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pred1ct1ons of the models

ABSTRACT N A ER

il . ) ’ w‘ "

5 Mechanical tests were made of models that predict/'that\;‘

algal\ form and calc1f]cation act primarily s str ctural;

defenses of marine algae by reducing algal suséeptlbility to
herb)vores The mechan1cal res1stance of a variety of mantne*

algae : (ﬁ\op# ; and temperate) to herijores -of  two

b

1mportant feed1ng types *rasping herbivoreg deéoglossan

lampets) and a b1ting herblvore (an herb1vorous crap}ﬂ ihas

~

measured ) In all cases the results d1d not ‘support the.

) o R \
PR '

m—

T suggest that’ another factof, . the probability of
subsequent tjgsue loss due to herbivore damage ,may p1ay anf
lmportant role in the impact of herb1vores on the‘algae theyﬁi
consume Fbr some algal spec1es secondary tissue loss mayf'
greatly exceed~prtmary loss to herbivores. Calctfication and
other 'potent1al structural defen\ES ysueh as’ thallus form"

may play a more 1mportant role in m1n1mizing thés ﬂsecondary Y,

t1ssue loss than *in prevent1ng herbivores‘ from removin

tissue as, has been suggested’in the past ' 1f;;.w '.E\ﬁ g&w{“
,“ ‘4 " - \.‘ o B
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Chapter I General Intnodugtion.
‘

Marine macrophytic algae varY”éSnsiderably in ,thalluS

form not onty among species but a[so within a single épecies

in different‘ enviré&ménts oé at different lifé~history

 §tages‘(Mathie§on et al,  1981), Recently, several reviews
have, been made oY marine plant-herijone interactions

(Lubchenco and ‘Gaines 1981, Gaines and . Lubchenco 1982,

Hawkin%/and Hartaéll 1983) .  These reviewers havé suggested

gaugeff linké petweeq herbivore and plaﬁt distribukions 'and

éorgélations between the relative abundance of different

ﬁarine plant growth forms and other environmental factors.

These authors suggested that a) plantt form, b) mode of

feed%ng of the herbivores, and c) both chemical: and

"~§Iﬂdbtural defenses of plants, all influence the reéistance
of plants to.ﬁerbivores.. However,lthey also indicated that

there is insufficiént empirical data to draw general

conclusions ' about the relative importance of»these factdrs

in determining plant distributions. *

In an effort to construct a generalized appfoach to
marine plant-herbivore interactions, lLubchenco and Gaines
(1981) ‘formmat‘é'd a conditibna‘l! probability model ‘to
determine thé”»potential 1mpéqt of fherSiVéFesH‘bﬁ: mar ine
plants; This model included tﬁreé't§hms:'1) the probability
that a plant will be éncountgﬁéd:by an herbivore. 2) the
W;probabilzty that the herbjvore will eat a plant given it is

encountered, and .3) the expeCted-fdecline in fitness,



fetative to thel rest of the‘ bopulation, - due to the ’
consupption of tissue by'thevherbivore. ”
Given this hodel, theﬂbotential defenses"‘of plants '
against their herbivores would include avoiding: herbivores -
ef ther temporally or spatially (by alterations in the t1m1ng.
of life-history stages or mlcrohab1tat‘use), as‘ well as
preventing consumption of the plant once encountered.
Structura] and chemical defenses were consﬁdered yto act
.primarily by reductng the probab1]1ty that han herbivore
would eat part of a plant,. |
Gaines ane\\Lubchenco d1v1ded the marine macrophytes b
1ntovseven forms._ﬁpeet-IIKe or tubular, filamentous, fleshy
b1aded,i’fleshy branched, erect calcareous, fleshy crpstose
.and ~calcareous crustose. Ihey found that the relative
abundances of nest of these greups varied wtth latitude;‘and
differed between the east and west coasts of North vAmkrica'
at the same'latitudes. In most cases these patterns were
cerrelated with herbivore abundance -and diversity. an
‘shores with a.greater abundance and.diversity of Herbivores,
which have been‘inteﬁpreted as having greater intensity ‘of §
herbivory, plant forms considered herbivefe-resistant were
‘relatively more abundant. These herb+vefe resistant plants
1ncluded the calcified plants, both crustose and erect
fleshy crustose plants 'and noncalcified branched- p[ants
(Gaines and Lubchenco 1982). Hawkins and Hartnoll (1983)

" -noted similar 4patterns and also attributed herbivore

resistance_to the‘same algal forms .



S

| \
Littler and Littler (1980) and Steneck and Watling
(1982) constructed verbal models which, in addition to

predicting relationghips among other aspects of marine plant

biology (productivity, . calorific content, community
structure), also make predictions about algal resistance to
herbivores based 4on plant form, ’Unfortuhately;* both of

these models ignore the role of anti-herbivore Chemicals,
v ) . .

and . thus assume that plant form plays an overr\diﬁg.

influence on plant resistanée to herbivores. The Littler

-and Lifflep model of fdnctional~form groupings for marine

algae predicts primary productivity, resistance to.grazers.

calorific‘ éoﬂtent~-and successﬁoﬁal status on the basis ofl,

plant form. This model suggests that_pqrsistant_forms which

- allocate resources for - ~environmental resistance,
ot . L .
inter ference competition or anti-herbivore defenses do so at

*cost of ‘rate‘ofjprimary production. Théy also cétegorizé |

v'algaé into morphological gqpupé, andvthése groupings are

.used lto predict algal resiétance }o herbivores and thallus

. mechanica] reistance to herbivore damage ((Table 1-1).

P |

‘Steneck and Watling (i932)lconstructed a similar model -

based on thallus size, hbrphology; and resistance to

‘scratching, to place'algae into seven functional grddbs.‘
They ,‘récognized that hanv alga" qah‘i.changé- " groups .
ontogenetically,. and that ‘different parts of the thdllus

could be considered in different groups. They use these

fﬁrbupings to 'predict' algal sdhoah%%bi]ity “to molluscan

g graiérs*(?able I1-1) and algal dbmmunity struciureL

r



yﬂf;Lubchenco ; and. Gaines (1981) ° model ‘of the impact _“¢ﬁ{

AN L4

All of these ldeas and patterns have been synthesized

"into a general vlew of algal morphology suggesting' that

plant form and calo1f1cation act primarily to 1ncrease algal.

‘mechanical ‘resistance rto herbLVore damage ALittler and

[

‘thtler 1980 dohansen 1981 Lubchenco and Ga1nes 1981

Gaines and Lubchenco 1982, Steneck and Watllng 1982 Hawk1ns

and Hartnoll 1983, Littler, et al. 1983,|,Table CI-1).
Although  this- view is appealing and has gained widespread;
agreement, very few attempts have been made to’ directly

assess the mechanical resistance of marine plants to grazing

{

‘fby herbivores.

1 measured the mechanical resistance of a variety of

1

\:lssmarlne.algaeylboth tropical and temperatel_to‘herbivores"of
:‘ﬁtuo lmportant”feeding types;‘rasping herbivores (docoglossan

lllmpetsl AChapters Il"and;lli) and a biting herblvore (an

"herbivorous‘crab‘ Chapter IV)” By“measuring the mechanical

| 'resistance of plants to herb1vores directly., rather than by‘
“'uslng herblvore preferences one el1m1nates potential

’confounding. ‘factors’ such as feed1ng;fsttmulants.~ feeding

detérréhfs,‘or the nutritional quality oﬁ the plant. L

'I suggest that another factor be 1ncorporated 1nto thew,

(WY
.

“f herbivorbs on ~*plants they cOnsume the. ‘probability ‘orl
1subsequent tissue loss precjpitated by herbivore damage..
."'Fbkt some algal species,_ secondary tlssue loss: may greatly:A:
ifﬁ:dexceed prlmary loss to herblvcres (Black 1974 Santelices etv
aalll 1980 . dohnson and ‘Mann g1986) I. suggest ‘that.
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calc1f1catlon and other potent1a] structural defenses such“

\,.ﬂ

F as thallus form may play a more 1mportant role 1n mlntmizing'f\

‘this secondary t1ssue loss than in preveﬁting herbivores _”

from :remov1ng t1ssue as has been suggested 1n the past D

-oi [ o

Plants could m1n1mlze secondary loSs fin]‘several. waysr

t1ssue damage from subseqUently wea‘

=

the . plant ,‘\t conduoted exper1t

calcification could lncrease plant structural strength and
l, /“l /
prevent the propagat1on oﬁfdamage ln marine macrophytes / ‘

““Fhe Lubchenco and Gaines model ‘also aSSUmes that
b

| herbivory and t1ssue lo$s have negatlve effects on plants,

whlch translate d1rectly to a decllne 1n f1tness relat1ve to

undamaged plants Other researchers have suggested that.

certain levels of herbivory and t1ssue -loss -may ,.bel

beneficial "to plants by removing epiphytes (Paine 1980,
StenecK 1982 1983, 1986) or by decreas1ng the probability,

\ .
.."‘ng the structure of :

B N
ot /.

including hav1ng large‘breaklng strengths or by preventing‘

ht' “to test whether;

of a large plant belng d1slodged (Black 1974) - For- long-"
l1ved plants, herb1vory or, preiodic t1ssue loss,i may
“transiate to 1ncreases in relative fltness Therefore,T‘I

also suggest _that the Lubchenco and Gaines model be made

more general, and consider the change, positive or negative,"

1rF relat1ve fitness .of .. damaged plants as compared »to'

undamaged plants , BRI

e L g
. ey




Table I 1 Predictions three models regard1ng the .
' structural nesistance of macroalgae to ‘herbivorés. Lt
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;171ChapterdTI Structural resistance of algae to herbivores a-

? . , . \ 1

biomechanical approach

tmmooucnon e RERER
Algal form and herbivore mode of feeding have been

B susceptibility to herbivore damage . Several researchers

o ‘have placed algae into functionab groups based on" ‘thallus
S S

i

PR 7differential susceptibility to herbivores (Littler and -

.

Littler 1980"Steneck and Watling 1982)

i

*ﬁn',wf‘h " Limpets are common 1ntertidal herbivores !‘They have?af~'

Lo nfidocogiossan “type‘ radula A docoglossan radula is
VII\M }characterized by few teeth per rowL_ w1th the teeth rigidly
',:;h"-fixed to the radular ribbon rathen than articulating with it
fft“r(Fretter and Graham 1962) Teeth are constantly ‘being
.~ frproduced posteriorly and shed anteriorly (Figure' II 1).

%jdgnf\"Radulan tooth number and shape differ greatly among limpets
}L;ej}ll(FPetter 'aAd" Graham 1962) .. Their diets also _ vary
“T‘f‘visubstantially $omemlimpets are spec1alists’and~eat only a
& /few species of algae, while others are generalists and have

‘broad. diets (BranchiQBl) , ;!a'

.“, . A .

RN . »4‘.

‘ :

52) . 'fln” the docoglossa (families Patellidae."
&, and.iLepgfidae), the buccal mass and the teeth

l

jconidered o to be ‘ma jor factors that influence “plant -

'.form. Tandf predicted that these groups\ would exhibit |

\

*““ﬁ,jﬂ S The docoglossan “gadula functions differently from .the

xradular types of other herbivorous gastropods (Fretter ~and . "



calcite is 3. 0) | “"‘f fﬁ

,_water u. $ t1dal datum)f“b
H:Amer1ca o Both ﬂ l1mpet5'shav
\tstherefore feed in a similar
Jenm1neral1zed w1th iron and‘sﬁlic {y

o ‘Padilla unpublished data)

| ( 1962)

‘ ymovel-tOQether,j w1thout any piyoting of one on' the other

| t.Numerousg7 rows of teeth are- appl1ed to the substrate
: simultaneously and ‘the whole strbeture 1s moved as a unlt
‘Th1s action 5cores the substratuﬁ wlth a number of 'parallel

l'l1nes,. lndlcat1ng the absence bf tooth rotatton (for a more

complete descr1pt1on of gastropod feedlng see Fretter - nd

)
'

Graham 1962). .3 .

The radular teeth of llmpets are generally mlneralized
with 1ron and/or s1l1ca | These mlnerals are very hard (5 0
. o kl
to 6.5 on Mohs scale of hardness. Runham et al.q 1969) and

therefore ,allow the l]mpets to éat endol1thlc or calclfled

o 'algae whose hardness 1s less than this «(the hardness‘ of

I

Thls qtudy 1nvolved several aspects of feeding 1n ton

}llmpet’spébieS' Acmaea mltra,\ a speclal1st herbivore which
preys only on encrustlng, calc1f1ed algae 1n the famlly
Cogsll1naceae and Tectura (= Ngtoac ) cutgm a generalist

“fherb1vore _These species are cOmmon 1n the mld and low

s B ' :, ' .-l‘,‘t,. “+

1ntert1dal reglon (+1.3 m td““t}Q{m{ 7Oé3 mean lower wl0w,

o

.
0y

1 then determlnved the

hé'Pacific coast of North'

[

R

i

“docoglossan radulae 7-andth "g
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these limpets to remove tissue erom three algal spec1es with

ufﬁ{jl different thallus forms o The algae tested ‘were: (1)Li““

Hedgphyllum sessile, a leathery, brown alga, (2) r1dgea

y

];Vi cordgta a th1n bladed red alga, and (3) Pseudolithophyllum

| whldbeyens j‘an encrusting, calcif1ed red alga | F1nally, 1
attempted to determ1ne‘ some of the parameters of toothﬁ‘
morphology that are" 1uportant in. remov1ng plant t1ssue In
particular ‘the role ~of the cutting angles of teeth was

"examined' by ‘the ‘use of scale models, comparlng th1s .

biologicall system to what 1s known about abrasive tools in -

Al

machlning ‘ ' , L
'1 This ' 1nformat10ﬁf\was ‘used to test Isome lof'? the - .' :
predlctlons made by functlonal form (L1ttler iand Lﬂttlerd | |
1980) and funct1onal group (Steneck and Watl1ng 1982) ‘mode1s t v
whijh predlct algal structural resistance to herb1vores on‘ ;'g

| tHe basis of thallus form.- These two models predtct that_ s
the encrusting coralline alga would be the most res1stant to
herblvores, ‘anda that the ,bladed red ‘alga the ‘least‘

3 reststant | ' | EERTE IR

v "V_‘ . * K \ B B B . \ ’ i
‘\'\\‘l B .. '.' . ' e ‘o R A ’ i {
.'. . ! 4 ' ! Y
w ‘ s
o <

MATERIALS AND msruoos 7; ;fLV,:J{ 'f: .Q;e.!fﬁls»:‘;lyr ‘~ﬂ\;; |
I observed feedihgwwiﬁh a video camera focused through at!ﬁ@él?ff

dissectinghmlcroscope._ A limpet was placed on a glass slide;gb‘l '

'Tihat?had b “_ltgh!ly coated with dlatoms to 1nduce feeding-«l»”u{m




T ﬂm&“widel that placed the radula in feed)ng positlon// ‘The ;

l‘ﬁ'cyanoacrylate adhes1ve pos1tlon1ng four"”

o mounted on: a mlcromanipulator | Thus.' when the alga*“was

. was moved.: The LVDT measures the dlstence the alga travels,.,"

e .o . e . Iat y ' PR s ¥ . . . R
. - ' . Ve o . " . . L -~ . ' o
. : o, . ) . o P PR
\ B ) . .
Co e Ce o 13
\ A ’ o A B ) L ) . . v ! |
P L . B . ., oo . . . M K

<l "

| I thp‘vwf B T A ;.
determined ;as follows Radulae from freshly ‘collected ;
‘l1mpets were. cleaned of tlssue and Kept moist untll edi' le

VIsolated radulae were attached to a Plextglas support (2 2

Y

~anter1or‘ most port1on of each radula was attach‘ . wiih a

i .
5

lx, rcws of'
‘”fteeth on: the work1ng surface of the support f‘lhe support
wasx then attached to a beam plac1ng ‘thel’radular frlbbon
fd;pahallel to an alga placed beneath tt (Figure II 2A) The;

beam was counterbalarced in such a way that the radula .and \
: R : l ‘
support placed no " force on the alga. Varlous loads '(=_

7*normal- forcesl ‘were lapplled to the radula by . attaching f

, SR
:weights w1th dual adhes1ve tape to the beam dﬁyectlywlabove )
N o B L
the radula "f S o \'. ‘ RS

The ‘alga bewng tested was attached at one end with a4
‘-cyanoacrylate glue to-a glass sl1de " The glass slide lrode
< 5

on tracks of ball bearlngs thus mln1m1z1ng fr1ctlon (Figure
oo

J1- 28) The sl1de was attached to a force( transtcen

< ~ 3

3 pulled past the radula w1th the m1cromanlpulator the force
”7required to do so (’ latera? force) was determined | '”T‘
\ A linearly vartable d1fferential transfcrmer (LVDT |
h'ﬁPicker1ng ahd Co Y Inc..model 7357 ws AO) was mounted cn the -"l

:*dmlcromanipulator to determ1ne the velocity at which the alga

‘J“and uslng the chart speed of the recorder as a t1me base one

can calculate the velpcity as the slope of ~_ljie charted ,



AN

'3,-leCement curve‘ These velocities were m%tched.to those

“Vive - liupets when feeding. At- least four

regljcate trials each were made for a range ‘of normal forces

¥in :
(0. %«\N to 01400 N} with radulae from both limpet species

on‘all three algallspec1es.

Algae and radulae were kept wet, but not submerged

during all trialsV (they 'were removed from the water

-

‘1mmediately before each trial). At the end of each test,

pieces of the bladed algae were frozen and sectioned with a

N

'Cryostat Cross sectlons were-exam1ned to determine if any

' A . A

‘tlssue had been removed by .the radulae The crustose .

"corall1ne algae were £1r dr1ed and examined w1th a scanning

fa N

,electron microscope (SEM) to determine if any tissue had
~been removed by the radulae. ‘These procedures also allowed

'the size'.and) characteristics of 'the marks made by the

radulae to be determined.

>
”

Slf%ﬁ' tooth angles and relative proporgiﬁﬁ’of the

-

radular teeth of both Acmaea_ mitra .and Tecturaoégutum were

‘,‘{

W

determined from SEM micrographs Camera lucida drawings

were used to obtain profiles “of the teeth This information

~was .used to construct large scale models of radular teethd
. from Plexlglas. | Models were of equal width, so that only

‘tooth shape Varied,. The models were then scraped across a

smooth ‘plasterhpffparis surface to determineuthe effect . of

Q&rying tootﬂflahgle. - The effect was determined by the -

,removal of plaster of Paris.

,glngﬁly,' the radula of Acmaea mitra was attached in an

14



orieﬁtation backw;rds from the nohmal feeding;pos1tion, and
the"algae pulled past the radﬁia in the same " fashion as
described above. This manipulat%on maintainéd al} of the
properties of fhis nadﬁla constant except for thev tooth
angles. ,Comparing these results wifh those of the radula ‘in

: /
feeding position is an additional test of the Afiportance of

tooth angles,

S
-

| )
RESULTS J

i

fForce required to remove tissue

Video observations of feeding in Tectura scutum

-confirmed the reports of feeding behavior ira the -1i1terature

(Fretter and Graham 1962). Acmaea mitra would not" feed

under these conditioqs. However: the marks made by the
radulae of A. mitra 'in' thé force experiments closely
resembled the marks made by these ]impets when feeding in
the field and undet laboFatory cgnditions (Padilla, persohal
observation). e |

For all algae excepf’fhé crdstose coralline, the radula

of Acmaea mitra required more normal force to remove tissue

than that of Tectura scutum.’ Howéver, for both limpets, the
rank order of vulnerabilf@y of the algae was the same
(Figures 11-3, 11-4).  Thefcfustose coralline required the
least amount of normal force to r;émvé t_issue; . the leathery
brown hlade required the sééqnd most, and the thin red blade

o

‘required the most force, .

15 -



Th structure

Acmaea mitra has six sim1larly shaped teeth ‘per.  row

(Figure 11-5), and each tooth has a width-to- ]ength ratlo of

approximately 1:2. These teeth have a rake angle (the angle

of the face of the tooth to the' normal “to the working

- surface; Figure II~6)-near 50O and a clearance angle (the
angle from the working surface to the back of ' the tooth;
. Figure 11-6) of 0° to 10°,. depend1ng on the amount of wear
on the teeth. 'The total amount of ‘tooth area in contact

with an alga was 97" um /pm length of radula, or 1.2 x 105

um2/5 rows of teeth (the average number of rows in contact’

with the surface during a single mot1on of the ,radula)L

Tectura scutum has four effect1ve teeth per row, with thé

'

first lateral  teeth" be1hg longer than the second (F1gure

11-7). The th1rd lateral teeth are greatly reduced and
fused * to the second lateral teeth; - As the first - lateral
‘teeth are longer and in the same path as the second 1a§§}51
teeth, they were used‘fOr‘the scale model. Cohpared to the
teeth of A. mitra, they are proportionally ‘longer and
thinner, with a width-to-length ratio. of 1:3 or 1:4,
depending on the amount of wear{ They have—EJFERe—angle of
”ﬁpﬁroxtmately 20° (it was.lmpossihle to measure this angle
exactly from the profiles as.these“teethlare concave),\and a

clearance angle of about 500, The surface area in contact

with the substrate was 13 pmzlpm length of. radula, or 1.6 X

105 ‘pm2/5.\rows of teeth - one eighth of the tooth area- in

iiCOhtact with the substratum of A mitra

16



Effect of tooth orientation

‘When the mode 1. teeth were scraped across plaSter of

Paris,  the leotura\ socutum model was more effective at a

‘l

wider range of tooth angles (-45° to‘+45°) than the Acmaea

mitra model. ' The A. mitra model was effective at the normal
-position (0o and negative angles, but less effective at
'positive angles where friction oaused by the, Jow clearanee.
angle resulted in the tooth slidingvalong the'surface rather

‘than cutting it.

wWhen the radula of'Acmaeawmitra‘was reversed to test the |

importance of tooth angles .the rake angle changed from +50°'
to -90o and the clearance angle from +10° to +1209. The
forces requ1red to pull the algae past the ‘radula were quite

different ‘than for the radula‘ in the natural feedin

position (Figure II1-4}.

