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Summary

Sessile, soft-bodied, compound ascidians are successfulBotrylloides sp. colonies from host eelgrass blades and
competitors for substrata in crowded benthic and epibiotic  allowing them to reattach, before measuring peel strengths,
marine communities and can be effective colonists of new we learned that the initial reattachment of a colony
sites, through adult rafting and reattachment. Adhesion to  depends upon rapid new growth of the colony rather than
the substratum is essential for these ecologically important on fresh secretion of glue beneath old zooids. We also found
functions; we therefore studied the material properties of that the propagation peel force necessary to remove
colony attachment to various substrata in the rafting Botrylloidessp. from different substrata (e.g. mussel shells,
ascidians Botrylloides sp. We found that, compared with  barnacle basal plates or eelgrass blades) depends upon the
the strength of the colony tissues, the glue attaching surface texture of the host. Thus, the overall tenacity of a
Botrylloides sp. to the substratum is very weak. This colony is affected by the types of substrata that it
relative weakness may protect the soft-bodied colonies overgrows.
from damage if they are ripped from their host. For sessile
animals, such a weak-glue ‘strategy’ is only effective if the Key words: ascidianBotrylloides biofouling, tenacity, adhesion,
animals can later reattach to a substratum. By detaching reattachment.

Introduction

Compound ascidians grow as sheet-like colonies of zooidgue—organism and glue—glue interfaces can also determine the

embedded in a common extracellular tunic, with the undersidevel of tissue damage that occurs when a sessile organism is
of each colony attached to the substratum by a layer of gludislodged. Although the composition of the tunic has been
Such ascidians are effective colonists of new substrata aml@scribed for several ascidian species (e.g. Cloney, 1990; Deck
successful competitors in benthic marine communities. Unliket al.1966; De Lecet al.1977; Hiroseet al. 1994, 1995; Smith
many sessile animals, compound ascidians are able to reattanid Dehnel, 1971; Van Daekt al. 1992), the mechanical
and recover after dislodgement. For example, colonies gfroperties of colonies are poorly characterized. Similarly,
Botrylloidessp. carried to new habitats on floating seagraswhile the chemical and mechanical properties of marine
blades can reattach, grow and reproduce; this adult rafting hadhesives are known for a number of organisms, including
been shown to be an important mode of dispersal for ascidiansussels, barnacles and limpets (e.g. Ackermiaal. 1996;
with short-lived larvae (Worcester, 1994). CompoundCook, 1970; Dougherty, 1990; Naldrett, 1993; Papov and
ascidians frequently overgrow neighboring organisms (e.gVaite, 1995; Rzepecldt al. 1991; Smith, 1992; Waite, 1990;
Birkeland et al. 1981; Nandakumaet al. 1993), and some Young and Crisp, 1982), such information is lacking for
species can move, whole or in fragments, across the substratasctidian adhesives.
(e.g. Birkelandet al. 1981; Carlisle, 1960; Cowan, 1981). In  We have studied adhesion by the rafting ascidians,
spite of the importance of adhesion in each of the functionBotrylloidessp. (Worcester, 1994), a species abundant off the
listed above, the adhesive strengths of compound ascidiansast of San Francisco, CA, USA. The purposes of this study
have not been quantified. were (1) to compare the strength Bdtrylloidessp. colony

The strength with which any attached sheet, including &@issues with that of their glue; (2) to measure the adhesive
living one, adheres to the substratum depends upon tlstrength (standard peel strengthpBotrylloidessp. to different
mechanical properties of both the sheet and the glue, sincesabstrata on which they commonly occur, and (3) to assess the
crack may propagate in either to cause adhesive failur@dhesive strength of colonies that have reattached to a
(Salomon, 1967). The relative strengths of glue—substratursubstratum. Our focus was on the material properties of both
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the tissue and glue of a representative soft-bodied, sessile Adhesive strengths
organism that reattaches after dislodgement from the Colony adhesive strengths to two different substrata,
substratum. eelgrass blades and mussel shells, were measured using peel

tests (e.g. Salomon, 1967) conducted on the Instron (Figs 2A,
Materials and methods 3A). Every test g(_aometry give§ a characteri_stig curve of peeling
. force as a function of the distance a strip is peeled. These
] ] Animals ] ) curves often include initiation or conclusion peaks that are
Colonies ofBotrylloidessp. were collected during April and  gisregarded when calculating propagation peel force per strip
June 1994 and May 1996. EelgraZedtera maring blades  yidth (F/W: Benson, 1967). To determine the characteristic
with colonies attached were collected in Tomales Bay, CAgyryes for the test geometries used here, control peels were
USA. MusselsNiytilussp.) covereq by colonies were collected performed using Sellotape strips of uniform stickiness. The
from docks at the Berkeley Marina, San Francisco Bay, CAgyrves for tapd-peels (in which the sticky side of one piece
USA, as were C°|°”!95 &otrylloidessp. growing directly on  of tape was stuck to the non-sticky side of another, to simulate
the docks. Mechanical tests were conducted on the day gfcolony stuck to a grass blade) contained initiation peaks (Fig.
collection. For the few hours before use, animals were kept D), while those for tape peels from mussel shells contained
aerated sea water at 11°C and were removed only f@fa| peaks (Fig. 3C). On the basis of the Sellotape controls,
immediate testing in air. both initiation and final peaks were disregarded, and only the
. . first 1cm of each mussel-shell peel was digitized.
Material properties Colonies ofBotrylloidessp. were peeled from grass blades
The material properties of colonies were measured forastr'(pig. 2A) at peel rates spanning three orders of magnitude
of tissue (tunic plus zooids) cut from each colony using parallq]ength of colony peeled off the substratum per unit time 2.5,
razor blades glued 9mm apart on a handle. The Welia(d 25 and 250 mm mird), chosen to correspond to the Instron head
thickness T) of each strip were measured using verniefspeeds used in the stress—strain tests described above. We found
calipers, width to the nearest 0.1 mm and length to the neargg§ trend in peel propagation force per wid@iVy) with peel
1mm, and the initial cross-sectional arég)was calculated rate although thE/W values measured at the intermediate peel
(AOZWD- Strips were gripped in clqmps lined with rubber ate were slightly higher (by approximately 1 N4nthan the
padding, and the unstretched specimen length between th@y values at the faster and slower rates (Kruskall-Wallis test,
grips (Lo) was measured to the nearest 0.1 mm using caliperp=0 008,N=25). TheF/W data reported below were therefore
Strips were then pulled uniaxially in an Instron universaly gathered at peel rates of 25 mm nifor grassT-peels and

