradial and adradial sutures, the curvarure is
reversed. All earlier stages appear as concentric
growth lines in the lowermost plates (Figs. 2,
4D).

Curved plate edges in T. g. elatensis invari-
ably occur between plates of unequal outer sur-
face area: the small plate convex toward the large,
Exceptions to this rule, of plates slightly unequal
but with a straight suture-line, seem to indicate
different thickness or porosity. This rule applies
also to abnormal T. g. elatensis (Dafni 1980,
1983b).

Cases were observed, where the interamb
plates of T. g. elarensis split into two neatly
equal halves, forming a suture with collagen fi-
bers berween, Subsequently, the plate haives,

Figure 5. Surural gap of a 20-mm T. g. edatensis, formed
along the interradial suture, exhibiting extremely elongared
and pootly branched trabeculae, growing toward the adjacent
plate. A, General view (x40); B, x400.

surrounded by larger plates, became convex all
around, but the newly formed partition was ai-
most straight.

Similar patterns occur in most regular and
irregular echinoid species, but were largely dif-
ferent in the flexible tests of the echinothurid
urchins, whose plates are imbricated. The peri-
stomial and periproctal plates of stiff-tested echi-
noids, which are torally embedded in flexible
connective tissue, are also all round,

(b) Plate edge microstructure.—Various au-
thors have hypothesized that tensional stresses,
developing when the plates are pulled apart at
the sutures, encourage sutural growth and cal-
cification {(Moss and Meehan 1968; Dafni and
Frez 1982). Other investigators suggest that
faster-growing suture edges produce slender and
well-aligned trabeculae (Kobayashi and Taki
1969; Pearse and Pearse 1975}, My attempts to
produce tensile stresses in vivo, and to examine
the resulting trabeculae, were unsuccessful.
However, observations showed that under ap-
parently normal conditions sutural gaps of ca.
0.5 mm frequently appear along the meridional
sutures of 1. g. elatensis individuals. Through
the thin epidermal membrane, which covered
the gaping surures, unusually long and parallel
collagenous fibers could be seen stretching across
the gap. Normally, such gaps were closed within
2—-3 wk of the frst observation by laceral growth
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of the adjoining plates. In one such case, a 20-
mm T. g. elatensis with a ~1-mm wide gap
along the interradial suture was observed for sev-
cral weeks. After 3 wk the urchin’s test was
thoroughly cleaned with hypochiorite and the
regencrating suture-line prepared for SEM study.
The extraordinarily long, slender, and almost
nonbranching trabeculae, which had developed
during these obsetvations, are shown to extend
across the interradial suture (Fig. 5).

(¢) Sutural collagenous fibers attackment 1o the
plate—Figure OA illustrates a typical tangential
decalcified section in a 10-mm T. g. elateniis
test: a superambital interamb plate surrounded
by amb and interamb plates. The width of the
surural collagen band varied, ranging from 50—
250 um (Table 3). The longitudinal sutures,
adradial (Ad) and interradial (Ir), had longer
and more densely packed fibets (Fig. 6B) than
those of the adjacent latitudinal sutures. The in-
teramb latitudinal suture (Hi) had longer fibers
only cenrrally, wheteas shorter and less organized
fibers showed laterally, in both ends (Fig. GC).

The fibet-anchoring trabeculae are represent-
ed in this section by their decalcified ““ghosts”
(nonstained areas encircled by collagen fibers).
These ghosts were predominantly oval in cross-
section, exhibiting their longer axis (a) at the
same orentation of the associated fibers, and a

“shorter perpendicular (b) axis. Table 3 shows
thar while the trabecular ghosts’ areas were sim-
ilar, their shape (a/b ratio) varied considerably.
The ghosts of interradial and adradial sutures
(Fig. 6B) had the highest ovateness (a/b ratio
of 1.8-2.4), while the terminal trabeculae of the
latitudinal sutures (Fig. 6C) had an almost round
cross-section (a/b = 1.2). Additional observa-
tions, as well as SEM micrographs, confirmed
that the oval cross-section of the trabeculae was
not due to oblique sectioning or deformation
during embedding.