-

—— et

DISOUSSION ;

Researéhers have placed algae into groubs based on
thallus form and have claimed that these grOUps exhibtt
differential re51stance to herbivores (Littler and Littler

1880; Steneck and Watling 1982). These models predict that'

) ’ the thin blade would be the ieast” resistant and the crus&ose

'coralline would be the most . resistant to herbivores:- The «
rrresults of the above experiments were the: inverse of ‘the

'predictions of these modeIS» This discrepancy could be. a

result of the experimental methods that were used by Littler‘fn

" and Littler (1980) and Stenecls and watnng (1982) to predictff

f— - . e
I - — ' . LA
e Ol
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1

S i
‘and'"tTTTI (1980) used a penetrometer (a plunger-like

-

o i ‘ : S .
structural resistance The experiments reported here used

, actual iradulaev of herbivorous gasfrOpods and mimicked the

manner in which these limpets use their ,radulae. Littien

apparatus) and measured the force reqUired to 'push this
) .

\ plunger through the algae -referring to this as’ toUghness"

18

This plunger had rounded ‘edges, <8 surface area four to five

orders of magnitude greater than the area of -the feeding

f

"h apparatus of - iimpet, and did not .mimic thé feeding

-

‘»u-behaVior1;of-any‘marine herbivore examined to date'f(fishes;

. . o L ' . Cy .
'crabs~" ea ‘urchins or molluscs; personal obserVation)

Steneck and wétling (1982) determined the scratchability

of algae us1ng a stylette (of unmentioned material).

referring -this as “tdughness"L Such"SCratch. tests,,

however. are a measure of hardness. ‘and do not take”‘intoh‘

o

account the importance 'of tooth composition and.'.the o

consequences of different degrees of normal force applied

both of’ whioh were shown to be important in this study

The ability of plants“to resist tissue: loss to
herbivores dep nds on the properties of the algae as: well as"
the feeding apfaratus of the herbivore ‘ The more energy

required 6 remove tissue from a plant the more difficult_h

that plant will be to eat fﬂ 'ff»a" ;,,‘ - ,‘

Materials may have different mechanical properties when.“
forces are applied to them in different ‘ways (i e ,‘~a“

.,,....4~

;“ii"-:v.ﬂw.» : Pa ot

o material-nmay be mere resistant to breakage in compression<fﬁ

LI

-.;—-than~in tensioni or more resistant to.forces applied in one-pj"‘i”’5




‘ . N ; ‘ 4
direction than another Wainwright et al 1975) . Thus. to
‘determine ‘a"plant'S’ ability to reSist tissue ‘loss' to a‘l

S : particular herbivore, it is important to. mimic the manner o
which the herbivore feeds -

The hardness of a material is generally measured as _the '
" ability " of . one material to scratch another hardness is |
. poorly correlated w1th the amount of energy that is’ required
~ | to break \that material If the feeding apparatus Of the

herbivore is not as hard as the algal Material ‘the

' herbrﬁgre witl not be able to scratch the plant However,

.

limpets ‘and many other herbivorous molluscs bave radulae

enriched with iron and Silica (Lowenstam 1962 1981 ‘Runham

'~

' et al 1969l both of which are much harder than” calcified
algae. Although the teeth of limpets are 'capable of
scratching all types'ofwalgal tissue; it still requires| e

differeni‘ amounts of force (and therefore energy) to remove

tissue from different types of algae S &‘ ;- el

In the coralline algae calc1fication -occurs; in the - form

k of minute crys$als of calcite. ‘which form an’ integral part Lo

. l'"i, - of the cell walls (there is no intercellular calcification.

"iBorowitzka 1982). - Coralline algal tissue..- like . many
D %,L . x)'biological ceramics,p is very brittle and breaks rather than :
‘ "bends under applied forces (WainWright et -al..‘1975) \e.ﬂh;;i

~"-"fi:leshy algae, on the other hand are flexible, and initially
R l,“
”‘ﬁfstretch under applied forces,A therefore requiring more 'L*

fggﬁenergy to break them .f ,fu5~ :

/

o et i
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one consumer may not be resistant to another that feeds in a

o different‘-manner or that‘has a feeding apparatus w1tht‘

| different mechanical prOperties. For the consumer to be ' an

AR

.

'-fewer‘ithe number of teeth and the smaller the surface area "

- teeth . in  contact with an alga is eight times greater for

effective feeder on a particular type of alga, 7its' teeth

j.must’ be minimally harder than the algal materials In :

addition the ‘numbers of teeth and the surface area: of the

,teethi in contaCt“with-the alga 1nfluence the’ tlp stress of'

the';teeth‘iforce per unit area of.. tooth in contact) The -

in contact with the alga, the greater the applied force (and
stress) at eachf tooth for a given force applied to the.

entire radula. For'éXample; the ‘total surface area. of the

| Acmaea'mitra‘than it is for Tectura scutum. g'TherefOre‘ for

L any force applied to ‘the entire radula, the actual force at

- .each tooth tip will be eight times greater‘\for}uTl‘ scutum .

, algae was much greater for A mitra than for T scutum

¢

) “-1.'\7‘

" than for: A. ‘mitra This difference may explain why ‘the

Anormal ‘force required to remove ‘tissue from noncalcified

K
~a

20,

. S s

Acmaea mitr and Tectura scutum differ in the shapes oftufm;y

their teeth particularly 1n the clearance angles ffln;f'qj\‘E

ﬂmchining, the raKe and clearance angles ‘ane critical

aspects of abrasive tools~(Figure II 5) Mulhearn andn‘xfﬁug'

Samules (1962) and Samules (1978) determined that there is .

some critical value for the rake angle of an abrasive tool7'

.on _the ‘materia. ""-vbeing abraded

toAbeﬁeffective at removing material the critical angle isji?'i_”»
‘ TF the tool is




vy st

lﬁé

’held at a rake angle more positive than the critical angle.r:f:'

‘litb Will cut the material (cleanly remove | material)

.u;otherw1se the ]tool tends to plow (push mater1al the

‘51de) " The actual magnitude of the rake angle b it s

A

'greater ’than the crltical angle ” lS unimportant until it,”

becomes so p051tt¥e that the clearance angle is decreased to ':

o the p01nt‘where frictlon occurs between the cutting surface S

P
v A

and the . substratum (Samules 1978) "" Pl Ly

For soft tissues, such as bladed algae. a‘OO clearance;f

angle, may result in the tooth sliding across ' -the- surface

‘rathgr than cutting t le. g y Acmaea mitra teeth ron

4
’

N !

. Hedoghyllgm ses51le and Iridaea cordata) On a materialhf

that is harder, ‘such as a calc1f1ed alga,, a. 0O clearance
angle would result in rap1d wear of the tooth but this wear

may in fact make the teeth more effective tools ‘ Runham a

L 4

tThornton (1967) found.,when studying the the mechanical wear

of of the mineralized teeth of the limpet Patella vulgata,

| that ‘1n1t1ally the tips of the teeth break off and then the

teeth ' wear to an effective chlsel shape’ Runham et al.

~

/
-

.

\‘(1969) found that: tor P. vulgat there was differential wear' R

(On dIfferent portlons of the tooth that maintained a0

]

.,;sharpened edge on- the tooth essentially'”like a self-iff;‘

- sharpening knife d This worn configuration could thereforef“f'
. e 3be the most effective shape for these teeth (Hickman 1980) U -
s Although th,allus form may be important in

'gg1nfluenc1ng the impact of herbivores (or otﬁer disturbanceifﬂ

- ::fagents) on algae. it may act more through 1nfluancingﬁ.07



h'nfavailabilfty of the plant or cau51ng difficulty in handling,
Jp\rather than by 1nfluencing structural resistance to tissue;

'h'floss In any case, the material propert1es of the alga, the‘\

t s ‘toa

prroperties of the‘feeding apparatus and mode of use of fthe

- feeding apparatus of the herbivores are 1mportant components

in determining algal susceptibiligy to herbivores

Both Littler and hittler (1980) and Steneck and Watlingi‘
o (1982) chose to describe phy51ca1 resistance to herbivores'h
;as_ "toughness } a1though they were measuring different
"hproperties in different ways . Engineers generally use the
'Tterm toughness to refer to the ab111ty of a mater1al 'to\

resist thewprppagation of critica] cracks (cracks or, breaks

N

in the materia] that result 1n structural fai]ure) but*eVen

.this is, not totally agreed on (Gordon 1968 Wainwright et
.al"j 1975 Vincent 1982) Terms such as toughness carry

-;fboth technical and colloqu1al meanings and connotations and

consequently result in much confusion ‘Iu therefore suggest

”'\that terms such as toughness shOuld not be’ used unless

- . _v.‘ e

f,carefully and eXplicitly defined f_ ﬂ -[.? “'“5‘fg3 E“‘ff

Present funotional group and functional form models do

[ AR e . AR )
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,‘4_$not appear to be good predictors of algal resistance t°~'...t
| :_itherbivores.id Rather.. one must} consider other materialfi;€}
i . Broperties of . the “plant,  the- feeding apparatus of the o
: lwig:herbivore,.and mode of feeding»- R
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‘Plexiglas
. Apparatus used .
past the radula. 'The normal

1

ajga

velocity '—and :
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~ 'Figure. 1I-2.. (A) Drawing ' of a radula
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d to determine-the -forces required to pull the
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oot 'Figure I1- 3 M1mmum normal fonce required for Amggg‘m]trg‘
;" - and’ Jectura scutum to remove tissue from Iric aea cordata,
Hedophyllum sessile, and.Pseudol{ thophy1] ' |
‘ ‘ ATthough the absolute: value$ were not always equa . the rank
- order of vulnerability of the algae for the two anets was.

the same. (In. all cases't thé variance was 1mneasurab1e, \

- therefore these differences ! a’r‘g sign‘lﬂcant) '
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- H. sessile

Figure 11-4. Lateral forces required to pull algae from

three genera (lridaea, Hedophyllum, and Pseudolithophyllum).
past the radulae of Jectura scutum aiid Acmaea mitra in o
normal and reversed feeding positions vs the norma] force ‘'
applied. The minimum force required to remove tissue’is
indicated (*). (Lines represent the least-squares = .
regression of the data; r = corre1ation‘éngficient),

I N. scutum (generalist) I~ A. mitra (specialist) [il. A. mitra (backwards) = .
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; Fi»gure ‘11.-5.' Acmaea mitra. ‘Side (‘A),.“’an‘d front (B) views of -
" the radula of A. mitra.. The scale bar = 100 pym. P :
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. Figure I'1-6. Rake angle (measured from normal to the work
aplece) and clearance angle (measured from the 'surface of the
“work piece)' for an abrasive tool. The corresponding angles
" of a radular tooth are also indicated. >
!
. P ‘
.
~.@Tool Movement .. ) Tooth Movement
o° ' ,
; ) i
: ) Anterior ‘
& mere g
T TR \_‘% VAVAAVAVAVAVAVAVAY 7
Work Piece M!.d o . D £ Z@ '
& 3 ‘ ' ‘ ) . ) ‘ ,{ o '
| R= Roke Angie ,
I\ " C= Clearance Angle
‘ . o
'
' \.‘:5“ ‘ ‘ r&‘? [
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’

Figure 11-7. Jectura scutum. Side (A) and front (B) views
of a .worn radula of 1.  scutum. The tieth are more worn
e

anteriorly - and less worn posteriorly (anterior: top A and

B8).
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| evolved primarily as. d structural defense against herbivores'

5

A
)

j calcification Steneck and Watling (1982) 3 incorporating af,«f

o

) consideration of the~mode of feeding of the herbivore, have -
‘ proposed a similar scheme predicting algal susceptibility tou:;“g:

crustose algae,.

m‘%“
» ‘ ' '
Chapter III. Mechanical resistance of algae against grazers

: the importance of form and calcification in 1nfluencing

A

- resistance to. tropical docoglossan limpets .

INTRODUQTiON

)

;Mariné" macr phytic algae occur in a variety“of growth
forms and many are calcified in various ways and to varying

degrees lBor‘

-

‘inFTuenced the evolution 'of%'algal form .and algah

‘calcification, L_including“‘light, wave motiont -nutrient

availability  and herbivores (Littler and Littler: 1980,
Borowitzka 1982, Stemeck and Watling 1982,  Norton et al.

’198i 1982, Steneck 1986) Ca101fication is thought to have

(dbhansen 1981, ’*Steneck 1982, 1983) : which increases the

Lk alga 3 mechanical res1stance to g?ssue loss to herbivores

Littler and Littler (1980) and:. Littler et al (1983) have

constructed a model predicting many aspects of the' ecology a

\

)

herbivores.v on the basis of‘thallus form ando degree “of

molluscan herbivores. Although the scheme of Steneck and{f WT‘!
Hatling (1982) di??ers slightly From that of Littler and;_pff
Littler (1§80) for filamentous algae and .non- calcifiediif;f7; &1

itzka 1982). Several'y factors probably

of' ‘marine macrophytes. , including susceptibility to

the‘overall patterns of algal susceptibility."

s

E ot
AR
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'

~‘they predict are similar (Table III 1) Some correlational
| data support these models however many other confounding

) factors may 1nfluence plant herbivore interactions including

-

anti herbivore chemicals., food preferences or - nutritional

‘1f. y ’con51derations for the herbivore ‘Very few direct tests of
B ‘ N .
these models are not confounded by other factors (but see -

‘ . .,
y v

Chapter II and Watson ‘and Norton 1985) -“"TL 335’ﬂ'yxr ." (.‘
The predictions of ‘these functional form models and of ‘

LN

the hypothes1s that ‘calc1fication acts‘nprimarily as Zg
structural defense were testép for a.‘wide variety o( -
tropical macrophytes and several spec1es of «'tropical (j f
limpets, u51ng ‘an experimental me thod that directly measures 'E ‘
algal resistance to tissue loss by the radulae ' of |
- docoglossan’ limpets - This method (Chapter PI) allows one to

,,,,,,

measure the structural res1stance of an alga to tissue loss

by “an herbivore w1thoun being confounded by the otherl o

'factors mentioned above g It thus allows a direct test of
the : predictions of the structural defense models for a group
- of \ecologically 1mportant grazers in many marine systems

?"dround “the world docoglossan limpets (Branch 1981) If

. .

B e P

"algal calc1fication and fhallus form have evolved primarily

1n response to the selection pressures of marine graZers.

0

;; .- ope would predict that the mechanical resistance of algae to ”‘(E:

" this maJor group of grazers would increase with ihcreasing (ff

: - degree of calcification and with different types of thallus _
.‘?fhfﬂ'forms (Table III i) “; REER ‘,‘_ ::5-_'l~a7 i ;~;.ff;;:f?.j}
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' Research Institute marlne laboratory at Runta | Galeta

MATERIALS AND METHODS B

This research was conducted at the Smithsonian Tropical o

i

(9024’21"N- 79°52’18“W) 6h' the Caribbean coast of the

"’Republic of Panama Limpets and algae were collected from

shallow algal reefs, the Galeta Lab reef and similar eﬁs“

34

to tHe west at Isla Margarita,‘ periodically exposed during d‘-

T times of 10w water. The floral and. faunal ~d1vers1ty‘ of

these sites have been described elsewhere (Cubit- and'

Williams 1983, Hay 1984) .

Three: Caribbean limpet species were used’ 1n experiments

:.Collisella tranguebaric Tectura elegans, and T albicosta

Species of- reef algae varying in thallus form and‘degree of

calcification from three algal div1s10ns were examined he

green algae (Chlorophyta) Halimeda‘ gg_ntia, H. tuna, CH.
; discoida,‘Udotea sp ' Caulerga mex1canum, Dictxosghare sb L
: Anadxomene stellata,‘ the brown algae (Phaeophyta) Dictyota
baxteresi ' Padina jamacens Sargassum natans and‘the”red.‘
a;dalgae-(Rhodophyta) Amghiroa hancocki ggrolitho sp .. and. -

CH ygrolithg sp (Table 111- 2)

Algal susceptibility to limpet rasping was determined by o

i*»measuring the forces required to remove tissue The radulae
}7were carefully removed from freshly sacrificed animals.j*v

"Y-Qf?cleaned of all tissue with fineléjssection needles and Kept:

\z

(notvincluding the first 3 to 4. rowf of teethJ wag attached A

;'anoist until useﬁ' The anterior most portion of each radulaflgy’i i

withfa»cyanoacrylate adhesive to a Plexiglas support i2 2 mm7fﬁf;t
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gt

j,? o

If the radula lost
came loose or appeared very worn it was replaced

transformer
P1cker1ng and Co , Inc model 7307 W3- AO) was mounted on the
m1cromanipulator to determlne
BN

f:;gf_'

wlde)
S six

The

rows of teeth onuthe working surface of
support was

the support
attached to a beam placing

the*Qradular
r1bbon parallel to an alga placed bqpeath it. The |
counterbalanced in

pladed no force\ on the alga

support
: VaPlOUS

IOads (‘
forces) were' appl1ed to the radula ‘by’ attach1ng welghts W, th

dual adhes1ve tape to the beam d1rectly above the radul
‘ The alga
‘ Y

be1ng tested was attached at che. end

cyanoacrylate,glue to a glass sl1de wh1ch rode on ' ‘} ljf
.. ball bearlngs. thus m1n1m1z1ng fr1ct1on. and wa attaohed to
- ‘a force transducer mounted on a m1cromanip ator'f‘ Thus, |
whenl‘ the 'alga ‘was puldedvlpast ‘the ?/adula wltﬁ' th lf:
, mlcroman1pulator the force requlred t do SO ( |
force) could be determ1ned - ,
A

lateral

l1nearly var1able d1fferen‘4al

,;'|~
"l

(LVDT; )
. was moved

e veloc1ty at which the alga
The LVDT measure

the d1stance the alga travels
and us1ng the chart speed\nf the recorder as a time base one
. can ‘calculate

o

% | o CO
the veloc1ty as the slope of
d1splacement curve
of radulae in

' k \
g A

the chartedf{;‘h
These veloclt1es were matched to those

live limpets when feeding (1 0 to 1. 5 cmfs)
Several

radulae of each species of llmpet were tested
each of the algal speoies

teeth

At least

normalf

|
L

The beamzwas
such .a way that the radula and

plac1ng the radula in feeding positlon with four to




‘ “'“removed h l‘g_‘t.%.,-

v nbrmal forces (0 0098 N. to 0 4900 N) for each alga speCies-u

e

Hflinet species combination tested Initially. normal forces f,t_

were increased by coarSe increments of 0.0490. or 0. 0980 N ”f

‘until tissue was removed Then the normal force applied was
degreased by a finer increment of ‘0. 0098 N to determine the

t‘:minimum force to remove tissue, After each test , the alga

f"/was " examined under a dissecting microsc0pe (at 250{

magnification) to determine if tissue had been removed - If ¥t<

a ‘it was difficult to discern if tissue had been removed the]v

surface of the alga was painted with a dilute solution of

",;'whiter water soluble ink This allowed one to focus on the

opaque particles and determine if _any tissue had been

»

“

. To ‘test whether the models in Table III 1 were accurate

"v‘predictors of anal mechanical reSistance to theSe limpet

‘herbivones. the minimum force required to remove tissue for

T-each of’ the algal/limpet combinations was compared among }

H,Vgroups Due to unequal varianee, "a Kruskal Wallis Test (Zar

:i§74)‘ was used to determine if there was a significant

‘:;,differences among groups and then a Student Newman Keuls t\i

: ”'Test (Zar 1974) was used to determine which groups were SR

| di fferent




)

{jolscu5510n

“;tested The minimum normal force required to remove tissue ‘

' fromt” algae“ decreased : w1th ' increasing amounts of

)

' calcification (Figure 111—1) The algae were divided into

~ca101fied The mean minimum normal force required to remove

R tissué for each of the three groups differed significantly"

p<0.05; ?Zar\' 1974) .The‘most heaVily calcified algae

‘three groups noncalc1fied lightly calcified and heavily; -

'ﬁ(KrusKal Wallis Test g Q<0401a Student Newman Keuls Test,,}

requ1red \tﬁe least amount of force to remove tissue while P

the noncalCIfied plants required the most (Figure 11151).'