The approptiate model is this of the beam,
bending due to the pull exerted by the collagen
fibers. Assuming that fiber-associated rrabeculae
from different sutures do not vary in their min-
eral composition or specific strength, an estimate
of the resistance of the wabeculae to these forces
can be derived from calculating the second mo-
ment of their cross-sectional area (I) (Wain-
wright et al. 1976; Emler 1982). For an ellip-
soid bearn it is
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I = a’br/64. )

The interradial sucure trabeculae, associated with
the longest sutural fibers (250 pm), had the
greatest a/b ratio (Table 3) and were stiffest in
the ditection of the fibers (I = 1,213 pm?),
whereas the trabeculae of the terminal part of
the latitudinal suture had the shortest fibers and
low stiffness (893 pm?).

Interamb plates from an equal-sized T. g. ¢la-
tensir were obsetved with SEM. Figure 7 1s 2
typical example, showing sututal trabeculae and
their mode of articalation with the trabeculae
across the suture. It shows that the interradial
suture (Ir) has longer trabecular ends, that meet
the opposite side trabeculae in a rather spacious
articulation, while in the terminal part of the
latitudinal suture (Hi) the trabecular ends are
shorter, and the articulation with the adjacent
plate has a more compressed appearance.

3. Phylogeny of regular echinoid
test morphology

The relations between ambulacral develop-
ment and other morphometric indices of regular
echinoids are shown in Fig. 8. It shows thar the
tests of cidaroids, the most primitive echinoids,
are nearly spherical, with a high H/D (~0.7),
and have an ambitus-line at abour mid-height,
while the amb width is 4 times narrower than
the interamb (ot 0.2 of the circumference). In
the more advanced orders the ambitus-line tends
to be lower, while the ambs reached the largest
width (1.4 of the interamb in the camarodonts,
ie, 0.6 of the circumference). The average
H/D did not differ significantly among these
groups. Assuming an evolutionary progtess
among these orders (Cidaroida, Aulodonta, Sti-
rodonta, and Camarodonta), Spearman’s rank-
correlation coefficient (Sokal and Rohif 1969)
was calculated to analyze the various trends (Ta-
ble 4). To avoid a possible linkage berween the
indices, the partial correlation (r') was calculated
between each pair, while the third index has
been kept constant (Weber 1972). To stress the
adaptive nature of these indices, the taxenomic
factor was ignored in the partial correlation.

The results indicate a significant corrclation
between ambitus height and the amb system
widech, adding support to the hypothesis that
enhanced activity of the tubefeet causes the flac-
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. A, Genetal view

ramb (IA) plate of a 10-mm T. g. elarensis, MSB stain

Ficure 6. Tangential section in a decalcified inte
(x100) of the longitudinal sututes (adradial {Ad} and interradial {Ir]) and the horizontal surures (ambulacral {Ha] and
interambulacral [Hi]); P = amb tubefeet potes. B, Enlarged adradial suture. C, Terminal part of the Hi suture, showing

trabecular ghosts (G); Am = amb place. B and C are enlarged x400 and x 600, respectively,
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Length measurement
aIm|

Taste 3.
a 10-mm T. g. elatensis intef
SD are given. Differences in g
of latitudinal and lo

b plate illustrated in Fig. 7

of collagenous fibers and “"ghosts” of fiber-

host'* area wete nonsignificant (ewo
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associated trabeculae in a decalcified section of
. Over 30 trabecular ghosts were measured and the means *
_tailed £-test, P > 0.1). The difference between ovareness

ngicudinal 'ghosts” was highly significant (P < 0.05).