The means of the normg‘ forces required to remove- tissue i

i were less .than those for the sheets and coarsely branchedv

plantS» (Kruskal Wallis Test, p<0 01 Student Newman Keuls

_ Test‘ p<0 05; Figure I11- 2) -~ In all cases the variance in'
“the minimal normal force required to remove tissue was not
Y

.5detéptable for each‘limpet algal spec1es combination This"ﬁd

\ﬁlhe minimum normal force .and subsequent lateral forcei"

Y
o~

s
.\\

O

R from the crustose jOinted calcareous, ,and leathery plants B

" was probably due to the force 1ncrements (0 0098 N) being_ f?f'

"‘large relative to the intraspec1f1c variance 1n resistance R

‘_;reqUired for each alga limpet pair tested are in\Tablefjjeigf
L8 e |

Structural defenses for plants arepan important firstfffp

'fnwfjline { of defense against h”rbixore

:rﬁffﬁresistance of a plant against;herbivores will fn luence‘tha;



)

:selective advantage that chemical or nutritional defense{fy

' impart, because_these latter defenses generally requ1re ‘that o

fthe herbivore taste the plant- If an herbivore is unable to

fremove tissue from a plant because of 1ts* structural

fproperties.‘ chemical and nutritional quﬁlities w1ll be ofh

'[‘little-consequence | Structural defenses in generai‘ and;

h‘calcification Jdn particular are very 1mportant to con51der”- o

‘regardingﬁ,the eyolution of-anti-hepbivore defenseS“because, | .
. fpbopérties\ or‘-behavioral _respbnses ; of

" Unlike chemica]
‘,;U;Qay be traced in the foss1l record (Wray

. herbivores, @

!

“\,‘

\, ; . @

”'.1975 Flugelbrgl o
-The experiments discussed above were conducted - to

'5l51gl,determine if thallus form and calcification could “act ’5;'
lﬁ‘”-structural defenses against grazing by docoglossan limpets.

'flhe results are, in general. contrary to nedictions made by ﬁ b:ef%ﬁ

“,}ythe three hypotheses regarding the 1mpo._ ?‘e of - algal form f4
‘hniand algal calcification 1n 1nfluencing algal re51stance to'ﬁ

i'herbivores ’ But they are consistent w1th prev1ous work onvﬂh
N temperate zone algae and two limpet species (éhapter II)

}f“filn all cases, jncreasing amounts of calcification decreased '

{Vigjn_*the plant's resistance to tissue loss Non calcified plants
'L:f;*required more force for tissue to be removed than did

',Thisfis probably because calcified plants




Bt

QSteneck and Watling (1982) were very poor predtctors of‘

mechan1cal resistance to. herb1vores as well In general

The - functtonal groups of Litt]er and Littler (1980) and

39

the' patterns of ‘mechan1cal resistance as. a function of

RN

,”thallus form were contrary to the pred1cttons of both ‘the

‘ ‘L1tt1er and L1ttler and Steneck and Watl1ng models
o ? Obv1ously structure 1s not the only factor influencing

algal suscept1b1l1ty to herb1vores However,‘understanding‘

the potenttal - for. calc1f1cat1on to act ‘as\‘a‘ structural

barr1er agaJnst herb1vores may shed light ‘on’ prev1ously

heav1ly calt1f1ed plants (Paul and Fen1cal 1983, Paul and.j

&y

) Hay 1986) Heavily calcif1ed piants may in fact not be well
o defended mechan1cally aga1nst all forms of grazers and may

wntherefore rely on - chem1cal defens1ve compounds Also,-9the

’ Py

,degree to whlch thallus form and calcification influence |

a]gal susceptibfllty to docoglossan limpets may not be .the‘

sanie . for other'herblvores wh1ch feed in a different manner
have a d1fferent feed1ng apparatus (Chapters IV and V)

‘ mIt t: 1mportant to separate the mechanical resistance of

‘.balgae «40 herb1vores from feed1ng preferences when assesstng

"fﬂalgal defenses, and the consequences of defenses for ' both"

L N
LI I

'assumed dilemmas about the role of chemical\\defenses in

";the plants and the herblvores V”Tf{e‘3,fh:ff;fVQm§d1ﬂfi“fe\n_7d:
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~ FUNCTIONAL - FUNCTIONAL . CALCIFTCATION  SUSCEPTIBILITY.

~,NF0RM‘ .. GROuP e
(. @ <3> SO

v‘SHEET o ,.FILAMENTOUS-l NON CALCIFIED U most

~ FILAMENTOUS ' FOLIOSE | |

COARSELY - CORTICATED - \\\,‘ v

CBRANCHED . ,,\\'-
- N A
' THICK LEATHERY . LIGHTLY - \
.. LEATHERY- - . CALCIFIED
. JOINTED. ' ARTICULATED .. N\ =~ . = . &
© CALCAREOUS'  CALCAREOUS \\ R
CRUSTOSE .~ CRUSTOSE. HEAVILY N East,

. CORALLINE . CALCIFIED '\ susQEPTIBLE','

a' ' . : ! . ‘i “ ‘ ‘ \
(1) Littler and Littler 1980 =~ SN .
(2) Steneck and Watling 1982 C ‘ \Q\' ,
(3) dohansen 1881 \

— . o \

: SUSCEPTIBLE

a0
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i!Tabie III 2 Algae ‘that were used in. this study and’ the:f -
‘ a101f1cat1on and form groups. to which .they were assigned n

(Littler, Littler and Taylor - 1983) Algae are arranged
‘accord1ng to Dlv1s1on oL e X

}ALéA‘" ; L FUNCTIONAL GROUP . . CALCIFICATION

Chiorophyta: . . . . .\ |
ANADYOMENE . SHEET . . NONE

L. CAULERPA . .. COARSELY. . . NONE - -
..o, TMEXICANUM ' BRANCHED . < ST e

' DICTYOSPHAEREA?H-T[fSHEE; S (<11} S

v‘.ﬂ“"_lﬂ\_LIMEDA C U WOINTEDT . o HEAVY
S ‘N\ _)ISCOIDA . . CALCAREOUS o

" HALIMEDA © JOINTEDY - HEAVY
e dPUﬁTrA . CALCAREOUS e

“HALIMEDA  S JOINTED, C .. HEAVY - .
‘TUNA. \ CALCAREOU ENUTE TN

: .’_ggiﬁg ST LEATHERY - ‘ k,= ‘ L LIeHT. i
Phaeophyta . §  AU N e o |
- DICTYOTA o SHEET. R ~ NONE
N -;PADINA ‘,'7 ',A.,eLEATHER?:Vh' ;”?, HEAVY
~;' saRaAsSUN "C nfiFEATHgﬁY IR "]‘NQNE |
Rhodophyta “;" ”{f‘”:3X' Q.  - "; o -

. AMPHIROA - 3115.'3lddiNfEDﬂ": LT HeavY
HANCOCKII®" ~' ©  CALCAREGUS =~

j,;%jf*?' ““HYDRoL1THoN "“”N CALC1FIED‘ "C  S HEAVY ol

L ZJNEOGONOLITHONQY*,"‘

“}ALCIFIED S HEAVY ‘_‘fl ,j._f_g}(;ﬁ

"'ff?'SPORDLITHDN ALCIFIED! = < . HEAVY




" each limpet species (TE=

: Rhodophytaa
 AMPHIROA -
S 4ANCOCKII

Table
lateral

and  CT=

.accoﬁding to division.

I11-3.

Collisella

-
e
)

lect

v

tranque

force tested.

ALGA

Chlorophyta:
ANADYOMENE

}

CAULERPA

Ll

MPET

TE

'TA

CT

-TE

~ MEXICANUM
. " DICTYOSPHAEREA,

HAL IMEDA
DISCOIDA

" HAL IMEDA

OPUNTLAu '

HALIMEDA

JUNA

UDOTEA

Phaedphyta:
DICTYOTA

'PADINA "™

TA
TE
TE

- TE

TA

- TE

.
\ .

SARGASSUM

" HYDROLITHON
g ' -

‘" NEQGONOLITHON =
;ﬂgpongLITHoN o

TE
TA

TA
T
TE .

- TA

TE -
CT /

.‘cr )
/

TE
TE

(N)
1470
1470
L1470,

. 1470
.0980

.0980
.0294

.0098=
.0294
.0294

.0886
.0098#

‘Minimum normal force measured and
force to remove tissue from each algal

u&g_gl§ggn§
barica).

* indicates that.this was the lowest

NORMAL FORCE

-

.0098=*

. 1470

.0098+
.0098%
.0098*

. 0098+

. .0294%

. 0098*

Algae

TA= T.

resultant
species
albicosta,

by

are

arranged

LATERAL FORCE®

.10140
.05146
.07941

.05938
.04850

.03027
.03272

.01473

. 02508
oo
~ 02384
01915

. 703089

.00905
.01743

.04470
.00585
.00275
.00254

00800

.01819_
.00379‘

(N)

(.00131)

(.00951)
(.00310)

(.00103)

(.00088)

(700065)
(.00083)

(.00021)

(.00063)

(.00042)

(.00019)
(.00084)

(.00016) -

(.00238)

(.00156)

(.00d72)
(.00056)

(.00023) -

(.00062)

(.gooez) :

(.00010)

‘ Table entries are the means with standard ‘errorsain -

parentheses .

]

. "
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Figure 111-1. Minimum normal force required for three

: 1impet species (C. tranquebarica, 1. elegans, and -
I, albicosta) to remove tissue from algae as a function of
degree of calcification. Algae are classified according to
degree of calcification into three groups: noncalcified,
,lightly calcified, and heavily calcified., Bars represent'
the average minimum normal forcce with sample sizeb above.
‘The means of these three groups are significantly
different (Student-Newman-Keuls Test, p<0.05). For each
limpet species/algal species combination the variance was
not measurable.
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Figure 111-2. Minttpum normal force required for three

. 1impet species (C. tranquebarica, 1. elegans, and

T2 albicosta) to remove tissue from algae as ‘a function of
algal Functional Groups (Littler and Littler 1980, Steneck
and Watling 1982). Bars represent the average minimum
normal forcce with sample sizes above. The means. for the
sheet-group and the coarsely branched group differ
.significantly 'from those for the leathery-group, jointed
calcareous group, and calcareous crust-group (Student-
Newman-Keuls Test, p<0.05). In all cases the variance was
not measurable. - )
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«s{However,, it is often difficulu

L
(l‘

Chapter IV The importance of mode of feeding in

e A
R algal structural defenses o
Algal resistance to an herbivorous crab
$ ' ' ' ‘ ot “‘ S 'i
LNTRODUCTION : ,

il] . “

Marine macrophytes OCcur in abundance in a Wlde variety

\

of types and forms throughout the world They are exposed

to a 'variety of herbivores which feed in Very different

v

ways, including molluscs sea ~urchins, 'crustaceans, and

\

fishes, . Herbivores . influence - the 'distributiont and

iabundance of macrophytes in~many systems (see ‘reViews by
Lubchenco and Gaines 1981 Gaines and‘ Lubchenco 1982,
Hawkins and Hartnoll 1983) Recently,‘ researchers have
irecognized the importance of different types of herbivores

in influencing community structure (e g Menge et al

‘e

1986) . The herbivores in .a. complex system can vary“"

A

Aiquantitatively in their effects on- and importance to plants,

:_and more importantly they can differ qualitatively *As

ifiplants in complex systems are usually confronted w1th moref
y‘ithan one ,type of herbivore the impact of each of the.
'f»differentttypes oﬁ herbivores must be considered regardinghf
"inoth the ecology and the evolution of antiherbiwore traits.'f;f;

hf;of algae influence their vul"

-.} }.-

?i%herbivores.'

'fheir‘“herbivores several different‘factors are important;fxﬁ’,

“'oﬂdetermine what attributesfhi_fz'“”

'lity or desirability to*f,h "J'

When 'Qonsidering strlctural defenses of plants agai"Stlaf°ﬁ'




hY

\

+ . i ' . . v .
P ' . . - A

3

'hfl'fthe' mode Of feeding of the‘\hedbivore. the Hmaterial"andl

i,structural properties of the feeding apparatds 5nd 'the“'
"material and structural properties of the plant at the scale
‘approprlate to: the particular herbivore in’ question When

".'con51der1ng the evolution of plant defenses one’ must

consider. the possibility that the present Herbivores may not -

'have been ‘the most important herbivores during the evolution

' ?factors may have an overriding 1nfluence on food choice.

,i“tissue lossl This allows one to separate mechanical.

—

of the plant and/or current herbivore preferences may not -

‘reflect evolutionary patterns ﬂn these defenses, Herbivores

may have been 1mportant in influenc1ng structural defenses

'\jof plants. _but present nutritional responses or other

»l'

/\.
- One  way to test whether herbivores could have ‘been

‘®

oo

1

important in the evolution of plant formvand structure is toﬁ' :

©

determine tbe potential for structural defenses to act by

mechanically mimicking the mode of feeding of the herbivores

” and measuring the mechanical reSistance of the plant td f

i';,'nutritional and behavioral responses of the herbivore © An

“apppoach of this type can lead’ to very different results”f

| fall herbivores together or relying on herbivore preferencess .
‘iffor suggestion of plant defenses o o

The resistance of algae to the feeding mechanisms of onel\xﬁr

SN R

, re51stance to tissue loss from chemical -defenses : and;sld'

;than would%be obtained by more 31mple methods of treatinglgjfn“

- “7;group of herbivores, the docoglossan limpets. has beenf&ffj.
- flff"’examined in this way (Chapters 1 and 111) Herbivorousi-‘f":'_"»'7'. :




. q‘xf o

e

crabs are another potentially important group of herbivores."‘

they feed in’ a 'very" different.way from limpets and little iS'i”

Known about the resistance of algae to grazing by c:;bs , In .

tropical systems crabs are abundant can attain large sizes,

and have the potential to be important herbivores wMany of

V.
f

““,f structural resistance of a Wlde variety of tropical

:}th large speCies remove tissue from algae by grasping the‘

plant w1th the tips of one chela and pulling it towards‘"'

¥

50

their body until plant tissue is" removed " This is' then Co

-

‘repeated with the other chela The chela is not twisted or

¥ -
rotated (pers obs ) The pieces of plant are taken ‘to '

SR \,

appendages at. the mouth where tHBy are manipulated Yand

placed in the mouth (Warner 1977 and perg}v obs) ( The type

"‘of stress "and subsequent damage imposed on the plant by this'i
herbivore is very~51mitar to the way herbivorous fish feed

Therefore,i- both of these groups could be | conSidered

e

-

(1 analogous ‘"biting type"'herbivores and conSidered togetherw

(Hawkins and Hartnoll 1983)

| The herbivorous crab Mithrax SanOSlSSImUS‘IQan attain‘~l
very large size and be quite abundant (Hazlett and Ritschoffhn
1975) It is common throughout the Caribbean to Venezuela.‘
and is a generalist.herbivore It consumes large quantitiestW o
of algae daily (Chapter V) with large,( spoon shaped chelae.’i
common to maqy herbivorous crabs (Warner 1977)~5-h{.hefi

'algal(ﬁ (fif




lforces requ1red for Mlthrax to remove tissue from parthular
algae could be measured w1thout the confounding 1nfluence of
5-.food preference ‘_ These data could then be used to test

hypotheses that-—pred1ct algal resistance to herbivores on

\ 1
™Y ™

;lrthe ba51s of stﬂuctural features such as thallus 'form "and
degree of calc1f1cat1on (L1ttler and”thtler 1980, Uohahsen_
S 1981, L1ttler et al. 1983). P
L The functional form model of L1ttler and Littler (1980)
:Iplaces algae 1nto funct1onal groups 1nclud1ng ~convergent
V‘anatomlcal phys1olog1cal and ecologlcal features-' This'
" model suggests that among other factors,‘ herbivores haVe‘ .
" been very-'1mportant in the evolut1on of plant form and |
‘structure vwand thererore pred1cts ‘algal PeSlStanCé ‘to;,
herb1vores on the bas1s of plant form (Table IV 1) Plant
hcalc1f1catlon in general has "also been assumed to“act
:lpr1marlly as a- structural defense, 1nh1b1t1ng t1ssue removal
) by herblvores (dohansen 1981 Steneck 1982 ,1983 Hawkins
';”and Hartnolﬂ 1983) 1f. th1s were the casewooe_would~predict
1ncreased algal reSIStance to herbivores w1th 1ncreasing

”‘amounts of calc1f1cat1on (Table IV 1) ‘ j,flﬁw._g\ff
AL o s e TS

v

-

Experwments were conducted at the Smithsonfan Tropicaln?'

-«‘fReseaPCh Instltutevmarine laboratoryrat Punta Galeta on the:*ff7*
.a}gcar1bbean coast of the Republic of Panama Algae werebﬂffzt

| **vfacollected from shallow, anal:‘eefs‘ﬁthe Galeta Lab reef andi?




‘ 52_?n
The apparatus for measuring the forces required t

'iafremove tissue from the algae for this herbiVore was modif1edfﬁi; "ﬂ
(from that described in Chapter IT. | The che1a°of the crab v

was removed and cleaned of tissue and refrigerated or frozen

in sea water until used The chela was he]d with the propus

“dlattached to a plex1glas support w1th a 1 cyanoacrylate
o adhesive The dactylus was attached to a beam that was_
':counterbaianced such that the chela Just fai]ed to ciose so
vthat the.chela aione was not applying a force on' the alga.
'IDifferent annunts of force (‘normal force) could be appliedv
'diréctly above this attachment causing the chela to close‘
on an algal thallus placed between 1ts tips ‘The other end
of the a]ga was attached with a cyanoacrylaté“adhesive to a
glass slide that rode on tracks of ball bearings. minimizing‘

"~friction with the surface The s]ide was attached ‘to a

-

?;force transducer mounted on a micromaniputator A tinearlyv

.

\'1variable differential transformer (LVDT Pickering and - Co ,
:f71~ model 7307 w3 AO) which measured the distance the alg‘?
'Jhtraveied was also mounted on the micromanipulator (Figure

'771v 1) Therefore,_ for a given amount of normal force then‘
:f;lateral force .;ahd dtstance th aﬂga moved weret‘j_ﬂ;"f7

"Tfsimultaneously measured and recorded with a chart recorder'“

{f:Usingjlthe‘ﬂchart speed of’the chart recorder,: one:: could'fvf_flrs




O

. i '

", and three ‘from adult females 115 125nn|in carapace length)
Each algal SpeCleS was tested a minimum of 10 times and as
many as, 40 at a range of normal Fbrces (from *9 2940 to

' '1.4700 N) Single thalli were tested only once.. with a. given |
'normal fforce ‘and’ then discarded If thallus‘ form was:”

"; amenable,. different parts of the same plant were tested j;b

determine 1ntra plant variability to compare with the inter- 2f

¥

‘plant variability in resistance to tissue loss Tissue loss -

from the plant was- determined for each trial

Two Mithrax were collected at the Galeta Reef, "andfthe ;

. ]

‘been collected by fishermen on nearby reefs Ihe crab

rest were purchased live at local markets after they“had 3

53

chelaev'used"inf this study were from: animals that thad':\

'frecently'died on‘the'Galeta-reef‘or were accidentally Killedf
;.during other feeding experiments The crabs from the Galeta
”reef were found early 1n the morning on days of extreme‘

exposures ‘i These .animals were probably feeding on fthef

icentral portion of the reef and were trapped when the water‘.f%“

.3fell fhey appear to be 1ntolerant of aerial exposure and ;"
- x'rarely venture out of water (Hazlett and Ritschoff 1975 andfﬂ.yu”
'—persw%gsi R

Algae were collected fresh (within 12 hours) or"each

P

experiment The algal species used were' the green anaefﬂwnﬁi

(Chlorophyta) Anadyomene stellat aglergg racemogg

C sentulariodes,; Cladgghor sp.,;i




\QagiIIOSa},“and ~ the ‘brown a]gae (Phaeophyta) Dictxota

axteresj Padina - jamaicens and argas§um natans “The

. sea grass Thaliasia testudinum was also common on the reefs

and was' used for comparison The predicted order  of

RESULTS -

i

;'fsusceptibiiity for N‘each of these Ialgai ‘spec1es« 'was

determined for each model on the baSis -of thallus shape Iand

'v;.degree of calcification (Table Iv- 2)

+ : ' ‘ § .
Ls , oy

L}

The variability among replicates w1th1n the same plant

rand lfor' each cheia were equal to or‘ greater than the“

jvariability among plants and cheiae 'so. ali data were pooledi

‘;for each algal species at each normal force l(Tabie IV 3)

.‘There was ‘a  large variabiiity in the probabiiity that ‘a Qt'

particular normal force would remove tissue from each of the

Jaigal species } To make comparisons,. the percentage of the'

f or-tearing when three different representative normai

C trials that were. successful at’ remov1ng tissue either by‘ﬂ" :
,Ibiti“ | t |
t'.ces. O 49N - 0. 98N and i 47N had been appiied ‘is_; “-'}‘t
d.E_Qse"ted fOP each aigai spec1es (Table 1v 4). The vaTues;_:f.hf

P 98N normai force for each algal species were groupedfﬁQ;‘ ”,

and these groups were ordered according to the predietedﬂﬂ,i75ﬂ;f

B ;..




’\ll1DISCUSSION Yot s:‘,L:"gy‘eﬁi*:;vﬂ~:

.ppoportionh‘ of dsuocessful trials ‘and the‘ calcification
groupings‘ or. the functional form groupings There‘was no
“~‘difference in the means among any. of the groupings for
‘L either model (KrusKal Wallis Test 0. 95>p>0 90 Zar 1974)

Although it was a very poor estimator for most algal

‘spec1es due to the high variances,' the least squares line

\

was' used to estimate the force requ1red for tissue removal
' |

inv 50% of the trials in an attempt to provide a means of
‘comparing the algae (Table Iv- 5) | If ‘there was ‘only: one

lnon zero value, a straight Tine: connecting the last zero_”

value With the non zero value was . used “to prediqt the -forcér.“

|

requtned tot remove tissue in 50% of(/the trials These
‘ : ‘ l
vaﬂues were compared when ranked accordi g} to degree of

calCification and the functional groups of Littler_ andl d

Littler (1980) to determine the relative susceptibilities of'

1

. these plants to Mithrax (Figures IV 4 and 1v- 5) Againd?

| pattern emerged ” There was no significant difference among
“%the» means of, the different groupings for either"of the

i.u‘modelsu(Kruskal Wallis Test, 0.955p>0.90; Zar 1974). L

« Ce
’ K L iy

. K . . {/—' o
e ' . E NI of
A o . " R P . s ;

The results df these experiments examinin\\the potentiaf g

.ifr Hﬂmechanical resistance of a variety of marine macrophytes

"7‘;ffherbivore, differed from the Predi°t1°"s of. the L

* "

s”ihosissi s, (biting type
dajs’ which

{?ffpredicted“‘algal structural resistance‘to herbivores'on( theg_g

’vm"against tissue ]OSS’tO'M

IR
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basis of thallus shape or degree of calcification. Clearly

these potentta] structural defenses were not acting in the

lways predicted by these models. There was no.trend in the

amount ‘of force requtred to remove tissue as a function of
degree of calcification or Lhallus form.

-

Also . these results were different from those‘ obtained

for the mechanical resistance of similar’ algal species to

‘ docoglossan 1impets (Chapters II and III) For the limpets

there was no measurable variabil1ty in the minimum amount of

norma 1 force requ1red togl ve tissue from each alg&ﬁ

gpecies for each limpet species ~ This was not the'case for

the crab where the variabil1ty in the prohab111ty that, a

A

particular normal force would nemove -t issue both within and

'between 1ndividual plants was high. This was. probably due

to'\a higher variance in the structural 1ntegr1ty of the

«plants at the scale at wh1ch claws interact with- algal

is made of rather than the entire structure of the thallus. -

tissue as compared to the radulae of limpets. The graiing

of limpets affects the algae at the scale of the material it -

A

We mtght predict’ more homogeneity in the - meohanical.

- properties of algal t {ssue than' for the structure .of the

-

gntire ‘plant, which was the scale that was important for a

large herbivdrous crab. - Factors that: could’xnfluence this‘

~would tnclude the past history af the plant 1ncluding any

previous damage due to herbivores\or other sources

These results with a crab differ qualitatively as well‘

' S
- a8 quantitattvely from those obtained with-%Tmpets For the

Y
. A,
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]impets the trend were opposite to those ‘predicted by . the

models (Chapter% IINand I11) while for the crabs there were

no signif1cant tr nds This underscores the 1mportance of
differences ’i \ e of feeding of the herbivores for the
effectiveness of the potential structural defenses. A

structural defense against one type o% herbivore may in fact

make a plant more vulnerable to another type of hérbivorel|

Also, Knowing the resistance of plants“to one type of‘

herbivore does not necessarily allow one to predict the
'plant's resistance to another herbivore feeding in a
different way. Consequently, the ecological impor tance and
potential evolution of structural defenses will deoend on
all of ‘these factors s1multaneously

Current models which pred1ct ‘algal resistance’ to
herbivoree‘ on the basis of plant form and calci?icagion do

not explain the patterns of mechanical resistance of

macrophytes against two major groups of herbivoresp the

‘dOCoglosseh limpets and herbivorous crabs. The results of

a

Ihese"‘experiments indicate that heither'@halius form or
calcification are acting in a simple fashion as structural

defenses ageinst these’types of}perbivores The structural

res1stance of plants against ‘their herbivores will depend on

the way the forces are applied the material properties of .

the feeding apparatus, and plant properties'approprtate to

the'eca]e of the damage 1mposed~by the'feeding apparetus‘ of.

"the herbivore. ' Because of the great differences 161 the

suites of.herbivores to which most plants will be exposed,
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it may'nbt‘be.possible to ‘make general rules éF\predict%dns
about the écology 5nd evolution of potential structural

defenses of plants ag‘ainstfltheir‘“herbivores.j ' ——
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Table 1V-1. Predictions of two models regardinq the |

struC$ural resistance of macroalgae to herbivores;~,

! i

" ‘ ! ‘ f
)

FUNCTIONAL  CALCIFICATiON _ 'SUSCEPTIBILITY )
" FORM" | U -
(1) (2 S

SHEET NON-CALCIF IED . MOST
| - : B SUSCEPTIBLE
FILAMENTOUS ‘
COARSELY, ' | , N
BRANCHED . |
THICK © LIGHTLY
LEATHERY .CALCIFIED
| e
JOINTED
CALCAREOUS |
CRUSTOSE..  HEAVILY . LEAST
| ' CALCIFIED SUSCEPTIBLE

Q

(1) Littler and Littler 1980
- {2} Johansen 1981  ;

¥

e i
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 Table IV-2. Algae that were. used in this study "and the
~calcification and form groups , to which they were assigned.
Algae are drranged according to Division |

ALGA - FUNCTIONAL GROUP‘mf,LH”- CALCIFICATION -

) Chloroghyta: . ‘ L S ‘ N 'q  '

" ANADYOMENE . SHEET . ~ NONE
" CAULERPA . -COARSELY © . NONE
 RACEMOSA BRANCHED . .: .
© CAULERPA " COARSELY - . NONE. -
“ SERTULARIODES  BRANCHED N :
CLADOPHORA \ FILAMENTOUS . ' NONE - . »
- cODIUM ~© COARSELY ~ NONE ’
BRANCHED  _ - . . - |

. HALIMEDA .. JOINTED' =~ .  HEAVY
« CALCAREOUS L .

7 UDOTEA ' LEATHERY = = LIGHT

ta: . T

Ao vUsHEET S -  NONE
.. LEATHERY . HEAVY

SARGASSUM . LEATHERY ~ NONE -

_ Rhodophyta: S ; S
: ACANTHQPHOR " COARSELY .~ = . NONE
BRANCHED * .= __— .

AMPHIROA .~ . JOINTED . - HEAVY -

CHANCOCKII'. .. CALCAREOUS —, = -

© GALAXAURA ° JOINTED L HEAw
R 7CALCAREQUS N

. LAUREQQJAH.'i"V ‘ ‘COARSELY--‘
T .7 4%:t. .. - BRANCHED.

NONE

4.',( ,v N . ~ o

e
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.. A. For D1ct¥ot with 0.49N normal force

f
e

'Table Iv- 3 Examples of “the vaviation among and within crab

chelae and algal species in the probab1lity of tissue
removal andvforces neqUired. SRR A

*
il

N

Table entries are the proportion of successful tria]s and
the total force (N) required for‘each successful trial.

!
1

o o n  o .. crab | |
Planf 5‘.“ 1 2 - , , . 3
to . 1/30.993 |
2 L0504 -
3" - 1/50.04800  0/4

. T ) . / . A
4 0/4 . 2/40.3202
5 i 0.0091 ,
1 »
Total=4/29  _i/12 . 3/13 . 0/4

[BAN

B For Acanthophora w1th 1. 47N normal force: .

In a1l .cases there was 100% tissue removal. -Table entriés
are the total forces (N) required for each ind1viduar trial

N Hf o

[ '

Crab

Plant . 1" L 3 - ;ﬁ: 5

AR 1111 N - 0.98
S 0.449 - _ - 0.868 "
0.649 B 0.286 .
0.737 E 0.713. .
2 : 1,011 1,249 .
o | 413072 1,198 - -
- : 0.529 ~0.296
| ) =0 0.681. ST
. S - 0.263 . -
- =0 . 0.373 . e v
. '0.655 - "

61




- Table 1V-4, Percent of trials ‘in which tissue was removed
~when 0.49N, 0.98N, = and 1.47N normaliforce  were applied.
Sample. sizes are in parentheses. 'Question marks indicate
there are no data. Algae are arranged according d1v1sions .
w1th1n a honcalcified and a calcified group .

\ Normal Force" Applled (N)

Alga - T, LR — .98 " .49

. . /
T R ¢

Noncélcifféd:{‘ | .' :
ANADYOMENE - ?  _ 26.3 (19) 21.4 (14).

CCAULERPA 0 - (9) 0 . (9) . 0 (5)
““RACEMOSA . v o

\"QAQL§$EA - 42.9.(14) . BT.1 (7) ?
‘ SER SERTULARIODES *. e :

;CLADOPHORA 100 - (59).  '1bO - ‘
coptw .. 0 (5) o (200 o (&)
. DICTYOTA " ‘ 10.2 (59). 100 '(14)1£‘ 100 )
SARGASSUM ' -0 (5)‘gﬁ’ 0 (200 ¢ to ~(5) .
ACANTHOPHORA - -2 . . 62,5 (8) 100, (32)
LAURENCIA® "o ter - o0 (12 f-' 0 (5) Y

* .

DR 0 (@ 100 (40t
UDOTEA B oo (5 o e
Cond mean e
B R S CT ) BN R T N
5(4oy]f }3L4J35r h‘~'z” E

;AMPHIRDA g
VLGALAXAURA };5

o
>
i {w}
‘-
-4
N’ Q0O O O

™ It wis assumed that all forces greater than that which.»' ‘
resulted -in- 100% successful tr1als a]so were. 100% D Yy
.ff-successfu il R . o
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Table IV-5, Correlation coefficients of Jéast-squares lines
used to estimate the normal force.required to remove tissue
~ for .thosé Species in which there were more than' one non-zero -

v value to use. - If there was only one non-zero value, . the

line used connected the last zero with the non-zero .value.:

'vl ) Vo )
) L . y L ’.
\ .

‘ o

Alga - . Cokfe]éfioh Coefficient Sﬁmbie Size

 ,Acantthhora‘ . 0.75 o f‘.vff"f' 40‘

Anéégomene - - .0.46 _.ﬂ? R ‘33
C. §§rtglarj6de§§ Loo5 092 5‘ . %U 53

Dictyofa i IR - 0.89 g‘ R ; - e v.“m‘{
Galaxaura: .+ 0.94. . . . 75

. .
t A )
Al F3 1, Q {
- [
" RS
SO
e



- A e \ L
A C " v U ' ' .
‘( e . l | \ ' ”\‘ \' W ' “
‘ “\._:v ’ -' '\l' I \ o '
. ‘3: ‘ “I"“, ’ ' ' ' ' e el o " ,
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1gure IV 2 Percent of trials result1ng in tissue loss withﬂ
0. 98N normal. force applied. “Algae are grouped according to-

‘fﬁ“. degree cof calcification. ‘Within each ' group. alage - are

L parentheses. e T B

Vol R

N

SEAGRASS - NON CALCIFIED . ALGAE ‘ " 'CALCIFIED ‘ALGAC

ey .o

]

1004 R n .

v
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Percent Of Tridle With Tlssue Removed -

" 0.98N' Normd), Force Applied

(2' '

B

o
C R

SARGASSUM

. orcTYOTA

arrapged ,‘accord1ng ‘to division Sample sizes are in
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Figure. Iv-3. Percent : f»trials resulting in tissue 168s.

"

“with 0.98N normal forde _applied. '~ Algae are grouped_ ‘;

..according to functfonal groups.. Within each group algae are

5.arranged according to division.au“samp]e sizes ‘are in,

‘Vparentheses

"v"“ . , L

o SO TR FLAMENTOUR COARSELY sRANCHED B LEATHORY JOINTED CALCIRED
I 1e ‘

o 1

Percent Of Tricke With Tissie Removed.
- 0.98N° Normal Force Appiled =

woreale -




~algae. - Algae  are grouped according to calcification\-”‘

| 67
' Figure 1V-4. Estimates of the normal force - required to R

remove tissue 50% of the time.are plotted for each of . the

Within. K each’ group algae are arranged according to division.
. Open bars indicate that the estimate would be above the
scale but 1s unknown Sample s1zes are above bars ‘ :

vy o
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! o
' .1 A ‘:,:
Y \ I =5
g o y
‘ ' noncalcified : L :nqmi, " j . heavily cakified
z 53 10 o' 2. 201! 10 | 10 o
<3 osod o L ‘ | o
e ¥ ) =
E° 2 :
R R .
tz ’ I
o= . :
HE ,
z
] ‘ .
. E‘g .10 =
.
‘ O'.OJ
l ‘|
N Y e 3
A S A T
i . Y » A j,_ = A
TN Ny ., ! ‘. :
N [ N



Tha

"'Ffdbke]‘ly%Sl  Estimates: offfhe normal force required: to.

‘remove tissue.50% of the time are plotted. for each of the . -

. algae.’ . Algae’ ‘are. grouped according.to functional form

"1groups; . Within each, group. algaé are: arranged according. to .
‘division. ' Open bars indicate that the estimate would be"
- above . the scale, - but is unknown. Sample sizes are above

‘bars.
‘ .

L FLASENTOUS | COARSILY - @RANCHED ‘ C uaTHmRY, JONTED CALCIFED
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Chapter V. Feeding preferences of the herbivorous

Caribbean spider crab Mithrax spinosissimus: X

relation torahtiherbigqre defenses.

!

INTRODUCT ION

Mithrax spinosissimus (Léharck)((Majidae. Decapoda), the

West Indian Spider Crab or Spiny Spider Crab, occurs in the
. tropical western Atlantie~from the Carolinas and Florida to

the West Indies and Barbados, and throughout the Caribbean

{ '{q Venezuela. It is the largest species 6f Mithrax in the
‘si/“EEQTon, and is found 'from shallow water to depths of 170 m
along reefs or canals,\\feedihg on macroalgae at night, and

.

hiding in Crevices orl caves in the day (Hazlett .and

‘Ritschoff 1975). The claws of M, ‘:pinos1ss1mus are massive .

, < ‘
"and much larger in_the males. The tips.of the dhelae are . ,
spoon-shaped; a' common characteristic of herbivorous crabs

(Williams )984) B sp1n051$s1mus 1s currently sold in

local markets,in parts of the Caribbean and is.the target of

maricul ture prOJects because it spawns frequently, _hasza .
.. short lan9a17phase (4 to 6 days), large size (males. - 170
-~;1_nnu. females j 140 . nm) and rapld growth (QrOVehsano and’
‘Brownell 1977).

Very littie» i ~Kneﬁh=abbut the feedtng ecclogy of' ;
herbivorous cnabs,: aithough.there 1§'a growing literatur¢t~ =
about potent1al alga1 defenses against marine herbivores
(both structural_ and'chemical Norris and Fenical 1982

< Litther et al. 198, Paul and Hay 1986). . Houever, vep.,few i




. ‘ ) e

experimental tests lhave been made of the importance of
potential defenses with the natural herbivores of the algae.
~ The purpose of this. study was to determine the feeding

preferences of M. _ginosissimus when given a choice of six

common reef- algae. Actual food preferences could then be .

compared with preferences' predicted  when_ considering

‘rpotential algal defenses to detecndne if these ?lay a role
in 1nfluencing food choice by this crab. .

MATERIALS AND METHODS

Experiments were conducted at. the Galeta marine‘
laboratory of the Smithsonian Tropical Research Institutevonn

the Caribhean,coast'of_the~Republi9'of\Panama‘(Chaptec‘IIlﬁn

Adult. Crab Experiments - j; AR ]

Animals were measured weighed and 1solated in outdoor,

flow- through running sea water tanKs approx1mately 2m x 60cm-_

x 30cm deeo. The tanks*were partitioned with plastic_ mesh

,(1, cm mesh) such that each ani'al was contained within an:
area of appnoximately 60 cm. by 60 ‘cm by 30°cm deep. \Fresh‘

",algae were collected from an algal reef at Isla Margarttar

_Vneer' Punta Galeta.,l Animals were’ $upplied with an excess

,l lnore than -could - “be eaten in 24" hours) of “the six most

M

uflucommon reef algaP’species. (1) Sargassgm natang (L ) J,' ‘

Meyen., a large brown alga. 15 - 30 cm long. with a central

axis and leaf like blades (drift Sargass sog;yas also: used’

it was very-abundant on the reef, no difference was"'

72



2

-

foa

‘from their holdfasts while others sink). ;'Equal ‘volumes1'

',lopses | and gains not attributable' to the crabs ‘

SE e
A

!

. v, .14 . o : . '
(2) Dictyota Mteresii Lamour., a thin, blade-1like, brown.

I)

alga that branches dichotomously. (3) Halimeda opuntia (L.)

Lamour., a branched, calcified green: alga. (4) Caulerpa -

" racemosa (Forssk.) . ‘Ag.,ua coarsely branched siphonacious

.green alga, and (5) Laurencia Qgpillosa.(ForssK.) Grev. and

- (6) Acanthophora spicifera (vahl) Borg, both ‘coarsely

branched red algae. gqual-volumes of algae’(20 m). of each)
were presented in a clamp designed to give the crabs. equal
visibility and access to each of the algal species _(some
species‘ have floats or are”positively:puOyantihen removed-.

rather than equal weights of algae were offered to c¢rabs as

this would give the crabs more equal access to the plants

 As these plants differ greatly in their specific gravities,
. this was con51dered more appropriate than giving the 'crabsf

. egual wet weights of algae. Weight - to- volume regre351ons_

were determined for‘ each of the algal species so that
: |

‘volumes- could be estimated from plant: weight (Table' V-i)

The clamps were made of two Plex1glas rectangles (3 cm by 18»”

cm) padded with foam rubber and held closed with plastic

Cable ties. .. The foam padding held the plants firmly, ‘but

- did ‘not injure them Three algal species could be placed in

six species.w The positions of the algae in the clamps were;='f'”

randomized daily 1'

Two sets of control algae were used to assess algal

w P e O P T TP A N RE SRCITIEY
o . s L SR Lo S i ol
L R LT " B P Y S . BT S amag

[y
sy . T

| each clamp, therefore crabs were given two clamps with all5 x
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‘-,measurement errors. .These were. in the' same type of

con

' napperatus, but without crabs present.

Algal wetghts were measu?ed before they were of fered to

! K

—'the; crabs and again 24 hours later Di fferences between4‘
oontrol and_ experimental ralgae “could be attributed “to X
Ilconsumptjon' by the oreb. Tanks uerencleaned of feces - ahd
3:,other matter daity. - o L ' - | .
feeding data wene obtained from four .females. two
“observed for 6 days, ”and two for 10 days. The" crabs.
“averaged ‘t28 ‘Mm in carapace length (maximum anterlor-

A

" posterior distance) and 977 g mass (Table V- ?)

duvenile Crab Experiments ‘
t\‘~ pT juvenile crabs used were1reared from larvae. . Qne'_w ﬁi
< crab (55) was eight months ok, . whlle the other three*‘ksd
64 and 65) were seven months old Although these crabs were‘,:
the same ages, there was a large—range ?n size (19 mm to 56 ' ;‘%
»g;mm Iehgth stle V-2). Due to the small size of the crabs, R
§;they were kept in 2 liter plast1c containers w1th the walls‘
ff_and-ﬂid replaced by plast1c mesh (1 cm mesh) to ensure good
f”lwater circulation These containers were Kept in” outdoor, ;-;;AAJ'
§E1ow-through , ruhning sea&water tahks, {denticelfto those ‘h
for_the adults.s T L e R
The Msame algal spec1estthat were used for the >adult5ff“‘
X L T , AP

. Daily,, éousl*'

T
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;area, gave"*the 'crabs equal access to. al) of . the algae
. . ! -~
. Control algae weré placed in\similar containers without

crabsﬂ. We1ghing procedures were the same as for the adult

"crab“experlments _ The four Juvenlle crabs were observed for

‘nine consecut1ve days.

~

The adult crabs were analyzed separ@tely from the

juvenile | crabs CIn . both cases. Kendall’s 'test"‘of

(

concordance was used to determine if the ‘rank order ofﬂw

preference was the same- among crabs (Sokal and Rolf 1981)
_ Then a Kruskal Wall1s test 'was used to’determine 1f the mean
'amount of each alga eaten dlffered and a Student Newman-

Kuels test was used to determlne which means were different

-

from the others (Zar 1974). ° ”' S s

RESULTS - |
- The overall rankings of'the algae from most ‘eaten to

\

: }Teast for the adult crabs as a function of absolute volume

N or g .!‘\

‘eaten was: (1) Caulerpa. (2) Sargassum. (3) Dictxot (4)

VU
Jeguy e

~';‘Acanthoghora. (5) Ha11meda and (6) Laurenc1a (Table V 3) .