Trabeoular ghosts measurzments

Fiber band

Second moment

Surure width (um) Length (a, gm} Width (b, gm) Area (pm') Ovateness (um*)
Longitudinal:
Adradial 200 13.6 £ 35 76 = 18 81,0 £ 286 1.8 03 9417
Intertadial 250 15.6 * 8.5 6.5 £ L1 797 = 453 24+ 10 1,213.7
Laritudinal:
Central part 120 13.0 = 3.0 9.5 % 3.3 96.9 £ 32.7 14 = 04 1,027.1
Terminal part 50 122 = 2.8 10.1 £ 2.3 96.6 £ 31.6 1.2 £02 893.2

tening of the adoral half of the test, thus low-
eting the ambitus line. The low correlation be-
tween H/D and ambital height is further reduced
when ambulacral width is kept constant. Simi-
Jarly, the inverse correlation between H/D and
amb width was dependent on amb height.

A notable exception to the general correlation
between amb system width and ambitus posi-
tion are mud-inhabiting deep-sea regulass, which
are flat adorally and show a sharp lower ambi-
rus-line (Mortensen 1935), or rock-boring ca-
marodonts {e.g., Echinostrephus), with test pro-
fles characterized by a flac upper half and

Figurt 7. SEM of 8-mm urchin (external view), showing
stereomn with longer trabecutae is shown along the sucure, Wi
appearance. Norte the distinct growth line, parallel to the in

tapering adoral side, and a high ambitus-line
(Mortensen 1943b). The above correfation would
have much improved if such urchins were ex-
cluded.

Discussion

Telford's (1983) recent detailed analysis of
echinoid test biomechanics adds to ptevious
studies (Moss and Meehan 1968; Nichols and
Currey 1968; Currey 1975; Wainwright et al.
1976; Smith 1980, 1984, Strathmann 1981;
Emlet 1982) in describing how mechanical de-
sign plays an important role in adapration. The

the superambital interradial suture (In) {%150). An open mesh
hereas horizoatally (Hi, terminal part) it has a more condensed
tecradial surure {double attows).
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Marphomaetric index

Stirodonta Camarodonta

Aulodonta

Cidaroidaa

Fiure 8. The change in several morphometric indices:
H/D ratio (@), ambital heighe relative to rest heighe (W),
and ambulacral system relative width (A} among various
regular echinoid orders, The width of the ambulacra was
darkened in figures of typical representative species. (No, of
species: Cidaroidea, 25; Aulodonc, 27; Stirodonta, 49; Ca-
maredonea, 51) (Error bars: SD). Arrows indicare ambitus
position.

question discussed here is how prevailing me-
chanical forces, external or internal, affect onto-
geneuc growth, and how significant they are in
the morphogenetic process. This has never been
analyzed by critical experiments, although the
possibility of biomechanical regulation of the
echinoid test has been often expressed (Thomp-
son 1917, 1942; Moss and Meehan 1968; Raup
1968, Seilacher 1979; Dafni and Frez 1982;
Dafni 1985).

Confirming previous observations (Moore
1935; Ernst 1973; McPherson 1965) on che
dependence of the skeletal morphology of reg-
ular echinoids on substrace type, the “‘sand treat-
ment™ seems to be the first experimental evi-
dence to support Thompson’s (1917) hypothesis,
The change in H/D was distinctly higher than
predicted by the slight positive allometry of
height versus diameter (Dafni 1983b). A bio-
mechanical effect, relaxation of the tubefeet ac-
tivity, apparently relieves the compressive stress-
es along the meridional axis (Dafni 1980; Telford
19835), encouraging vertical growth of the co-
ronal plates. An altetnative hypothesis, that the
reversible H/D change (Table 1B) indicates an
elastic flexing of the encire test, rather than a
change in the calcificarion pattern of the individ-
ual plates, was refuted in a “Ca incorporation
assay. In this assay, it was found thar sand-treat-
ed urchins show an entirely different calcification
pactern, characterized by a high vertical versus
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horizonral sutural ratio (v /h). Normally the test
plates calcify less in the vertical (=meridional)
than in the laticudinal direction, with a v/h ratio
of 0.2-0.3. In ambital plates of sand-treated
urchins this ratio was >0.6 (Dafni and Erez, in
prep.).