:’i.{}the ranK orders (Kendall's Test oF Concordance. W- 0 57

"il,~order of preference, there was a sign1f1cant agreement ‘jﬁf

“7lf?A‘th0U9h Tndiv1dual, crabs var1ed somewhat in their rank;‘ffn'ﬁ

'rp<0 05) In general. the most preferred‘algae werd'Cangrg t,;:: g

;Tﬂv andg Sargassum. and the Teast preferred‘were Laurgnci and}'l°

-

”:EHalimedai(xruskal WaTlis Test p<o_os Student'Newman‘Kuelsf[%3“




’
'

\ . . .
_‘ ) . ; ) \\',

. crabs. as a fUnction of absolute volume eaten from most‘j»

preferred to least was._ (1) Caulerg .'(2) D1ct¥ota. (3)‘
- Sargassum . (Al” LaurenCIa ‘l (5) Hal1meda, - and (6)

' “ACanthoghora, - The lnd1v1dual rankings of the grabs var1ed3
‘and‘lthere was no signiftcant agreement in the overall
ranklngs (Kendall s Test of Concordance ‘w=.37, p>0 10). rh:‘%'ﬁ

‘wﬂ general ‘Qaulerg and Dictxot were preferred over .the other~ ;v
algae (Kruskal Wallis Test(’ p<0.05, Student- Newman Keuled
l'est, p<0 05; Tablev 3). B L

F

‘,D,.IScus'sidN? B

M1thrax §gjnos1ssimus ate many d1fferent algal specweS"

[y

. each day. Althoqu certaln algae were consumed‘more than 3

#

others,_ this crab apﬁeared to be a generallst herb1vore'fﬁ .

R

slnce when given a. chotce of s1x dlfferent a]gal species,\it
5‘ate a nnxed diet both as a juvenlle and as an adult f Two ‘;"
‘ Y : -

of the six-algal species tested appeared to-be preferred by\\
the. adult crabs. Caulerga nacemos an : Sargassun# natans.‘




T
“

Sargass the two highest ranking algal species for aduits.
-havew chemicals which are suggested to. have anti-herbivore ‘
;efﬁects - Caulerg has caulerpin and caulerpicin (Doty and
Santos’ 1968 _ Paul and Hay 4986), and Sargassum has tannins
(Glombitza 1977 Paul and Hay 1986) . Such chemicals ‘are‘

jthought to be most effectlve against generalist herbivoﬂes

A

(Fenical 1975): ; The two lowest ranking algae also have
' potential  anti-herbivore chemicals.‘ (Halimeda has

o halinédatrial ~Paul _and Fenical 1983) or ‘are. related to’

P

;-Malgae which have potential ant1 herbivore chemicals (other ,
: N\

' spectes in the genus Laurenc1a, and several species in the
family Rhodomeleaceae Izac 1979) Dictvot appears to have
‘chemical compounds that “are Aa‘ feeding deterfgnt to ‘
. herbivorousv tishes.; but a feeding attractant to amphipods

(Paul and Hay 1986, Hay pers com. ). , f"' Do
| Thallus form 1s also thought to protect marine algae |
. from herbivony,. but this hypothesis is not supported by the |

‘present data Littler and Littler (1980) and Littler et al

B (1983) have proposed a functional form modeJ to predict thew
:::3SUSC6pt1blt1ty of marineealgae to herbivores.g_ Their model

&(constructed w1th these genera 1ncluded) predicts%w he

;’Dictvot (a sheet like alga) would be the most suSQtP~abJe

to herbivores,l then'Acanthgghor’“'.'




Y‘fjuvenile ocabs did prefer ictxot much more than the adult'
- crabs of . the six algae examined Dictyota requires ithe"

least amount of force" for Mithrax to ‘remove tissue.‘ but 4@ .

‘ﬁh?Caulerga requires the most (Chapter IV) Cleariy: factors;? ‘

other " than algal StPUCtURei’OP defensive chemicals ‘are

t.“ e . o

:‘influencing food ch01ce by this spe01es
‘ The feeding preferences of other reef herbivores have
been determined particu]arly for sea urchins 'and ‘some
Fishies (Lawrence" 1975, Ogden ‘and, Lobel 1978 Hay 1984). ‘One
¢‘finteresting resuit of these studies was the consensus théth‘
.:aigaessuch.as‘Caulerg ‘thaticontain potentiai,anti-herbivorer
:Chemicais are notconsumed‘byvéeneraiistherbivores, and are»
‘eaten primarily by spec1aiists . Clear19i: M. sginosissimus:""

5_ is a generalist herbivore, and C. racemosa was found to beQ

- its most preferred food in this study xn:,kii |

p Because M sginOSissimu is such a iarge species. ‘and,f
[can be duite abundant it could‘have profound effects on the.
flqﬁabundance and diversity of macrobhytes f0und on aigal reefs.i,_j

ﬁ'fThis is particulariy the case when the most preferred algaea_?:;lrx

:ffape 5the most abundant species, or are spec1es that
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‘Add1tionally, the results of these experiments 1ndicate the

‘importance of separat1ng feeding preferences from potential

- mechanical or chem1cal defenses.pf plantsl against‘ their

s . o ,
' " “ b R B . ! ] - ' ' ' ‘ L
herbivores BT o B o
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<Table- V-1l

Correlations of algal we1ght w1th a]gal volume=3

for food.. species where algal weight = algal volume x b + a.

. r -equals the correlation coefficient
- regression N equals sample size

ggALGA,‘,". Ly INTERCEPT

(a)

A

'%-CAULERPA S 7‘5010ﬁ9\‘f
‘ACANTHOPHORA -0.018

'e‘HALIMEDA | ,'” 0,013

foSARGASSUM ~ o0.008 "
ﬁeLAURENCIA <7 0,010

i

L3 1

[?fDICTYOTA ‘f'}j 0.010

l‘SLOPE.F -
bk

H.' ' . 0.994

0.832
0.841

0.990°
0.972

{

C0.910 .

from

0.99
1,00
0.99

) “0.98
099

linear

D
ad
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TaBle V-2. Average s1Zes of M sginosissimu and average o -
amounts of algae eaten B o \ . o

o

.ﬁ;’“\-XCRAB‘, . CARAPACE WEIGHT © . vOU. OF ALGAE  VOL. OF ALGAE .~
Vit o LENGTH T EATEN/DAY t UEATEN/WT
e g o 5. OF CRAB.
', o 5‘(,,.,,‘)‘ '. (g> _,r (m]/q, x3(s)%) . (mi/d/g.- x)
B 124 844 . ‘,;46 8§ (9.9) - ;055,, '

I 1 [ TR T 9 .(10.6) 082 L8

3% 2 e16 25,16 7 “; 027
4 ~1357 " 1086 - "‘:‘47 3°(7.6) © .044
'.—~‘——”‘—T:.—‘———.I——'? —————— ————— H'--5{-—‘—--—-———-‘-——-—--:.——v——-‘--—-‘----—'

‘Mverage: - 128, - 977 .|° 7 a0 . .02
T (6) (11e) ' (ol (.012)
Juyenilé Crabs: N N _ | | ,
CRAB .~ - 'LENGTH . - VOL. OF ALGAE ' VOL. OF ALGAE
T T EATEN/DAY EATEN/LENGTH ...
'v"' ) \ e , . 3 ‘i‘.;.' ' . OF/} CRAB . ) ! LW~%~“
. o mw) (ml/d. x(s))‘ g (ml/d/mm, x)
PRI TR T 10.6 (3:4) . - 0313 ool
' Comig 2 5 (2. 1)‘,;{5 0.128 o
AL, 1(3. 4)3*.(«5:393279:;bgA5]
o 12 3 (2 9)7‘ 0,219 '
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3 TABLEaV 3. Average volume (ml) eaten per day of each: of six |
. .algae®. ‘Standard deviations are in parentheses. Bars: '
. undeane means ‘that ‘are not.significantly d1fferent
,(Student Newman Keuls Test, p<0 05) - |

~ADULT T o .
CCRAB L. H. " Ao DS €

. 5.32 -
.30) "
31
20)
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0

(4
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Chapter V1. Theéefﬁeg§s0f~calcification\on secondary tlssue

v . N .
loss and its implications for algal morphology.

INTRODUCT ION

i

Recent reviews of marine plant-herbivore interactions

. have_ drawn attention . to potential causal 1links between

herbivore and plant distributions as well to coﬁnelatfons
between the relativé abunddnce of djfferentb marine pT?nt
growth forms and other enVibonmeﬁEEl factors (Lubchéncoﬂ and
Gaires ‘1981, Gaines and Lubchenco 1982, Hawkins and Hartnoll
1983). Both Hawkins and Hartnoll, and Lubchenco and Gaihés,

sugges ted that plant form, mode of feeding of the

herbivores, and chemical and structural defenses of plants

all 1influence the resistance of plants to. herbivores.

However, they also indicated that not enough empifical data
. 4

exist at present to draw general conclusions about the

relative importance of these factors in' determining plant

distributions,

In an effort to construct a generalized approach to”

~ examining marine plant-herbivore interactions, Lubchenco and

'

.Gaines (1981) formulated a model, based on conditional

probabilities,  fo 'determine the potentdai impact of
herbivores on plants. Lubchenco{énd Gaines defined the

expected Herbiyore damage to é plaﬁt‘bn the basis of: the

'probaﬁiTity that a plant- will be epcountéred by ‘an

herbivore, P(En), the probability that the herbivore will

éqt.’a ‘plant given it is encountered;' P(Ea|En), and the.

B | -85 e



expected decline in(fitness of thé plant, relative to’ ;he
rest of the“pqpulafion, due fo th? consumption?of tissue by
the herbivéfe, E(1-w]|EnEa) . Th%s the cost of herbivory
wou ld Be: R f ) ‘
| P{En) P(Ea|En) E(1-w|EnEa) Ay
where | E(1jw)= ﬁLP(Ci)(11wi)

and P(Ci) =-the probability of total consumption of the‘ith

small part of plant (approximately equal to one bite), C1 =

|
the amount of the ith part beind consumed and (1~w1) =  the

relative decline in fitness. |
Given this model, the potential defenses of plants
against their herbivores would include either temporally or

spatially avoiding herbivores, Iminimizing P(En), as well as

coexistence escapes, minimizinpg eigher P(EalEn) or E(1-

w|EnEa) . Structural and chemical defenses were considered

. A

to act primarily to minimize P(EalEn), reducing the

_probability of damage. . If defensgs  are ,pafticularly

expensive to the plant, or involve a major tradeoff in terms

of survival or reproduction, one wou 1d predict that the

defenses would be differentially distributed within the

plant to minimize the ‘expeqted\ fitness decline due to

the loss of that tissue, E(1fwi). ‘ S |

Gaines qhd'Lubqhenco divided the marinefmacfbphytesvinto
éeven ,forms: sheets or tubes. filaments, f!eshy blades,
fleshy bfanched, erect calcareous, ﬁfleshy cruéts and
calcare6u§ chSts. They found differeﬁt relative‘abundahces
of most of these groups with latitude, as well. ‘as

A ——— :

~
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di fferences betwéen the east and west 'coasts of Nerth

America at the same latitudes. In most cases these patterns

were correlated with ‘herbivore abundance and diverﬁ\wy On
shores with a greater abundance and diver51ty of herbivores,

which have been interpreted-as having greater intensity Qf

herbivory, herbivore-resistant plant forms were re]atiVelyu

more abundant (minimizing P(EalEn)). " These herbivore-

resistant = plants included the calcified plants, both

crustose and erect, fleshy trustose plants and noncalcified’

branched plants (Gaines and Lubéhenco?3982). These Forms

are’ thought to be competitiveiy inferior to to those more

vulnerable to herbivores (Wanders 1977, Vine 1974, .Steneck

1982, 1983 A but see Padilla 1982 and Johnson ' and Mann

1986a), implying a tradeoff between merbivore resistance and

competitive ability.
Hawkins and Hartnoll (1983) noted similar patterns and

alsoilattributed herbivore reststance to the same algai

morphologies. ,‘ Other researchers‘have erected hypotheses

predicting, ‘among other factors, algat resistance. to

. herbivores from plant « form™ (Littler and Littler 1980,

Steneck and Watling 1982). | These patterns have been

synthesiied ~into a generai V1ew of algal ' mdrphology

sUggeSting that plant form and caICification act primariiy}a

to. increase alga. mechanical resistance to herbivore damage

‘(Littier and Littler 1980 Johansen 1981, Lubcn.pco and

Gaines 1981 Gaines and Lubchenco 1982, Steneck and Watiing
1982 Hawkins and Hartnoll 1983 Littler et al. 1983).

* -
.

S

.- 87

{



Mechanical tests With two important types of herbivores

however do not support these hypotheses I have measured

the mechanical resistance of a variety of marine algae both‘,

temperate and tropical to several different herbivores af

two important feeding types raSping herbivores (qpcoglossan‘”v

limpets Chapters II and III) ‘and biting herbivores -

(herbivorous,crabs, .Chapter Iv). In bothicases the resultse

were inconsistent with these models. Neither degreg‘iof ,

calcification nor the form of -the plant appeared/ﬁto f‘

: v, b
influence mechanical resistance to tissue loss by these

e
'

herbivores. These results imply that, at”least for  two

-

important groups of herbivores, calc1fication and plant form

are -not acting as Simple mechanical defenses resisting plant-_.~

tissue loss tovherbivores (i.e., not minimiZing P(EaIEn))”

Alternative explanations for the observed -.correlations
between‘ patterns of distribution of particular plant, forms

and herbivory must be considered.

‘I propose here that another ‘ma jor component be added to_,

. the, abOVe equation regarding the total impact of herbivores

subsequent tissue loss due to herbivore damage and s:

':ooncomitant change in fitness Adding this component to the

equation of Lubchenco and Gaines yields

”Ekpected total impact of herbivore damage-

, .

P(En) P(EalEn) E(i-lenEa) + P(SlIEnEa) E(i-w IEnEaSl)

| on plants they ‘consume. This lis‘ the probability of_

A

where P(Slt is the probabitlity of secondary loss of a unit

of plant tissue due. to the damage and_ E(i-w‘)g is Yhev=d




expected change (either increase or decrease) in fitness due

to this additional tissue loss E The fitness decrement due

\
t

to tissue lost secondarily may be very different From that

' due to direct.consumption by an herbivore

R For some ‘algal species, secondary tissuel.loss may
greatly exceed primary 1oss to‘rherhivoresm (Blatk 1974,
.\Santelices et al. 1980, “Johnsgn and Mann:l1986bl Black

-(1974) found that"of the‘ggregia ‘laevigata ;(Phaeophyta)

¥ plants washed on thg'shore in southern California, 122 of

129 broken’ rachises, and. - 58 of 86 broken ’stipes were n‘

attributable to hzlbivore damage - dohnson and Mann - (1986)

found that although the’ snail Lacuna Vincta ate only 0 05%

\

of ”,the available biomass of Lamingria : long cruris

'(Phaeophytal, the total consequence of'secondary‘tissue\loss
‘cost these plants 27.3% in.lamina areafincrease and - 28.3%

sTanding biomass as compared to ungrazed plants ‘ Clearlye
' 'y

'sebondary tissue loss needslgo be assessed when measuring

the impact of _herbivory.

I~ would .also -like to suggest that calcification and‘“

A

89

other potential structura4_defenses such'as thallus 'Form.ilg

- play a -more important role in minimizing- this secondary
‘ . , . . v |

tissuefg loss'“(minimize‘ PlSlIEaEn)l than‘dinV: preventing .

herbivores from removing tissue (m1nim121ng P(ﬁalEn)) as has’

Hbeen suggested ih the past

s

Plants that are crustose,'—branched and- calc1f1ed may be :

?

| less susceptible to secondary tissue loss than‘ are other"

ffligal forms when subsequently subjected to stresses;;lshearj

Ve . ) R . e, L . . 9



- and drag)'of water'motlon Although tlssue 1s stlll lost togd"

herbivores \ the total ,1mpact of herbivory is educed;;

‘ Secondary t1ssue loss;nay be a. more accurate de ‘rlptor oﬂ

(the 1mpact of herbivory if it far’ exceeds the losses due} toy,
' d1rect consumptlon by herb1vores (1f E(1-w' ) >> E(l w)
_ Black 1976,  Johnson and Mann 1986b) Ifa complex
quantltatlve traiﬁn(llke plant form) has a strong selection‘l
: gradIent imposed by one factor (resistance to secondary‘
tissue loss) and a weaKer selectlon gradlent 1mposed by
second factor - (mechan1cal reSIStance to herb1vore damage)?w';f'
‘. then selectlon wguld act. on: th1s tralt pr1mar1ly in responsel“
to the stronger selectlon grad1ent (Lande and Arnold 1983)
In this case.u 1f a part1cular plant tralt reduced secondary
t1ssue loss *more effectlvely than ~l reduced loss to,
herb1vores d1rectly,,1t would be. favoqed by selection over al“
tra1t whose pr1mary effect was “to reduce direct tlssue loss |
Plants could m1n1m1ze secondary l0ss in several Ways,
n : 1nclud1ng hav1ng large break1ng strengths or by preventlng
- t1ssue damage from subsequently weaken1ng the structure of |
the plant f To test whether calclflcat1on could increase f.5ﬁ
plant structural strength and prevent the propagatlon of

.
‘f

damage lh 'marxne macrophytes,<;L measured the ‘breaklng

L r

strengths.i in tens1on,; of a var1ety of plants w1th varylng

degrees of calcif1cat1on ; If calcificat1on | generally »:5IC
f Ca Y
1ncreases plant strength one would expect an lncrease 1n “»4"“

/

p'Q”t St"eng"‘ with i”C"ealiﬁng degrees of calcfffcatlon.,

The break1ng strengths of herblvore damaged and undamagedr,‘

P
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reduced plant strengthp The pos1tion of the p01nt of“,

breakage\ was alSoﬂ noted to determine , f the pOlnt of o

‘ Finally, experiments were conducted to determine uif loss‘

A

rates differed between damaged and undamaged plants as a

) .
fuhction of degree of calo1fication B ‘_J o

v
: . oy v
SN A . o .
,i. o ' L .

Ve

This“research was conducted at the Sm1thson1an Tr0p1cal

Research Institute marine laboratory ‘at Punta;”Galeta '

(Chapterf III) Algae were collected from shallow,, algal
4

reefs, the G%leta Lab reef and similar reefs to the west at’

BT

Isla Margarita . f‘R

l

Breaking strengths were measured with a minitensometermﬁ"

\
Each end of the plant was placed in a padded gr1p that could

be‘ tightened 'so ‘the . plant did not. sliplwhen placed ih‘_

tension but that did not damage the plant Plants which: L

were particularly difficult to hold were attached -the .

gmips with a cyanoacrylate adhesive The padding on the -

plants were also compared to determine if herbivore damagei'laf‘?l

' herbivore damage was the p01nt at which the thallus broke. o

grips was made of hot -melt- glue (Thermogrip Inc. ) The twof'g'

sides of the grip were matched by placing a piece of sheetll_

tefloﬁ between them. clos1ng the grip‘tightly and placing itf

in very hot wafer until the two sides had conformed to ab;_“.

smooth SUrface Small pieces of sheet Silicon were placeda.

in the bacK portions of the. grip S0, that the grip plaoed anl

» ,r- . ' . . . . .