Observed changes in urchin rest morphology
resulting from immobilization of one amb sys-
tem (Table 2), possibly result from changes in
the “force balance’ around the test, especially
of the forces associated with tubefeet activity, |
suggest thar the inactivation of the lantern re-
tractor muscle, as seen in individuals 2 and 3,
resulted in only a slight skewness, whereas the
more pronounced effect, reduction of one amb
and lareral deflection of the adjacent ambs (in
no. 1}, resulted from damaging this amb's am-
bulacral system, including the radial nerve com-
plex which acrivates it. The striking similarity
between individuals 1 and 4, both having non-
functional podia in one amb, strongly suggests
that inactivation of the podia is the main, if not
the only, cause for the observed morphological
anomaly (Fig. 1A—C). Similar anomalies were
recorded and described in other regular echinoids
(Koehler 1924; Jackson 1927; Moore 1974).
Moore (1974) autributed these anomalies to me-
chanical injury at an early postlarval stage that
resulted in the loss or inactivation of one or sev-
eral ambulacra,

There is little doubt thar individuals 8 and 9
were initially pentamerous, suffering inactivation
and deletion of one amb. Along with it disap-
peared the interamb half-columns, which flanked
the deleted ambs laterally. Asymmetrical growth
of the remaining plate columns, and their move-
ment toward the inactivated amb, compensated
for the loss, bridged, and finally filled the gap
caused by the deletion. Redivision of the entire
circumference into four equal ambs produced
the tetramerous symmetry. It scems thar indi-
vidual no. 8 suffered the damage at an earlier
stage than no. 9, hence the former's relatively
more perfect symmerry.

Thus, I suggest that the number of active
amb rays largely determines the urchin's sym-
metry. The normal pentamerous symmetry de-
pends on all five amb rays being funceional,
pulling at equal force. It is assumed that when
a plate is pulled in one ditection, it will grow
more in the opposite direction, where tension is
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Tasie 4. Rank-correlation coefficients (Spearman’s #) of several morphometric parameters for 147 contemporary and fossil
hard skeleton regular echinoid species, representing four orders. #' values result from partial correlation. Significance of
trends was tested by a #-rest, with a null hypothesis of » = 0 (NS = nonsignificanc).

Cortrelation ceefficient and significance

Compared paramerers

Corr. coef. ()

Partial correlation (')

Order vs. H/D ratio —0.90 (NS) Not calculated
Order vs. ambital height —-0.525 (P < .001) Not calculated
Order vs. ambulacral widch +0.657 (P < .001) Net calculated
H/D vs. ambital height +0.219 (P < .01) +0.149 (N§)
H/D vs. ambulacral width =0.199 (P < .03) —0.118 (NS)
Ambital height vs, amb width —0.443 (P < .01) —0.442 (P < .01)

highest (Dafni and Erez 1982; Dafni 1985), so
that its center shifts toward the pulling force.
Hence, unbalanced forces around the test cir-
cumnference cause intact ambulacra to shift Jati-
tudinally, curving to the direction of the deleted
amb. The phenomenon of curving of nondam-
aged ambs toward the damaged ones is a com-
mon occurrence in teratological urchins which
suffer injury (Koehler 1924; Jackson 1927;
Moore 1974).

While studying five “‘perfect” tetramers of
the rock-inhabiting regular echinoid Arbacia
punctulata, Jackson (1927) noticed that they
were relatively taller (calculating the H/D ratio
from his figures, I found it 0.62+ /—0.06, sig-
nificantly higher than the normal ratio, reported
by the author as 0.51). Similarly, the H/D of
tetramers nos. 3—9 (Table 2), perfect and im-
perfect, was 0.62+/—0.02, compared to
0.53+/—0.01, recorded for normal T. g. ela-
tensis of the same size order. Considering that
tetramets have fewer podia interacting with the
substrate (ca. % of the normal), this observation
supports the hypothesis tested in the sand ex-
periment, i.e,, that feeble adherence ontogenet-
icalty resules in raller individuals.