""; even force across the thallus 1rrespect1ve of thallus shape\-“l



"Vdifferential transformer (LVDTT‘was also attached 'to.Athe'

moist

. T Ty
(“‘

slide which moved along a threaded rod The rod was rotatedf

w1th ‘a,.Small hand crank at one  end. A linearly variable

.moVeable slide Thus, once a plant was placed in the grips,.

the cranK was turned placing the plant in ten51on eThe

plant was strained at a constant ratey with the deflection

,0“ and forces requ1ﬂ5d Simultaneously recorded -on ja chart

recorder Al plants% weré*submerged until used and Kept
' ‘enng the trials. ' - -
The crossﬁs tional area of the plant at the p01nt 75F
breakage was .de§y

plants the‘ .height and w1dth of the cross- section were

»measured with an_ ocular micrometer unde{f dissecting‘-

microscope'at the highest power that was pos51ble to seé the

\

N entire surface For the plants which were smaller or/quite

"‘the ‘area. determined appropriately for each 7 Each area waslf

thin the plaht was sectioned with a free21ng microtome

This section was then measured for height and width with the |

8

_ocular micrometer of a compouhd microscope or dissection'
scope, whichever was appropriate Cross sectional shapes"

were conSIdered to be either rectangles or' ellipses,‘ with

-,

—

‘me35ured three times, and the~error was,]¢$§‘,than .thPQer’”'

40 ¢ .

| R - "4,; C T ‘.:,, oL
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To measure therdifference 1n the bneaking strengths,hdf"“'

.
k) e
. P
.
PR S

et

ermined . in one of "two ways: For large

S92

or 'size. Trials in which algae broke at the grip were hot“
"counted. One grip was fixed to a force transducer mounted
,at'one end of. the minitensometer _‘ The other was fixed to a.




i.between damaged and undamaged plants, I presented undamaged :

: plan

was

gvherbiVOre bit all‘ of the plants tested to. control for.ﬂ

tech
then

_ / same

'breakage occurred was ' also determined to test whether . '

o

ts: ‘to a Stoplight Parrotfish (Sparisoma viride) whicthl

kept in- an aquarium. Therefore,» ‘the same 1nd1vidual

: ‘ &
nique. The breaking strength of the damaged plants was

measured and' compared to the undamaged plants of the

species 'The actual point‘along the-thallus at“ which

"

breakage accurred, preferentially at the point of damage

Finally. the loss rates of damaged and undamaged‘plants

in the field werevmeasured. Plants were exposed to the same

‘capt

ive parrot fish that was used in the breaking strength

ﬂ l‘ .
experiments These damaged plants were then ‘paired -by

visual assessment with undamaged plants of i'prox1mately the

same
Plex

adhe

size and shape ‘Pairs of plants were then placed in

iglasvholders,‘ and attached WIth biosponge a polymer
51ve “which attached the - plants to the Plexiglas, . padded

' them but dld not damage them These were then attached Wlth

‘-‘plas
to

reef

out

'flwere
jiwdte
'ffherb

wa plan

1

2 piece of" plastic mesh ‘attached

tic: cable ties to a im
the reef surface with steel spikes near the wave exposed
edge '5 Plants were measured photographed and - placed

as; the water was rising on: days of heavy wave 'action,

left out while the water was high and removed ‘as’ 1the:.

r began to recede, to minimize the probability of

ivores grazing on the experimental plants Henee any

t tissue\ loss could be attributed to wave and current

o Lem .

possible differences in bite shape;-” siZe"or“ biting‘

A
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stress rather than to. herbivdres ‘)/Ihe plants were‘meaﬁbred

and photographed again after re val and tissue loss was

determined by the change 1n height of the plant

~

RESULTS | - | . L

/ e

e

Cal01f10ation does apyear to increase plant 'strength,

3 Six noncalcified algde (*ggnthophera spi01fera. Laurencia

p;gillosa Dictyota bay(eresti,“Caulerpa racemosa Caulerpa

/
, seg%uleriodes,y and AQadyomene stellata) three calcified

algae (Padina 1amacénsi Halimeda Apuntia “and' Amghiroa

\‘-*“"'r'* i e

hancockii) andf an angiosperm the sea grass Thalassiai

testudinumti were/ combared Algae wh}ch’werezcalcified were
significantly 7trong r. than those. which were not calciiied " | .
7 Juv(Oneway analysﬁs of variance,‘ p<0 01, Statgraphics,‘ STSC,
| ‘Inc.‘ 1985; /Student Newman-Kuels test p<0 05; Zar'197h).
The breaking strength of the sea grass was within the range

of ' that of the calc1f1ed algae (Figure VI 1) »
Thrée noncalcified plants (Dictyot " Acanthophora ~and

the seé grass Thalassia). and the three calc1f1ed plants were
. 1\ » 4

also/ tested to determine 1f herbiVore damage reduced plant

st ength ‘ For the seagrass and one of’ the two noncalcified”m
| algae, plant strength was Significantly reduced by herbivore"
rdamage (Mann- Whitney Test, P<0 05 Zar 1974) . There was nohw,.“' .
‘“ﬁfs1gn1ficant difference in breaking strength between damaged };
- ‘and undamaged plants fOr any of the calcified plants (Mann~“’. P
fWhitney Iest - Py Zar 1974) (Figure Vi 2l Additionally, f?fﬁﬂfﬁ

’i[;thex calciﬁaed plants were less likely to breaK at the pointffhi'“ ;



- | ' o A ‘ .
ofv’damage than were those which were not calcified (FlgUPe‘

VI- 3) . All of the noncalcified plants of each of the two

'algal species tested and the seagrass broke at the point of

herbivore‘ damage For the calc1f1ed algae, mos't brokelatv

o points other than the - place of damage . These 'differences

£y

are significant (Mann Whitney Test p<0.05;- Zar 1974)7

\\
resulbs as well Although 1t was not p0551ble to obtain

n
e

'data for ‘noncalc1f1eg algae due to difchulty with the

“holdihg appara?us and limited- t1me the sea grass and threev

. species of calcified algae were tested There ‘was no.

significant difference in the loss of tissue as a function

‘of herbivore damage for the cal01f1ed plants (Mann Wh1<: y
'fTest 0.8, Zar 1974) " This: was not the case for

he -

' seagrass (p<0 01) Seven of 8 seagrasses lost height wh1le '

~

only 1 of 14 Calleled plants lost height No controls lost 7

PN

_tissue (Table VI- 1) L 17 - e

-oxseuserN' - | | ,
The"general Mmodel of Lchhenco and Gaines (1981),

assessing the impact of herbivores on. plants ‘ 1ncludes the |

'cprobability L that a plant 1s encountered ‘and and ‘the
.]probability that 1t 1s subsequently eaten by~an‘ herbivore

."pThis suggests that chemical structural and nutritional-

The f1eld experiments on loss rates supported‘ thesehv

‘95

‘vf?attributes of*a plant influence.the probability of tissue“;‘

thonsumption by the herbivore.‘ The decline in fitness of ai{:7

i;igrazed plant relative to undamaged plants would depend onilf;l?V

issues eaten (holdfasts.‘ meristems). season of damagei?ﬂﬁi.i



. to breakage, and more. res1stant to tear1ng (the;prOpagation

‘;al,‘ 11976, Gordon 1968) . D1scont1nu1t1es force the cracﬁ%ﬁp

Cow

lmhether the plant was reproductlve or not), ‘ABd ‘the
'ontogenet1c stage of plant ati the . time . of damage (a
sporeltng versus mature versus post reproductlve plant). 1.
fsuggest .that-- in add1t1on to the direct t1ssue losses Mo
herbivorv, th1s decl1ne 1n f1tness potenttal should include,

the probablllty of secondary t1ssue loss followtng damage to

the thallus by herb1vores.

Caldification may make“plants stronger,‘ more ' resistant

of ‘critical cracks Gordon 1968) in plants that are already

damaged. ‘Cracks or tears in maternals generallyvcause them
'to break  when vtensional forces are/)plaCed on‘ - them,
,(Wainwright et al'A 1976) . The probab1]1ty that any. damage"

;w1ll create a cr1t1cal cracK (one that leads to failure with -

no fur ther 1nput ‘of tens1onal stress) m1ll depend ooth on

" the. amouht of forcé on the mater1al ~and exact size . and

shape of the damage Dwscont1nu1t1es and weak 1nterfaces in

the material can prevent crack propagation (Wa1nwright et

hplants could have thls cracK stopp1ng capacity rIn this

f;way,ﬂ a calc1f1ed plant damaged by herblvores would be " less

‘ﬁdamaged noncalc1fied plant

‘ suscept1ble to secondary tissue 1oss than would a slmllarly

P

A s1m1lar argument may be developed for. overall"plant

r——
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move awd weak mter faces, d1 spersmg crack energy,‘
“.;prevent1ng crack propagat1qﬁ Calcrf1cation in. marine o

"""morpholpgy SheEt like plants are those generally ‘ff




s

' f . : :
" considered to be the‘most susceptible to herbivores. If an

herbivore Ktakes a bite or damages a sheet-1like alga, the
crack. or tear made can propagate across the entire Tthallus
hesol:}ng in great tissue loss. The location of damage will

determine how much and what tissue will be lost: ‘Al though

the« amount of tissue actually consumed by .the herbivore may

be quite small the loss of tissue due to the damage may Pe
. W /)
quite large. Branched plants are considered more“resistant

| to herbivores than sheet-like forms (Littler and Littler
“1980, Lubchenco and Gaines 1981, Gaines and Lubchenco 1982,
Steneck and Watling 1982). By dividing the thallus into
~branches,v damage to any single branch will not affect the
other branches. ~Although  a plant of this morphology may
have equal or less mechanical re51stance to the herbivore,

the consequences of the damage imposed by the herbivory will
be limited to the imnediate branch affected restricting the
overall impact of herbivory For an encrusting plant the
negative consequences of herbivory w1ll be~lim1ted to' the
.amount “of‘tissue actu‘lly consumed by the herbivore. The
’thallus is - completely attached to the substratum on one
side,” therefore ahy herbivore damage will not make the rest
of the thallus SUSceptible to secondary loss Thus, many
algal traits including caICiTication. div1ding the thallus,
or being crustose could redudce the probability or amount of
tissue lost “due the mechanical stnesses of water -motion

following any type of damage that a plant might experience,

imposed by herbiyores or: other sources (e.g.,

97
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abrasion, rocks, logs, etc),
For marine plants protectfon from tissué“ loss once
\ damaged, will be"important even if they possess other types
 of antirherij6¥e ﬂdefenses. Frequen§li ant1~herb1v6re
~chemicals 1in planfs are'hydrophobiq, therefore herbivores
must taste . the 'plant, thereby damaging it, for these
chemicals to be effective (Norris and Fenical 1982, Hay bers
com). Also, the nutritionai qualitie§ of the plant may be
mqst easily asgessed fran‘taste, again imposing damage on
the plants. Hence, even if the plant has alternative
defenses against an herbivorg, protectling the thallus frém
secondary tissue loss due té damage could be very imporfant.
This could explain why plants, such as Halimeda, which have
potent anti~herbivore'chehicals are also calcified (Paul and’

Fenical‘1983, Paul and Hay 1986).

The * results of the experiments descr ibed above sbggest
that ‘calcification, and by inference ovérall form, in marine
plants could é? mechanisms which minimize .the probability of
secondary tissue 1oss fol}owing .démage.»fincluding that
cau;ed ‘by herbivores. Calcification vstrengtheng Aandb

,prevénts tearﬁng where the plant pas been damaged. For the
plants tested, this mechanish appéars to be effectiQe in the
field. Although' 1 was unable to tést field:loss rates for

‘the noncalicified -aigae, tﬁe forces required to break damaged
plants were less than those, for calcified plants and
Thalassia. Because the latter‘did fosé tissue under the

—

‘\cqhditiOns of the field experiment, forces sufficient ‘to

oz

2




\.
cause secondary tissue loss in noncalcified qlgae probably
did eccdr. Clear ly more experiments are needed to test the
generality of these reselts, pa}ticularly for blants of

different thallus form, .

These results may also be relevant to the evolution and.

maintenance of calcification in marine plants, Several
different explanations -have been proposed to accegnt for the
evolution and maintenence Iof' algal caleification:
calcification may ke a b?product ofrphotesythesis‘in calcium
seturated water (Borowitzka 1982); it may be a .means of
‘detoxifying the ‘cells (Simkiss 1977, Brasier 1986), it
may be a ma jor structural deterrent to herb1vores (dohansen
1981, Steneck and Watling 1982, Steneck -1982, 1983, Hawkins
and Hartnoll 1983). Calc1f1catioﬁ could also be selected
for or maintaihed for protection against herbivores which
are not capable of eating calcium carbonate, or for
profection from abrasion along the thallus edge. It coule
also be '1mportant in influencing the wear rates of the

feeding apparatus of an herbivore-ahd .tﬁerefore affecting

feeding effic1enc1es of herb1vores. or affect digestive

| efficienc1es in animats w1th ac1dic d19est1ve systems

Clearly all algae do not calcify, so one might ‘ask the

question why; what would be the selective dfsad&antages ef'

~calcification? One disadvantage mIth be that calcification
slows growth rates. Some calc1f1ed algae grow slowly (1-

2cm/yr, Johansen 1981);: however, some heavily  calcified

_ algae in the tropics brow‘very_rabidly (1-2cm/week, Padilla-

-
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pers, obs.]. Therefore growth rate may depend on tﬁe typg of
calcification (Borbwitzka 1982) and local environmental
conditions. Also, “calcificafion mékes plants = more
susceptible to desiccatfqn (déhansen 1981, Dromgoole 1980),
and may make them more susceptible to certain types of
herbivores (Chapters Il and 111) .

Ironically, thé patterns of abundépce and distribution
of marine plants and herbivores that WOuld be observed if

calcification and thallus form acted as direct defenses

against herbivory or were acting to minimize secondary loss

would be the same. TNerefbre, does Knowing the “exact'

mechanism matter? The answer‘will'depéqd on the question in
which one is jntérested. At the ecosystem level the answer
is yes if one wishes to know where ene;gy is fléwing ‘(e.g.,

on and nifrogeg budgets) . At the plant coﬁmunify
organization level the answer 1is ‘probably no. The
consequences of damgge on the distribution and.abundance of

’the plants would be the same independent of exact mechanism.

They may differ quantitatively, -but not quadifatfyely., At

the population level the- answer afaﬁn would be ' yes,’
f

particularly “regarding‘the potential or’seieétion‘qn} anq
effectivenqss'”of anti-herbivore defenses. A plant cpufd
suffer greater,tissue'loss‘pirectly t6 herb{yores,4 bu't. have
a much lower tota]:fitness rgdﬁctigﬁ than plants Qith"othef

forms .due to minimizing secondary tissue loss.

3 . e
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Table VI-1. The number of damaged and undémaged that lost
tissue (=change in plant-height) in the -field. Table
entrfes are the number of plants that lost tissue over the

Al

number of plants tested. . ~

Plant " Damaged Undamaged

'Seagrasg: .
Thalassia /8 : 0/8

Calcified alga: o ' ‘.

" Udotea - o0/a  0/4

padina V7 N V2!

Halimeda 0/6 ‘ 0/6

101



Lo
b

102

Figure Vi-1. Breaking strengths (MN/m2) ‘of qé‘lc.ified and g
noncalcified algae and the angiosperm Thalassia. Bars
represent ‘averages and lines -indicate the standard
errors., Sample sizes are above the bar& = ' -~
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'Figure V1-2. Breaking strengths (MN/M2)‘of¥herbfvoré\damagéd
vs undamaged ‘plants. = Bars represent averages and lines.

fndicate the standard deviations. Sample sizes are above P
~the bars. . . ‘ : | -
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Figure VI-3.  Percent o* dg{h'aéed‘p]ant_s‘whivch" broke at ~ the
point of damage. Sample’' sizes are in pareéntheses. o
"ﬁ\ . 4\‘ . . o .
‘ o | . 4
o | S o o

by
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| Chapter‘VII; Coficlusions.’

’

The results presented in chapters IT, CIIT, and VI reveal

that structural and material properties of marine algae do,

”

Hatfect their relative susceptibilities to tissue loss to .

docoglossan limpets. however,.‘not in the ways predicted by
"'Littler and Littler (1980): and Steneck and Watling (1982) .
‘For’ fthe temperate‘ and tropical macrophytes l examined “
hechanicall resistance ‘to tissue removal by docoglossan

’vlimpets decreased w1th increa51ng calcification .Also,'

“mecbanical res1stance to tissue loss was contrary to the

| predictions based on thallus form (Chapters 11 and 111).
Tooth shape and. number appear‘to be 1mportant factors.
,influencing. the amount fof.force-frequired for “different:

limpet ‘species to remove tissue from~‘different l‘algae

A
A,

"(Chapter 11).
' Resistance to one type of herbivore, however does not

-‘fimply that a plant will be equally re51stant to another type |

.of herbivore feeding in another- way ‘ The patterns of

dt.mechanical resistance of tropical algae to the herbinrous

'crab Mithrax SQinosissimu dld not support the predictionsl‘

-}fof the functionalsgprm or: functional group models, and also o V

")did not correspond to those for the limpets,i' Relative7;

ﬂ{susceptibilities of algae to tissue loss did ne

i}degree of calcification or'thallus form for Mitl

o ax'(Chapter
EﬁfIV) In addition. the probability that a partfcular force:

relate tofrﬁ‘h'

?Alapplied by the chela of a Mithrax would result bin tissue.va1¢"ﬂ




. ‘.l .

_———

lossi for“ a particular algal spec1es varied considerably

"This may be odue to the hlgh variande 'ln the structural' } lﬁf
propertles of 1nd1v1dual algal plants | L
.the feedlng preferences of M\thrax are d1fferent fromw
"those pred1cted on,the bas1s of mechanlcal reslstance to
tissué loss on . those expected on the dlstr1but1on of

potential’ antl~herb1vore chemicals " The most preferred

‘foods of adult Mithrax were, Caulerga and Sargassum. both o£~'

which not only conta1n ant1 herb1vore compounds (Norr1s aﬁd; S
Fenical 1982) but also were, among the algae requ1r1ng thei /\::%{
most"force. for, t1ssue removal . This underscores the/ p“; |
imporfance of‘separatlng the mnchan1cal resistance of plants

“to tissue'loss fromvthe feeding preferences ‘ofl herblvores;

when exam1n1ng structural defenses of plants

[

Lo

»Although algal calc1f1cat1on _and plant form dol not l
‘appear f‘to' inf luence algal mechan1cal . res1stance";to'f
‘heﬁbivores - in the‘ fash1on predlcted by other authors

(‘thtler -and L1ttler 1980, dohansen 1981, Lubchenco .a_nd‘
'2Galnes 1981 a1nes and Lubchenco 1982 Steneck and Watling J::f;{
1982 Hawk1ns and Hartnoll 1983 L1ttler et al 1983) they ‘
: may be 1mportant 1n reduc1ng the 1mpact of herblvoresv on .

"',hu‘algae by m1n1mlz1ng secondary t1ssue losses subsequent t '

'fherblvOre damage Calc1f1cat1on makes plants strbng,~ﬁ‘ld1f‘.“”;“f

o

P more" res1stant to tlssue loss once damaged (Chapter VI)
~L:fS1m1larly. some plant forms are more res1stant to secondary‘l_;i“
,;;’;‘t1ssue loss.‘ such as encrustlng plants or branched plants»iffx

'gvthan are sheet like plants or blades.. Thls ttype offf;t




mec_'nlsm would . be dmportant even if a ‘plant possesses

;“gtlve»defenses; . Frequently, anti-herbivore chemicals

ALt b . . , | ,

are ﬁasFephoblc . requirlng that the plant be " tasted for

[

these chemicals to be effect1ve (Paul and Hay 1986, Hay,
pers, com. ). Also, nutr1tlonal qual1t1es of a plant may be
mos t ealey assessed from taste, again imposing damage on
the plant Th1s could explain why some plants which have
potent ant1 herbivore chem1cals, , such as Halimeda, are also
%alclf1ed‘ (Paul and + Fen1cal 1983 Paul "and Hay 1986).
Heﬁce, ‘e;ep iif' a‘plan} has alt rnative’ defenses against
herbivares, eretecganészthe “tHallus from‘secondany tissue
loss due to damage could be very‘ihportapt. |
Branching patterns ,and thallus form are features which
also laflueacef)many;other aspects of macrophyte biology.

‘Patterns of thallus form will influence. the overall surface

. area of a plant which w1ll be important for nu]i['ﬁ% uptake

r
and reproduotion. as well as the prOJected area of the

tha]lus which wil be important for photosynthesis. Thallus
form will also'influence the drag forces that a plant will
experience Wln movine water, as well.as the velocities at
which laminar flow becomes turbulent "over the thallus

(Wheeler 1980 and ln prep) For machophtyes there is an

apparent trade off between diffusion of nutrients to the

sur face of the plant and drag. Photosynthettc rates can be

llmited Qy the dlffusion of nutrients from the surrounding

f;‘ﬁ- N

‘wateﬁ° through laminar boundary Jlayérs surroundlng the

ﬂf,thaalUSz Thus, a plant will increase the diffusion ,of

1



nutrients if its morpho logy results .in turbulent flow next

to the thallus at lower water ve]oc1t1es However this .

increases the drag forces on the plant and will increase the
probab1l1ty of dislodgement . (Denny et al, 1985, Whee]er in
-‘pre& ) " &
f Calc1f1cat10n may also have othen consequences for algae
\Hﬁd algal- herb1vore 1nteractlons Calcification g1ves erect
plants enough structural integrity to allow them to stahd

upright, rather than lying on the benthic surface, This

would prevent self shading, keep the plant above the

boundary layer of .the benthic surface, and perhaps protect«

the plant from herbivores which move on the benthic surface

or require a plant large enough to crawl on (Padilla 1984),
Calcification céuld also increase wear on the feeding
apparatus of the he#bivore. This could affect the feeding
efficiencies of the herbivores or limit the amount of iine
they could speid feeding depending on the relative rate of
wear and replacement of the feeding apparatus.

Given these patterns énd alternative consequences of
plant form and cafcifiéétion, itléppears as though “these
features do not act primarily as deterre;ts to herbivores.

‘ Clearly, " ihairect and soﬁetimes subtle factors ' are

influencing the 1nteract1ons between marine plants and their

herbivores, and  the importance of ' these - factors in

influenéing evolutionaﬁy patterns of plant form and
calcification is not known. There is an extensive fossil

record of caicified_algae, however , fossils of non-caiéifigd
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lgae are rare. It is therefore difficult to separate. th,e‘
evolutionary patterns of plant form frbm those of
qalcification (Flugel 1977). Steneck hé§ examiné¢‘rates of
speciation in the encrusting §pecies ofﬂ the Coral1inqles
(Steneck 1984). He found correlatigns between patterns of
speciation and the abundance of  herbiVoFousn taxa with
‘eXCaQafing abilities (mineralized feeaihg apparatus), ' and
concluded that the.high herbiQoré préésure§"and re1atfve
régisténce of calcified crusts gave thgm an advantage over
othér lE]ants that 'led to rapid speciation. ‘It would be
‘interest?ng to compare these\patterns with thase for bother |
calcified algae including articulated cOralline‘algae.‘ The | ///
articutated and encﬁa§ting coral]iqe'groupings are ‘steq //;’
only on' morphology, and phyletic grbupings include“‘bgzﬁ~j// |
growth .forms (Johansen 1981). As calciffed algae compose
about 11% .pf all modern species of algae, . crosgi‘taxa ’
comparisons could elucidate géneral\sﬁtfebps and kbossiﬁﬁe
benefits to calcification in general. \
| Questions of the evolution of plant form and major
selective ~ forces  influencing. form  still rémqin.
| Super imposed . on these‘quéstions-are the relative importance
| "of changing’ form in marine plants. Two ma jor modeg ‘of
modifying plant fqrm are _phenotYpicrj»plastigity and
heteromorpﬁic‘,léfe histories (Mafhjeéon et—al. 1981).

Phehbtypic plasticity allows a plant change

-

qualitativély; and within a short time period, while

‘heterombrphy‘ﬁesuits in qualitative chaqgeé‘and‘require‘life

£



stage’ changes as well Comparisons of specig%) along a

,continuum. of morpholog1cal flex1bility may factors
that have ma jor 1mportance in the evolut1on of Jant form.
To date much of mar ine plant- herb1vore ecology has been

based on patterns in geographic distribution and community
. l

structure and organization. A more focused examination. of’
. A f

! . '
specific 1interactions and the mechanisms of interactions

should'help shed light on these more general problems.

¢
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INTRODUCTION -

‘
' 1

Appendix 1. The effect of growth env1ronment on

| morphological variation in an. articulated coralline alga

N

Calliarthron tuberculosum

—_—

Morphological ’ variation among populations"can' be:

"observed in many different -types’ of organisms, particularly

‘\ . .
along env1ronmental‘ ggadients, This variation" among

populations oan‘be due to genetic differences or itﬂcan‘be‘a -
‘i‘phenotypiciresponse to different’environmental 'factors._ " A
'phenotypic response -can be adaptive (= pfastic, Bradshaw

' ?1965 Smith-Gill 1983) or it can be non- adaptive, fperhaps

even being beyond the organism s control.
The form of many marine macroalgae is highly labile, and' '

this lability is particularly apparent along env1ronmental

gradiénts (Mathieson et al. 1984 de Pauta and de Oliveira

‘  1982 NOrtonv et al. 1983, Payr1 1984). Morphological

yariation has been studied in mar1ne maorophytes because of .

hits importance 1n establishing taxonomic 1dentit1es o?n
hivarious morpholbgies as well -as linklng pleomorphic life :
'histories | (Mathieson et . al 1981) In . addition.ia
-lmorphological variation in marine plants has been.correlated A
"jfwith 7a; variety of env1ronmental faetors ‘71ncluding=

.temperature, photon flux,‘ wave exposure, desiccation and.“'

herbivores (Mathieson et al 1981 Lewis et al 1987)

leliarthron tHEE-Qngeym, .ﬁn articulated coralline red;h"v:'

alga. lives in: large tidepools, ‘ low ih the intertidal, and'*r




N

in, shallow subtidal zones along wave swept shores in ;the‘

_eastern Pac1f1c from Alaska to California,‘ and. varies
phenotypically along environmental gradients,, “including

along wave eXposure gradients (dohansen‘1969). Calliarthron

\
«

also appears  to. have . very local spore' dispersal "and’

therefore the potential for local genetic 'differentiation‘

» .
 among populations (Padllla 1981, 1984).

" Cross-transplant experiments have(been‘suggested to be
. . ' ‘ ‘ o o :

One,of the‘mostveffective.means‘of‘determining if phenotypic

118 |

~differences in a‘seaWeed are environmentally or‘genetically‘g -

determhped (Chapman 1978 'MathieSOn et(al 1981l' However,

if one cross- transplants established plants it 1s difficuit

to, 1nterpret the‘results as growth conditions.early‘in'life

~ may influence ‘suhseguent form‘or there,may"be a long lag .

" time for. morphological change in an established plant

(Chapman 1974, iQ?B). Therefore, 1 attempted reciprocal<

transplant experiments with sporelings to determine‘ithe‘

v

degree to. which different,environmentalrfaotors influenCe

growth form in Calliarthron "Specifically, the effects of”

both, wave action Jand herbivory_ were examined by'

transplanting sporelings .between areas of differing wave

exposure and by allowing plants at each s1te to grow eitherbl

with or ‘without exposure to herbivores

“In, wave swept environments plants experience high drag

forces that can dislodge them (Denny et al. 1985)

-

Therefore,‘ plants 1n this type of environment would be h

expected to have a structure that would minimize drag "nfﬂjfﬂuﬁ




Jower flow environments diffusion of nutrients to the plant“

surface‘ ‘can be a fproblem due to large boundary layers‘

;‘established arOUnd the plants (Wheeler 1980' Wheeler and"

Neushul 1981 Norton et al 1983 Wheeler ‘in prep.).

Therefore, one would predict that plants in. this 81tuation“

would have a structure that ma&imizes drag, thereby reducing

the boundary layer and 1ncreasing the rate of nutrient‘

diffuston to the plant surface As Calliarthron grows in
_ large tide pools th1s phenomenon could be very 1mportant.

W'Although “the water velocities would be high when waves ;are

hitting a pool the plants would spend large amounts of time'

in still or slow mov1ng water particularly higher on the
shore and on less wave exposed Sites
MATERIALS AND METHODS | B

—

\
1

stupy sites - L : S
Experiments were conducted in Barkley Sound on the West

Coast of Vancouver Island in British Columbia, Canada

119

(Figure 1-1);:f‘ Within Barkley Sound wave exposure, and ;"

herbivore dens1ty and diversity may differ between 51tes"

f: even in close proximity The experiments 1n this study were

conducted at a relatively protected.site (Bluestone) and two' o

expos“‘ sites (Pra51ola Point d~ Pra51ola uﬁLow)f

approximately 300 meters from the protected s1te L f

Relative exposure was assessed by the tidal-height and

width of the Balanug glandul zone.. This zone ' will be.‘_i[i‘.

"”fhigher on the shore and wider in more. exposed areas than




. 20
less‘ exposed'areasl(Table‘i—iib Stephenson and Stephenson
'1972l.‘ The height on the‘shore was measured once, from the,‘g‘dﬁ
. water level, on .a calmday, ‘at a part1¢ular time. ‘iTheo‘”‘§.\

'hactual ‘heioht,of.the water abeQe tidal datum at that time
¢ould then be determined from tide tables for that day. -

~ STUDY ORGANISMS

o Calliarthron tuberodlosUm 153 a long 11ved perennial
artichated coralline redt alga w1th an ‘1somorphic 'life—"
history It has an’ encrusting holdfast that rarely extends’
| beyond the bases of the upright branches ,i Ihe branches‘are
'constructed ~ of " a. series ofi :‘calc1fied iseghents

t (1ntergeniculae) . 'connecteda by nonca101fied joints

igeniculael and can“be up to 15 cm'in Tength. Calliarthron |

is susceptible 'to herbivores primarily ‘when 1t is‘ small,
during sporeling .and Juvenile stages. In the system stddied
;.here the maJor herbivores on articulated coralline ‘algae

are molluscs (Padilla 1984)

‘” The. maJor herbivorous VmollUscs “sympatric withi
i'Calliarthron o 1ncluded fftwo‘ spe01es }of / limpets

i(Patellogastropoda) Tectura (- Notoacmea) gutum and Acmaea .

"vfp}m1tp§ and ¢wo spec1es of chiton LPolyplacophora) Tonicellai

~"‘fscoralline algal specialist 2 v 4 cm long. and °°°U"°d atlg:

Af_‘lineata .and Katharina tunicata ,? Tectura scutum is ,hﬂy;

.ffgeneralist herbivore, 2 - 4cm long, and occurred at both ‘3f~-‘
‘;3exposed Sites and the protected site.. Acmaea mitra,r aesf
y'coralline algal specialist is 2‘- 30m long and occurred;;f

-lf]only at*the two more eXposed,sites X Tonicellg lingatg is aitffﬁf
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. the protected and at both exposed sites. Katharina tunicata

is a generalist herbivore 7 to 12cm long*,and.occurred only

‘ at the two more exposed sites
In addit1on to the molluscan herbivores, the purple sea

‘urchin Strongylocentrotus pu;guratus was’ abundant at one

'expdsed s1te, Pras1ola Low; it did not generally occur‘ln
tidepools in Barkley Sound It is a'generalist wherbivore'
and corall1ne algae are least preferred food jtems ‘lPatnel

p‘-and Vadas 1969, V@das 1977) . Other herb1vores observed

‘occurred in low dens1t1es (Table 1-1)

5

.‘MO‘RP‘HOMETRLIC‘ANAL'YSIS OF EXPOSUR‘ME MORPHS -

_ To assess the degree to “whjich Call1arthron d1ffered'
| ,,amongh s1tes, a dlscrimtnant analys1s was performed on ja
| w,variety of . morphological characters of establ1shed plants

from each site” (BMDP;" Dixon 1983). The characters that were
d.used-for 'these ‘plants inclUded ‘base and total hetght;
wﬁ*intergenlcular d1mensions (he1ght wldth and depth) degree .

of branching (none, pr1mary, secondary or tert1ary) }and
| f:dimensionality of branchings (two or three d1mens1onal)>.b
‘\‘:(Figure 1 2) These same characters,' except the branchlng].""
“Lfeatures, : were used for' the sporel1ngs All of uthetr;
}fintergeniculae in the base of the plant were measured and an"
'dn”average value for each dimens1on was then used for theh f
dffanalysls An analysis of covariance (Number Cruncher ‘j;fff"
t:lstatlstical System, Hintze 1985) ind1cated that there was no,;rn:

“3ﬁcorrelatlon between the position of an intergen1culum \and 30

o e

w e
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1ntergenlcular dlmenSIQns (Table 1 2) As the plants usedt
1n thls analys1s had dlfferent numbers of 1ntergeniculae (S-V.
15) ‘ the lacK of a’ plant" effect 1nd1cates that . total size

had no effect on 1ntergen1cular dimensions | f Y

TRANSPLANT EXPERIMENTS =~ I
In, February,. March and: ApPl] of 1982 and 1983 10 to 15
plants were collected at each of three experlmental sites to
‘Vn‘obta1n spores : S1ngle thallu were 1solated ln glass d1shes
with* #1ltered‘ (to 1 pm) sea water and spores from each
‘! parent‘”‘ were  settied ,onto_ " small Plex1glas ‘?plates
approalmately é by 60m ) The plates had been roughened wlth
ksandpaper, to 'a1d spore attachment and predrilled SO theyl
*could be attached to larger plates which could be placed 1ﬁ
. the‘ f1eld ea51ly . Algal thalli and settl1ng plates were‘
Kept several days at 10°C in the{dark unt1l Sporesftwere
released and attached to the plates Unfortunately, plants
from Pras1ola Low’ never released spores dur1ng the course of
these exper1ments _ Therefore, transplants were conducted
only with sporel1ng9a from Pras1ola Po1nt and Bluestone'
”parents The spore plates were maintained in . ‘1ncubators |
w1th llghts .on the natural photoperlod and at O°C untilﬁlu
they could be transplanted 1nto the fleld (3 to 6 weeKs)
They ‘were kept in f1ltered sea water (to 1 pm) whlch was.;t:
,' changed every two to three days.. Spore plates were““

;oo

transplanted durlng dune, duly and August of the year

. -’

L ——

f‘[' wh1ch they were collected;

Before transplanting. 3sporef%pfatesfwerefexanlnedgtforfgf.:

RN
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t 'spore»viability and growth in the lab The number of spores‘
per plate ranged from 6 to 70. Sporelings were photographed

‘through a dissecting microscope (W1ld camera attachment,

Cwith - 10x ocular and either'12x‘or 25x -magnificatiOn,. and -

“illuminated‘ from the‘side with focused, fiber}optic“light

sources) and mapped such that each could be identified when

. harvested ‘Each plate was placed in a small petri dish with

. sea water over a grid ‘The lower right corner of each plate

. was then filed flat to 1nsure a con51stent or1entation of

“4

the plate on subsequent observations The coordinates Zon._

123

’ .

‘fthe grid of each photograph were recorded When plates were '

subsequently examined the coordinates were located and the‘

n,fsmall scratches on the plate surface were used as features

"to match between the plate and the photograph to’ determine
if a given sporeling had surv1ved This also made it
possible -to determine if. any new spores had settled during
the course of the experiment |

'Four to twelve replicate plates of sporelings from each -

l”parent were assigned in a stratified random deSlgn to the‘

"following treatments more exposed (2 s1tes) or less exposed

Lt site) w1th or without molluscan herbivores, and‘va B

'”{control fdr molluscan herbivore exclosures‘ ; Within ;the,

_5 exposed treatments,‘ plates were assigned to the site either:\

with (Prasiola Low) or without (Prasiola P01nt) urchins “In

T:Qall “cases the small plates were attached with stainless

"steel“‘screws. to. larger Plexiglas plates that had been

s.7‘ The larger plates were

"'""with' matchingﬁho..i,,

._._‘.rv L
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(Z Spar Splash Zone Compound Kopper Co. ) ‘smoothed along
the Fgges, giving the,herb1vores access to’ the plates AN

'

tranSplant - locat1ons were e1ther inslde larg% pools

\

, conta1n1ng Call1arthron (Bluestone and Pras1ola Point) or 1n—"

the shallow‘ subt1dal among Call1arthron plants lPras1ola

r‘1§§iﬁ

' attached to the rocb substratum with a marane epoxy putty

‘Low).  The ' tida] heights _of the shallow suthdal-/si\\\ o

.(Prasjgla Low) and the bottom of the,Pras1ola Point pools

were the ' same (- -0, 1m, where q=- Canad1an tidal datum;

approximately.lowest ‘ lower water) There were two to four
large plates per treatment at each of the three sites

The herb1vore exclus1on treatment plates were surrounded
iby str1ps; of sheet copper (0. 20m tthK and 2. Sbm wide)
‘ puttied smooth against the substratum so they ‘d1d _not

1~1nterfere w1th water: flow (mod1fied from L. dohnson in
L

prep). The molluscan herblvores would not walk across these‘ﬂ

~coppér barr1ers. ,The‘sea urch1ns, however, - moved freely.
across the copper barriers’ 'Therefore.‘ anyjdifferenceS‘ln

‘Athe | structure of ‘plants .from the molluscan exclusion

Vtreatments between Pras1ola Low (with urchins) and Prasiola .
_Point (w1th9@t urch1ns) could be attributed to the Hs‘a;_‘

\ urch1ns | To control for the effects of the copper, control“

: treatments had 1dent1cal copper strips on two sldes leavlng o

":the other two accessible to herblvoreﬁ ddvenile herblvoresr.‘

‘“tisettled onto Plates in all treatments and were. removed fromﬁ”*?“‘u#

hﬁlvthe herbivore exclosures when observed durlng biweeklyhfj,

7i‘ftfexaminations from Apr1l through September,}e and lesshy'

n‘. - '7‘
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faequently during the rest of the year, ' Transplants

lﬁ remained in the field for approximately one to two years.

-

All‘plants were harvested at the end of August 1985

‘At the end of the exper iment, various morphOmetric‘

measurements were made on transplanted sporelings. The same

features " except for branchjng patterns wer measured on

Sporelings as adult plants_ The transplanted sporelings had

. n :
not iﬁgrown suffi01ently to compare branching patterns.

Discriminant analysis (BMDP; Dixon 1983) ‘was used to compare
. the similarities of the: morphologies of'parental, transplant

. and local populations, _as' well as among experimental

i . . . P : .
treatments. . Multivariate analysis of variance or,

i‘multiuariate T-tests (BMDP; 'Dixon 1983), wusing all of the

same characters that were\ﬁsad in the discriminant analysis,

125°
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were then used to test whether differences among populatf@nég&

or treatments were significant.
'

e

“

- THE INFLUENCE OF FORM ON DRAG
The dﬁag forces on 16 plants of different sizes from
' Bluestonegiahd Prasidla were measured. Each plant was

attached with a ciip tp a force beam ahd then piacg%‘in a

fldw tank such that the base of the plant was at the water

surface ' The water was 01rculated at a constant vé\OCity,

and drag force was determined after steady flow had been

obtained ﬁ Drag was measured four times at each of: three
different flow velocities, 0.08 m/s,-0.27 m/s and 0.42 m/s.
The force beam was calibrated by suspending free weights

i

ﬂ\
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from the beam.

)
\ '

The length and surface area of each of the plants in the

drag experiment were detérmined. 'Lengtahg;é measured as the

maximum linear distance from the base tO®the tip of the’

longeSt branch, Measureménts were repeatédifour times and
, the average Was used as the length of thk plant. To
eéiimaté surface areas, pieces of thin-plaszio .of Known
surface areas were used to establish 5 regregsion equat ion
for weight gain/ surface afea. The plastic pieces were
dipped in alcohol and tﬁen weighed. They were then .dipped
in a surféctant (a 5% detergent solution) a;d weighed again.
This was HEBeated four times ‘for gach plas}ic piece. The
weight gain would be correlated with the surface area in a
linear fashion. Each plant was dipped in alcoﬁol and then
wé}ghed. dipped in the surfactaﬁt and weighed again.‘ " This
-was repeated four times for each plant and the average was
used as an estimate of surface area (Hicks "A977). The

accuracy of this technique was tested with a thin, bladed

alga, Dictyota bayteresii, whose 3urféce area could be
_directly measured. The estimate and the “measurement

differed by less thanm 1% (n=10).

RESULTS

MORPHOMETRIC SEPARATIONKOF TWO POPULATIONS

Using discriminant anaLyéié the samples of‘Calligrthrgg

from the protected site and from the exposed site show
little overlap (BMDP; Dixon 1983). None of the Prasiola

1126
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‘Point plants was misclassified, but one Bluestone plant was

misclassified as a Prasiola plant.. Three plants from the

Prasiola Low site were then used to test this separation.

A1} of the Prasiola Low plants fell with the Prasiola Point

plants along the canonical variable axis (Table 1 -3, Figure

1-3). A . multivariate T-Test of these data indicate

significant differences between the Prasiola and Bluestone

populations (Mahalanobis p? - 10.8232, Hotelling 12 =
56.693, p=0.0102; 8MDP, Dixon 1983).
TRANSPLANT EXPERIMENTS

At Bluestone, none of the transplants or natural

- -

recruits of Calliarthron grew ‘large enough to have

intergéniculae in either year, although adult plants in that

population did grow during that time perlod (10 marked

plants grew an average of 1.3 cm/yr).l At Prasiola Low and
Prasiola“Point several plants did grow However, there were
too few plants among the different treatments to conduct a
proper analysis (Table 1-4). > J
Preliminary analyses were conducted on those plants w1th

—lntergenlculae transplanted to Pra51ola Potnt and Pra5101a

Low. JHWhen the experiment .was terminated the sporel1ng‘

plants had not - grown larée enough to assess branchjng
ik _ © = o , ’

features. - Thus, features demonstrating the main differences

uw/form among the parents were not avallable for analysls in

the sporelings

Dlscriminant analysis was used to compare the structure

[
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of -the transplants whoee parenﬁS“were from Prasiola Point,
Lo

the. transplants whose parents were from,Bjuestone and each
‘of the parental populations. -\ The form of the surviving

sporelings *more closely rese led that of the - loca]
~ \ .

populat1on rafher .than that of thelr parental population if .