The analogy between soap-bubble curvarure
and plate-edge morphology is also relevant to
our discussion. A soap bubble is an air-filled
inclusion, surrounded by a thin membrane,
whose area is minimized by surface tension. The
bubble’s morphology is, therefore, mechanically
determined, in equilibrium with the external
pressure. According to Plateau’s laws (Stevens
1976), the inner hydrostatic pressure s inversely
telated to the bubble’s radius. Equal bubbles
share equal inner pressures and when joining,
the intermediate particion runs straight. The pat-
tition wall between unequal bubbles convexes
toward the larger bubble, in which hydrostaric

pressure is lower. The curvature radius of the
partition wall (R,) can be derived from individ-
ual bubbles’ radii (R, and R.), using the follow-
ing equation (Stevens 1976):

R.= R X R /(R, — R;). 2

In equal bubbles R, is infinitely large, i.c., the
partidon wall is straight. The same rule applies
to three and more bubbles (Fig. 9).

Raup (1968) maintained that “though the
analogy between the soap-bubble arrays and ac-
tual plate configuration is a very tempting one,
we must be cautious in reasoning from one to
the other.” The main obstacle is probably that
an echinoid plate is ordinarily viewed as a solid
object, unable to flex its surface in a bubble-like
manner. But this obstacle can be easily lifted by
accepting Moss and Meehan's (1967, 1968) ar-
gument that the plate calcification is secondary,
occurring “'within a mesodetmal body-wall cap-
sule, which is itself expanding as response to the
growth of the enclosed body mass.”” The flexible
capsule, consisting of an outer epidermal “'ec-
totest,” an "‘endotest” bordering the coelom, and
partitions composed mainly of sutural fibers,
shows best in decalcified tests (Moss and Meehan
1967). The capsule retains its form even after
the entire plate has been decalcified, provided it
remains submerged in liquid. Since the plate
capsula is an inclusion containing fluid-like syn-
cytic tissue, the stroma, that fills the interstices
of the stereom, it is liable to harbor distinct
hydrostatic pressures as well as an ourer surface
tension.

As suggested by this analogy, the echinoid
plate behaves elastically as far as growth is con-
cerned. Its shape at any given stage reflects the
mechanical properties of the capsule. Reversal of
the plate-edge curvarure occurs, according to this
model, when a formerly smaller plate becomes
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Ficure 9. Three bubbles, separated by curved walls. R,
carvature radii of the partition walls, Rc 2, 1 for the wall
between bubbles 1 and 2, etc. (adapted from Stevens 1970).

larger than its neighbors, with the relation be-
tween their inner pressure reversed. Since no cal-
careous material is resorbed in the plate margins
{(Jensen 1972; Mirkel 1975, 1976), pattern re-
versal can take place only in faster-growing su-
rures of plates that crossed the plate midline,
while the same plates’ nongrowing edges, such
as the central part of the latitudinal sutures, re-
tain their “anachronistic” curvature and the wavy
pattern forms (Fig. 4D).

Change in plate curvature of accidentally
splitted plates is another argument for the inner
pressure hypothesis. It is hard to envisage any
factor which may have changed by splitting, oth-
er than the relation between the plates’ inner
volumes and their individual volume /surface
area ratio. :

Suture lines of other rest forming organisms
(foraminifers, coccolithophorids, plate-covered
fish) usually do not conform to this model. Body
shapes of sedentary colonial organisms (coe-
als, barnacles, or bryozoans) exhibir noncurved
“close-packing’’ patterns (Stevens 1976). Bub-
ble-like curvature occurs, however, in insect wing
“cells” (Neuroptera, Odonata, etc.). Since insect
wings arise as notal flaps of the outer body wall,
shaped when in a wet state, it is safe to assume
that each “'cell” is indeed a membrane-covered
hollow inclusion, separated by cross-veins of tra-
cheal origin (Ettershank and Ghent 1972). To
conclude, the soap-bubble model is applicable
to structures that form as hollow indusions sur-
rounded by flexible membranes, with or without
internal mineral content.
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If the Moss and Meehan (1968) approach is
accepted, minute sutural gaps that are often seen
in SEM pictures are indispensable to accornmo-
date trabecular growth. Ir is likely thac in the
growing tests there are wider gaps, due to the
intensive somatic growth. Trabeculae respond o
this sitnation by growing faster in well-aligned
orientation, Sutural gaps of nongrowing urchins
are expected to be narrow and trabeculae shore
and stubby. This hypothesis ts supported by un-
usually slender and nonbranching trabeculae,
apparently caused by an abnormally wide gap
(Fig. 3).

~Figures 6 and 7, as well as measurements
shown in Table 3, suggest that the longest and
more densely packed collagenous fibers, shown
along the longitudinal sutures, co-occur with
longet sutural trabeculae. Combining this evi-
dence with dara showing that these sutures cal-
cify at a faster rate than the latitudinal (those
growing vertically)  (Dafni and Erez 1982, in
prep.), and that the unusually wide gaps occur
predominantly in the longitudinal sutures, I sug-
gest that the latter are under stronger tension,
while the latitudinal sutures are more com-
pressed. The last conclusion is in perfect accord
with Telford’s (1985) biomechanical analysis.

The fiber-associated ““trabecular ghosts™ of the
more tensed longitudinal sutures are strongly
oval, with a cross-sectional second morment higher
than in the presumably compressed latitudinal
sutures. This further supports the argument that
the trabecular length, branching, and cross-sec-
tion partern are affected by the stresses chat de-
velop along the sutures.

Without denying a possible effect of external
forces, several internal force-producing muscular
and elastic connective tissue elements are pro-
posed to form a mechanical array of forces that
controls the normal growth and morphogeny of
echinoid tests. These elements are included in an
integrated biomechanical model (Fig. 10). The
adopted paradigm is that of a tensional sphere,
the bubble-like “pnen” (Otto and Ttostel 1967),
which is supported internally by the contained
liquid pressure and counterbalanced by an outer
surface tension. A pneu structure grows when
the internal pressure exceeds the external surface
tension. This is a principle common to all or-
ganisms with a “hydrostatic skeleton’” (Chap-
man 1958). The same principle was adopted by
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Moss and Meehan (1968) for description of the
human neurocranium and echinoid test growth:
Since both structures consist of articulated min-
eral plates, the expansion of the inner mass gen-
erates sutural tension, which is compensated by
peripheral growth of the plates. Therefore inner
liquid' pressure is the model’s basic component
(1),

Although there is no published evidence that
internal hydrostatic pressures within the coelom
exceed the external ones, internal higher pressure
may be derived from Donnan's effect (Prosser
and Brown 1961): Macromolecules, mainly pro-
teins, concentrate in the perivisceral fluid (Giese
1966), inducing the entrance of smaller ions
through the semi-permeable body integument,
followed by water influx. This influx of water is
balanced by tension developed in the body wall.
This tension probably produces sutural gaping.
Higher hydrostanc pressures that develop in oth-
er internal comparements {e.g., tubefeet, lumen,
and gur), also induce water movement to the
coelom, forming occasional coelomic pressures.
Transient increases in pressure occur when all
tubefeet contrace simultaneously (Buchanan
1969). It has been demonstrated that an entire,
decalcified test retains its former inflated shape
without the skeletal support when submerged in
fluid (Dafni, unpublished). This is probably be-
cause of the tensility of the outer body wall, that
presses the inner liquid, forming a flexible pneu.

One may speculate that growth lines, alter-
ations between slow and rapidly growing stere-
om (Smith 1980), reflect changes in inner pres-
sure conditions. Intensive growth is associated
with higher internal pressures and sutural ten-
sion, while periods of sbow growth are charac-
terized by low internal pressures. This is proba-
bly when the entire scructure may rely on its
mineral framework and so compression develops
at all sutures.