\

it was d1ffeRent (Table 1- 5,/ F1gure 1- 4) The Prasiola

parents and both groups of sporel1ngs completely separated'

from'.thé‘ Bluestone plants. A multivariate - analysis of
variance indica&ea significant differences among these four

groups of plants (Hote1lings generaliied‘ T-zero squared=

196.416, Tiku’s | approximate chisquare, a test for

- significance of. Hotellings generalized T-zero squared, =

139.41,  DFs 13.923,  p=0.00; BMDP, Dixon 1983). A
multivariate T—Testfﬁndicated that the form of transplants

whose parents were'\from Prasiola were.' s1gnif1cantly

\

‘different from those whose parents were from Bluestone when

. “ \ T ,
.. transplanted into -the'same environment (Mahalanobis: p2=

w

+2.6096, Hotell%ng 12- 35\3092. F valuet 4.5713, DF= 7, 58.0,

p= 0. 0004) " This $ugges\§{tnat there i's~both—a genetic andA,

-‘an env1ronmental componeRt- affecting the form 'of these
plants. | : |
. & P

and \both transplant s1tes ere poole 4

analys1s of plants exposed t ected from molluscan

“herb1vores and the control treatments evealed a great deal

of overlap in the form of these plants (Table 1- 6 Figure I-Q

5). A mu]tlvqriate analysis_ of variance 1nd1cated a

" ‘When sporeltngs from tge,different.parental populations.f

the discr1m1nan} :
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marg1nally significant .difference : between treatments -

(Hotellings generalized T zero sqdared= 27.0599, Tiku's

‘approximate chisquares 16 83, DF 8. 500 p-O 0409; BMDP,'

| vQ1xon 1983) ‘but. ‘the univariate analys1s of each of the
4

variables was not s1gn1f1cant When anaiyzed separately,

there was cons1derable overlap in the fdrm . of plants

proteeted from molluscs but exposed to urchins (at Prasiola

Low) and. those protected from molluscs where urchins wege

‘gbsent (Pras1ola Point;  Table 1 -7, Figure 1- 6) LA

mult1variate T-Test  indicated no significarit differences.

between these two sites (Mahalanobis.D2 = 1.2649, HotelTihgs
12- 4.4975, F value= 0.5291, DF = 7, 28.0,-p= 0.8049; BMDP,
. Dixon 1983). | |

i THE IN%LUENCE OF FORMAON‘DRAG

Ana]ysis of covarfance‘wgs used to'determine if drag

differed between plants from Bluestone and Prasiola at three
¢ ‘ S : L ,

different water velocities (Number Cruncher Statisticai
- System, ‘HintZe 1985)- Surface area of the planf‘ was
onsidered to be the best measure of plant size @plants of

.the same -height varied greatly 1n the number‘ of branches

“‘vthey posessed) and was used as the covar1ate (Table 1-8).
Plants frpm Bluestone had higher drag than those‘ from

"Prasiola ffat 0 08m/s and at 0 42m/s There was .  no

,isignificant dfﬁ#erence between the two morphs .at 0. 27m/sy

:This may~be due‘to a large variance in the values caused by'

a transition _from lam1nar to. turbulant flow ,1Wheeler in

S

- ’ e, n.‘ @ ' I8 : ‘ ) o
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Calliarthron changes 'in " form along wave exposure

gradients. .In more exposed environments the waves are larger
and ~ more frequent, resulting in greater water velocities,
greater accelerations, and .therefore greater forces on

organisms (Denny et al. "l985). In these‘ienvironmgnts

il

Calliarthron plantsl‘are very highly branched and . all

branch1ng occurs in the same plane. ‘In:less‘waQe exposedl'

| _env1ronments Calliarthron plants have fewer branches . and the }

' ®
 branching is three dimensional. , The plants in less wave

exposed habitats are also much taller than those*‘in more

'exposed areas. Drag on the plants of the ty9 ‘dlfﬁ;rent

morphotypes was as one would pred1ct 1f thallus form 1d’th1s
Y

species reflected adaptatlon to water motion "and- the

importance of’.drag. Plants ‘in the more Wave exposed

enVironments, had lower'drag (minimizing the risk of being

dislodged) .than . plants in the more protected env1ronment

1 3

where greater drag would 1ncrease nutr1ent uptake (Wheeler

1980, Wheeler and Neuschul 1981 Wheeler in prep. ).
. S1m1lar patterns of variation in structure ‘ with
d1ffer1ng degrees of wave exposure have been observed ln

other spec1es . Payri '(1984) found that. Turbinaria 1in

protected lagoon areas were longer, and less branched thanl
those on more exposed reef fronts and de Paula and dec'

gOliveira (1982) found ‘similar results with §argass These;j:

130 -

types of branching differences associated wlth differing-.“f;Tf

wave exposure may be a general response 1n many diffepent,,' B

e

- -



ihxthan annual plants (Mathieson et 3‘

Ld}
—r
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types of branched algae

The differences in morphology between the population of
l'plants at ia“more protected Site (Bluestone) and a more:
exposed site appear to 'be due_hto both‘fgenetic ~and °
’,environmental factors. Howeverr more experiments;conducted
with greater .numbers of.replicates and conductedl'ove:*l%:}
longer time period would be required to (conclusively ,
tdetermine the role of each of these factors

Heroivores did‘“appear ‘to have an  influence on the:

structure. of Calliarthron if one Ctonsiders all features

simultaneously in the multlvariate analy51s However, there -
was no. significant difference between plants protected from
both molluscan and echinoderm herbivores and those protected
from molluscan herbivores and exposed to urchins Herbivores

have been found. to be important in another .apparently

‘.plastic species. Bgdina‘ jamagensi. ‘Leuis et al. (1987)

. concluded »that herbivorous. parrot fish were‘ the primary

force influencing the abundance of two. different .Padina
;morphologies.‘ - prostrate and an erect’ form, rather ‘than;
'physicai conditions that had been assumed to control this 1n‘f

"fthe past (Lers et al( 1987) | (“ 'l |

| Although many marine macrophytes are plastic in their

'structure not all vary to the same degree, some differences .

;i*in plant structure are due to genetically differentf: Aif

”lecotypes.‘ Also. perenial plants fear to be more plasticf‘{

‘ | 981) ~The advantages"l.r‘f
'*lof plasticity are generally linked to dispersal into;}‘~
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different env1ronments or to iiVing in an environment that
is. likely - to be variable dur ing the lifetime of an

1nd1v1dual (Bradshaw 1965 Palumbi 1984) If an 1ndividual‘

maintains the capa01ty to respond phenotypically to" changes

in ' the enVironment, then its offspring will be abie to do

4

well inia variety of p0551b1e environments, thus reducing

the possible cost. associated with dispersai' " In contrast
1ndiv1duais that are particularly adapted to one environment

will, do well Hin that env1ronment but, will be at a

-

disadvantage if they happen to land in another environment.

These two strategies ‘are.generally assumed o'.represent

.tradeoffS' the‘organism that specialiZes will do better than

the generalist in the environment to which it is adapted,

whereas the generalist w1ll be capable of iiving fnl“many

'different env1ronments (Pidnka 1974 Bradshaw 1965).
However, ‘if an organism lives' in an environment that isﬁ

likely to change, then the ability to be plastic would be an. .

advantage (Palumbi 1984)

)

RN

Calliarthrg _ish long lived, and appears to have~ very‘
local spore dispersal (dohansen 1969 ~Padilla 1981 1984)'

132 -

The plastieity in. Calliarthron therefore may not be adaptive‘ ‘

'for' broad co]onization of. new enviroments.‘ but rather‘ tOr‘

A}

surviv1ng ‘1n a temporally variable environment . The faot

that.’ there ‘'was_no sporeling colonization at the Bluestone‘

s4te during two Years.‘ but there is an 'established and’j‘tsf‘”'

growing adult population suggests that this environment canh

ATCI

be locally highly variable. Also,.although no reproductive'.gf}ﬂ
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‘f and drag The abiiity to have a. flexibie structure may bef

[

plants could be found at the Prasiola Low 51te during the

" course of this study, - many reproductive plantstere found‘

" their community comp051tion over ‘time. Therefore 'they are_ﬂ

t

no

when the study was termihated in August of 1985.

" Aiternatively, dispersal may not be as ]ocat -.as8 it_‘
_\‘appears.gAs these piantsiare very;long Tived,_rare,eventsAof‘
)vionper\distance dispersai (i.e. ,‘ branches bronen'andwashed
to a new shore) may be very 1mportant particularly'if these

happen when one would expect Iarge scale disturbance and the

N

opening ,of new habitat. Padilia (1981) found ithat .large~ 3

tide .pools have littTe free space and are rather constant in

difficult for new 1ndiv1dua1s to 1nvade as’ the maJority of
spaoe..is occupied by vegetative growth and overgrowth.

Therefore the ability to colonize these small amounts .of

4

space, successfully when they become available could be ‘veryn

important _ By maintaining plastic reSponses, the plants

could successfully invade a large number of various habitats

"

when they become available

Calliarthron appears to have locaf<spore dispersal .nd-

some genetic differentiation 1n the differences 1n structure

among popu]ations There also appears»to be a phenntypic,‘ff

"re'ponses to the local enVironment The differences in

particularly»» advantageous “in rja 3 variable, | disturbedraifﬁ f

environment like the rooky intertidal zone

-.5;ructure appear to be adaptive w1th respect to water motion'”'
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Table 1-1.: Community composition of three habitats.
examined. ' \ ) : .

A ﬁ‘; o Prasiola Low Prasiola Pt. ~ 'Bluestone
WAVE EXPOSURE ~ MORE MORE © LESS

'WIDTH OF L . | =
BARNACLE ZONE . 2:5tm . .2.30m Ct.19m
COMMUNITY ‘

COMPOSITION

(% COVER): |

' NUMBER OF o T R
' QUADRATS o . , 37 ¢

BARE ROCK 22.26 . . 8.76 . 20.69

CORALLINE L , ‘
CRUST - 4m -51.38 -~ 29.98 | 8.63

CAULIARTHRON '4.36 ~ 8.65 | 4.25

TOTAL # SPECIES 86 . 38 2

TOTAL HERBIVORE L | R |
DENSITY (#/m2) = 61.68 ° . 25.04 .. 29.92
(198.72) = : ) I |

. LIMPETS - .. 4.56. 13.72 - 11.58
o (173.78)* - "
CHITONS . 7.96 - . 10.08 y 0.72
.URCHINS | 48 00  0.20. .. 0 o
OTHER ‘ 1.160 .7 1.04 . 0.24

. : 2 Yy - - ' . ‘ . :
OMNIVORES® ~~ ~ 0.84 . 1.04 - 0.24
upkEbATOde o ‘2:56,,,- | 53,3613' 0

‘v*Den51ty 1f Juvenlle l1mpets are 1ncluded

2 Percent cover . and dens1t1es were determ1ned by using
~1/4m quadrat and sampling the entire’ tide pool or.area
“'surround1ng the tranaplant experiments ‘ , ‘

Other species 1ncluded gastropods, Calliostoma spp. **wz-“f“
‘L1ttor1na scutu]ata L1ttorina-51tkana and isopods, Idothea '

spp.

o ‘CDmnivores inc]uded Pugettia and several species of . i{ ,}yfifﬁf

‘Uipolychaete

138 .

~ worms.. L 4“‘”"QrE;Q;:;ﬁﬁF,Jff:C]7f;;'gj'iﬁllflfl*ﬂff}fﬁﬂfff””"

o dPredators 1ncluded Pigaster ggracggu and L Qggtgljg§f7eii7jj,ff;

hexactus
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. Table 1-2.. Twoway Analysis of. variance with intergenicular </‘
‘position and ‘intergenicular width, 'and -with intergenicular .
height = and ‘depth as covariates ‘for 20 transplanted
sporelings within the same treatment (protected from

- molluscan herbivores).. z | J c T e

Source = ' . Deg. of Freedom Sum of Sduﬁ?és F-Ratio’ P
Plant 19~ 111333 - 0.66  0.82
_Intergenicular S o -
Position . 10 27684 . 0.31 . 0.97

v

 IﬁiéEgeniculéb - o ‘ . L
Depth ~ - ... 1 ~ 5823 - 0.65 0,51

,Intérgénicujaryﬁfuﬁ’tﬁv o e o

‘Height, . fusllleis ©9.670°  1.08 0.3

Explained 31 . 154,513  0.56 0.94
CEeror .20 214211 . o
. Adj. Total . 55 ‘?358;723“‘

~ Test for difference in slopes, not significant (p$0.85). i
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Table 1- 3 Means and standard -deviations (1n parentheses) of
parental plant features used in the ana1ysis . See Figure 1-
- 2 for plant d1mensions :

B]Ugsténe - Prasiola Pf. : Pbasiola Low
' Base Height 25.267 12.425 . 20.895
D (19.142) °  ° (4.510) (8. 357f
Total Height.,  42.501  923.620° . 54,055
N - (34.813) (14.291) (7.217)
;Intergen1cular : ‘72v4867 ' ' , 1.912 . \'2;729‘ -
Cheight 7 (0.412) ~(0,313) (0.558) .
Intergenicular 1.738 | 2.576 ©3.368
‘width . - (0.304) .. (0.677) . (0.503)
' Intergen1cular Co1.271 o C1.197 ©1.533 -
depth - (0.148) . (0.371) (0.276)
Tntergen.wd: / 1.3901 . 2.436 " 2.139
Intergen.dpth." .(0.274) A (0.721) (0.2786)
Intergen.ht./-  1.515°° . - 0.085 0.835 .
Intergen wd. - (0.400) - (0.213) (0.286). -
Dimension of 3.000 - 2.000 2.000 -
branches o {0) | (0) (o)
Degree of . 1.800 1.909 . 2.750

. branching (0.843) -, - (0.944) - (0.500)

Plants 10 T ;ﬁ1-“ s,

Voo . . AN . “ ) T e
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Table 1-4, Morphological\gata from all experimental plants ‘
that were large enou h fora\alys1s Table values are the -

‘Transplant Location 2= Prasiola Point, 3= Prasiolalow),

the Experimental Treatment (15 with herbivores, no
exclosures; 2= molluscan herbiyores excluded and ‘3= control
for copper exclosures}, the Base Height, Total Helght
Intergenicualr Height Intergenicular Width and . .
Intergenicular Depth 6 \ g L S

"\

Plants from3BiUeetdne Parents:

Loc.. Treat _Ht. Ht.

.14 6.14
.36 - 9.36
.56 - 17.56
.21 7.21
.94 41.63.
87 ¢ 17.21.
.23 ° 23.23
.69 - 7.69
05  19.41
.24 . 10.66
.38°  28.38
.54 ' 16.54
~40 .

.18

. 87
.70
.59 .
136,
.18
L1200
42
.66
31
.52
.58 .
64 |
72 fese
.50 12.50° 2.
000 11,34 7 1,
16 10,16 1.
135 11231 71
4.87° 19,08 " 1.53 ..
L BL9TT 150104 1,307
Lo 220 A1 22\ 2.4
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-‘Table 1 -4 (cont1nued)

Plants from Bluestone Parents

. Trans.

Lcc“

OWWRWWWW

Plénfs From“ﬁrasio]a Point Paheﬁts{_

" Trans.

- —toc.

TWWWWWWWWWWWWWWRNRNNNN

Exp. -

" Treat

WNNNNNNN

Base ' ‘Tot

Ht. Ht,
21.53 21,
9.27. - 9.
2.19 12,
9.42° . 9,
4.07 14,
10.05°  10.
7.26 7.
'5.70 5.

Exp.  _ Base Tot.
Treat . Ht. Ht.
1 30.54 44.22
1 20.52 ° '20.52
.1 21.63 21.63
1° 23.82°% 23.82.
3 - 23.50 \ 42.58
1 7.88 7.88
1 8.17 8.17
1 11,91 13.25
1 212,15 ,12.15
w1 '3.24 +  13.64
1 9.08. 9.08"
2 S 7.51 0 7.51.
2 6.06 6.60" .
2 6,01 6.01 "
2 .- 12.76 - '121%é'-
.2 9.04 - 9.04
2 14.82 ©  14.82
2 '5.91 5.91
3 7.02- 7.

I U T Y e -
P
~J

M+&ew4wmdwmmﬁqeu;-4

ladly

.78
.90
.73

.86
.93

.41
.15
.04

496
.75

.51
.37

1.G.
Ht.

.73
T30

.16

.20

29
10
02

e

RN Y X1 5] S PEEREGEEY LY CY ET Y CY AR

1,07

80

1.G.

‘ Depth

.93
.94

. 1.08

.95
.74
.51

.46

.93
.86
1.04 .

.65

.46

.63
1,01
‘g0
.60
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Table 1-5. Means and standard deviations (1n parentheses)
. of transplant features used in the analysis for sporelings
whose parents were from either Bluestone or Prasiola Point,
Table values are for plants from both Prasiola Pt. and
- Prasiola Low, pooled across all treatments, See Figure 1-2 L
for plant dvmensions

o ' Sporelings of Sporelings of .
Bluestone . Prasiola
Parents ' Parents
‘Base Height < 12,743 10.834
' (7 644) (5.342)
: ' O A
Total Height © 15 085 ' 13,359
~— (117 319) (7.036)
Intergenicular . 1.926 2.094
height - - (0.416) o (0.401)
Intergen1cu1ar . 2.165 | 2.068
width (0.71Q) (0.569)
Intergen1cular g 0.783 0.776
depth : (0f218) ' (0.184)
‘Intergen wd./ 2.986 | 3.512
Intergen.dpth. (0.982) (0.839)
Intergen.ht./ | 1.040 : 0.857
Intergen.wd. (0.485) : (0.185)*
Number of o . ‘
Plants Y] | o av



S

Table 1-6. Means and standard deviations (in parentheses)
of the features used in the analysis”for the experimental
transplant treatments. Table'values are pooled across
parental populations (Prasiola Pt. and Bluestone) and
transplant sites (Prasiola Pt. and Prasiola Low).  See
Figure 1-2 for plant dimensions.

With - Without

Molluscan ‘Mol luscan

Herbivores Herbivores Control
Base Height 13..238 10.096 11.910
, : (7.700) ‘ (4.167) (7.730)
Total Height 15.869 11.676 ‘ 18.450

(8.502 (5.407) (16.322)
Intergenicular ‘ 2.100 - | 2.604 1.787
height . (0.462) (0.412) ~(0.259)
Intergenicular " -  2.577 | 2.464 2.247
width S {04877) . (0.640)‘ (6.04)
Intergenicufan “ 0.791 0.783 0.705
depth ~(0.205) (0.188) ~  (0.186)
Intergen.wd./ 3.472 3.300 o 3.322
Intergen.dpth. - (1.022) . (0.875) - - (0.785)
Intergen.ht../ 0.905 0.921 © 0.868

Intergen.wd. - - 10.319) ', (0.296) | (0.282)

Number‘of o : , .
Plants -2 3% T
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Table’1*7 Means..and standard deviations (in parentheses) of
the features useéd in the analysis for comparing the without
molluscan herbivore treatments between Prasilola Pt. (no

‘urchins) and Prasiola Low (urchins present).

.Tabled values

are from sporelings from both parental.populatIons pooled.

See Figure 1-2 for plant dimensions.

Prasiola

141

. .Plants

Prasiola -
Point "Low -
No Urchins
- Urchins Present .
No No E
Molluscs Mo1luscs.
Base Height 10.068 % 10.100
- (5.171) (4.131)
Total Height 10.068 11.887
' (5.171) (5.482) .
. 1.970 2.076
(0.276) (0.428)
Intergenf ular 2.530 © 2.456
width - (0.732) (0.641) q
Intergenicular - 0.669 0.798
depth . 10.0867) (0.194)
Intergen.wd./ - 3.796 ©3.273 e
Jntergen dpthﬁ "~ (0.979) (0.857) "4 %'
| - SN
‘Intergen.htn/" < 0.820 0 0.933
- Intergen.wd. *°  (0.183) (0.307) *
Number of .- o s
R 32 . s
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Table 1-8. One-Way Analysis of covariance table for drag,

with plant surface area as a covariate, for the two ‘
morphotypes of Calliarthron from Bluestone and Prasiola, .

For 0 08m/s Water Veloc1ty

Source DF Sum of Squares ~ F-Ratio Tail Pfobébiiity‘ —
S (x 1073 o |
'S. Area 1 0.0622 . 14,96 ‘ 0.00
Site 1 0.0046 ‘ 1.12 . 0.30
Explained 2 -'0.0669 . . -+ 8.04 0.00
Residual 29 0.1206 S o |
Total C31 0.1875 .
Mean Drag Bluestone--0.0370N ; ‘5 - s | -
Prasio la- 0 0358N g ‘
For 0.27m/s Wateh Veloc1ty
Source 'DF Sum of Squares F-Ratio Tail‘Probability T
| (x 1073)
'S. Area 17 0.0811 1,06 % - 0.3¢1
Site. . 1 0.2590 3.36 . - 0.07
Explained 2 0.3400 Lo 2.20 0.13 ot
Residual 29 2.2365 ' " -
Total = "31 2.5766 Ve
Mean Brag: Bluestone- 0.0B17N - .-
Pra51ola- 0..0595N
For 0. 42m/s ‘Water Velocity: ., ) |
Squrce DF . Sum of Squares ‘F-Ratio - Tafl Pbbpaﬁility |
| | (x 10 3) . - | ,
S.-Area .t~ 0.9754 - 1,79 ° . 0.19
. Site . -1 - 3.9153 L 1.17 ﬂ 0.01 -
- Explained 2 -~ 4.8907 . 4.48 - - 0.02
. Residual - 29 15.8397 ; R N .
fuTotal 3 31 20‘7304 B . T,
b “AMean Drag, Bluestone- 2. 0648N . f Z:“’J“ o f SR

. Prasiola- 1. 872N
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Figure 1-2. Diagram of Callfarthron. The morp‘h'on‘netr‘ic‘
measurements that were taken are indicated.

f

Total
Height
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“'Figuré 1-3. Histogram of canonical variables for parental
plants. b=Bluestone, p=Prasiola Pt., and lfPras1ola Low. ‘_
d‘

|
P PpPlplpp ppbpp b bbb bbb ob R b .
oo T ‘ T ‘ T T, ‘
AR ¢ 000 - L7s 350

. . Canonical Variable
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nFigureﬁi?4u’P1bt of canonical variables for all transplant.

and parental plants. A(1)=Bluestone parents. B(2)=Prasfola
parents. C(3)=Transplants from Prasiola, D(4)=Transplants
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A‘Figure 15, Plot of canonical variables for . each of the
three exper‘imental treatments, ‘with herbwores A(1) w1thout
herbivores=B(2), and controls= C(3) | T w
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Figure - - 6 H1stogram of canon1ca1 variable for - transplants
protected from molluscs but either exposed to urchins = -
(Prasiola Low) or not exposed to urchins (where urch1ns do

| not occur Prasiola Po1nt)
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