Tubefeet attachment (its effect on test mor-
phology was tested here) is another component
of this model (2). Although the actual forces
involved were never measured for echinoids, their
magnitude can be estimared from Paine’s (1926)
measurements of starfish tubefeet adhetence (19
g/mm?). Sharp and Gray (1962) noted thar the
tubefeet suction discs of hard-bottom species are
considerably larger than those of. soft-bottom
echinoids, while Lissner (1983) showed that in
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Ficure 10.  Schematical presentation of the proposed mod-
el, showing the various force components involved in echi-
noid morphogenesis, side view (left) and section (right): (1)
expansion of the inner mass; {2) forces produced by the
tubefeet (2a, 2b, vector component discussed in the text);
(3) lantern muscles (32, 3b, retractor and protractor, respec-
tively); (4) mesenterial threads activity, pulling at the plates
in the plate level (4a) or centripetally (4b). Vecrors’ size and
direction are arbitrary.

echinoids adapted to strong water motion more
podia are used for attachment. Alcthough tube-
feet spread out in all directions, the resulrant
vector of each amb ray points outward with a
distinct downward inclination (Thompson 1917).
It is therefore divided here into two vector com-
ponents: (2a) a vecror active along the amb me-
ridian and another one (2b), pointing radially
outward. Since tubefeer pull the plates to the
substrate, the former component obviously pulls
the plates downward (Moss and Meehan 1968),
while the latter causes test flattening (Thompson
1917).

The lantern muscles, the retractor (3a) and
the protractor (3b), connect the lantern with the
lowermost coronal plates. Their possible me-
chanical effect on the corona—pulling together
the peristome’s rims—remains to be demon-
strated.

The mechanical activity of the intestine mes-
enterial threads, another tethering component (4)
was suggested by Dafni and Erez (1982), who
found their distribution patterns correlating with
the differential growth pattern of the interamb
plates. It is suggested that these threads influence
in two different ways, application of (4a) force
vectors that affect the interamb plates’ growth
in a differential pattern (Dafni and Erez 1982,
fig. 3), and (4b), tying cogether the ineramb
plates and pulling them in a centripetal direction
(Fig. 10). This component counterbalances the
outward expansion of the test and simultaneous-
ly causes its flatctening. It has been dem-
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onstrated chat aboral depressions, shown in de-
formed T. g. elatensis, were obviously facilitated
by these threads’ activity (Dafni 1983b). It has
been suggested that these threads are homolo-
gous with the unique meridionally aligned mus-
de sheets of flexible-tested echinothurids (Dafni
1983b).

The collagenous sutural fibers probably play
a passive role in this force balance. They resist
forces produced by the previously mentioned ele-
ments, contributing thereby to the mechanical
stability of the test (Moss and Meehan 1967,
Strathmann 1981). Recent findings that echi-
noderm collagen may undergo conerolled changes
in its tensility (Motokawa 1983; Wilkie 1984)
may suggest a more active involvemnent of these
fibers in the growth process (i.e., yielding in rap-
idly growing sutures and hardening in the non-
growing sutures).

Although proposed for T. g, elatensis, the
maodel may be applicable to all regular echinoids
with stff skeletons, and to a certain extent also
to irregulars. Regular echinoids vary, however,
in their test thickness and architecrural design
(Ebert 1982; Telford 1985). It is therefore
probable that the relative importance of each of
this model’s components also differs among the
taxa. A quantitative assessment of the mechan-
ical forces involved in this model will be a step
toward explaining the morphological variation
among different echinoid species.

The phylogeneric implications of the model
are based on the assumprion that the same pro-
cesses may apply to both ontogeny and phylog-
eny. The possible reason for this is that con-
straines shown during ontogeny frequently are
those dominating the phylogeny of the group.
For instance, it has been demonstrated thar ir-
tregular echinoid postlarvae undergo ontogenetc
development that closely simulates the evoluton
of the group (Gordon 1926). Apart from the
obvious influence of inherited genetic informa-
tion on the organism’s morphology, it is likely
that the biomechanical interaction berween the
organism's various tissues during ontogeny largely
determines its shape, with a contributing effect
of the external environment.

The morphometric analysis showed that, while
H /D ontogenetically correlated with amb activ-
ity, 1t was independent at the phylogenenc level
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(Table 4). This is in accordance with the obser-
vations that some soft-bottom echinoids have
H/D ratios lower than predicred by the above
hypothesis (e.g., Diadema). In deformed T. g.
elatensis, flattening was apparently caused by in-
ner tethering (Dafni 1983b). Inner tethering also
characterizes the evolution of the clypeastroids
(Seilacher 1979). A low ambitus line is, how-
ever, an evolutionary trend well-correlated with
the development of the amb system.

The most important adaptation in regular
echinoids’ evolution is related to the ambulacral
system (Kier, in Moore 1966). Paleozoic echi-
noids (e.g., Eothuria) were apparently flexible,
with tiny podia and a tendency to elongare in
the vertical axis. This is probably linked to a
sea-cucumber-like inclination on the seabed.
Subsequent evolution shifted the podia toward
the adradial sutures, increased the number and
density of podia by forming compound amb
plates and their concentration as ventral phyl-
lodes (Smith 1984). Many primitive echinoids
were nearly globular, with a high ambitus line,
and apparently had a feeble contace with the
substrate. Cuénot (1948) reconstructed the hab-
itat of the Carboniferous Melonechinus by com-
paring it to the present-day globular genera Am-
blypnenstes and Holopneustes. Both are known to
live cradled among algae in undisturbed habi-
tats, a habit which is reflected in their poorly
developed tubefeet pores (Smith 1978).

Soft-bottom regular echinoids are usually flat
ventrally. Such flartening is common also among
soft substrate reclining stony corals or molluscs
(Seilacher 1984), apparently aimed to prevent
sinking in the extremely unstable soft habitat. It
could also aid locomotion by bringing more
spines to lean on the sediment. This is explicitly
shown by the extant deep-sea-mud-inhabiting
stirodonts, Hebrocidaris, Dialithocidaris, Podo-
cidaris, Baueria, and Heteropodia (illustrated by
Mortensen 1935), and fossil holectypoids (Fam-
ily Discodeidae), all charactetized by a sharp am-
bital edge. Biomechanically, chis may be caused
by inner tethering and the test yielding to its
own weight.

The emergence of the Irregularia—the most
significant development in echinoid evolunon—
was accomplished through several morphoge-
netic steps chat took place within relacively short
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periods (Kier 1982). Several of these steps are
reflected in abnotmal regular echinoids and con-
form to this model:

(a) Flattening of the test is associated with the
cessation of vertical shift of plates across the am-
bitus line, and irts fixation. Since this occurs in a
relatively early ontogenetic stage in contempo-
rary clypeastroids, it involves a different allom-
etry of adoral and aboral plates (Seilacher 1979).

(b) Bilateral symmerry was obtained in two
steps—periproct departute from the apical sys-
tem and its down-shifting, and the differentia-
tion of the amb system into an aboral half, form-
ing the petaloid and adoral half with scattered
amb podia. Both steps were accommodarted m
perfectly round early irregulars. The bilateral
symmetty in the deformed regulars, teratological
or resulting from injury, resulted from inactiva-
tion of one amb. Decreased mechanical activity
of the frontal amb of the irregulars may have
caused this effect in che phylogenetic level.

(¢) Petaloid ambulacra, anothet feature of the
irregulars, produced by relatively narrowing of
the amb system above the ambinus, bears a re-
markable similatity to '‘ambulacral pinches”
shown in deformed 7. g. elatensis (Dafni 1980,
1983b). This may be due to a possibie biome-
chanical effect (Dafni and Erez, in prep.).
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