testing instrument (model 1122) that simultaneously measureg 20 mm min! for mussel peels (to correspond to the strain
force ) and extensionAL). When stress oEF/Ag) was

plotted as a function of extension ratio=[AL+Lg)/Lo], the
slope of the straight portion of each curve was taken to be tt
modulus of elasticity K, a measure of stiffness) for that Ogrk=105 N m—=2 | —————
specimen (Fig. 1). The strength of each specimen was tt
stress @) at which it fracturedsrk=FBRrk/A0).

The mechanical properties of pliable biological tissues ofte
depend upon the rate at which they are deformed, so v
conducted stress—strain testsRutrylloidessp. tissues pulled
at a variety of strain rates (strain raM#AtLo, whereAL is the
increase in specimen length in the time inteAtyl The strain
rates experienced Botrylloidessp. in the field were too low
to be measured directly, so we estimated an upper limit to tf w
strain rates they might experience. Although there was littl
water motion at our Berkeley Marina site, peak water currer
velocities in the Tomales Bay seagrass beds ranged betwe

-~

Tissue
ripping

Stress (N m—3
=3.1x
105N

102 and &102ms? (Worcester, 1995); therefore, if a loose 0
flap (of the order of 18m in length) of an attached ascidian 10  Merc=l4
colony were pulled at exactly the rate at which the water we Extension ratio, A

moving, 1t would experience sirain rates of approximatel)i:i 1. A typical stress—strain curve for a strip of colony tissue (tunic
0.1-0.65L. Strain rates must be lower than these estimate 0.~ P p y

. . . plus zooids, 9.0mm wide& 2.0mm thick) pulled uniaxially at a
because observations of water marked with fluorescein 'strain rate of 0.02—-0.03%in an Instron universal testing instrument.

Tomales Bay showed that the water moved past the tips The section of the curve that was used to calculate the elastic
colony flaps. Therefore, we used strain rates in the range of tmodulus E) is shown between the tick marks. Dashed lines indicate
estimated maximum (0.2-0.3} as well as one and two orders the breaking stressgrk) and breaking extension ratidsgk) at the

of magnitude lower (0.02-0.03'sand 0.002-0.003%). time that the tissue began to rip.
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Fig. 2. (A) Geometry of &-peel test, in which a seagrass blade was

held in a fixed clamp and the ascidian colony was attached to Fi9- 3. (A) Geometry of a mussel peel test, for which a strip of tissue
moving clamp that peeled it from the grass. (B-D) Examples of pedvas cut from the colony using razorblades fixed 9mm apart on a
force/width measured as a function of distance a colony was peelihandie; the tip of this strip was held in a padded grip suspended from
for an undisturbed colony on seagrass (B), a pre-peeled coloth® upper clamp of the Instron. The mussel shells were glued to
allowed to reattach to seagrass (C) and two pieces of Sellotape irwooden dowels, which were held |r_1 the lower clamp_of the Instron.
T-peel test (D). |, initiation peak; II, undisturbed old growth; Iil, new Final peaks were due to the changing peel angle during a test and to
growth; IV, pre-peeled old growth. Old and new growth designationth€ curve of the mussel shells, since both of these variables increase
are explained in the text. the force component acting to shear the glue, thereby increasing the
total measured force (Lake and Stevenson, 1982). In an effort to
reduce the change of peel angle during a test, the upper clamp in
mussel-shell peels was suspended from an essentially inextensible

) . _ cable, 25cm long. (B-D) Examples of peel force/width measured as
rates of 0.02—-0.03%at which we measured the tissue materiala function of distance a strip was peeled for an undisturbed colony

properties). This was the closest match of mussel-peel alon a mussel (B) and for Sellotape on a mussel (C). II, undisturbed
grass-peel rates possible, given the head-speed settirold growth; V, final peak. Old and new growth designations are
available on our Instron; in a mussel peel, the distance travelexplained in the text.
by the head equaled the length of colony peeled off the she
whereas in a gragspeel, the distance traveled by the head wa:
twice the length of colony peeled off the grass (Figs 2A, 3A). Reattachment

Adhesive peeF/W can depend on the angle between the To study the reattachment capabilities of a@dtrylloides
surfaces being peeled apart. Because the focus of this stusly., colonies were gently detached from eelgrass substrata and
was on the material properties of the adhesive, we chose to ud®wed to reattach over a period of 5 or 7 days, before they
the standard peel-test angle of 90 °. Evaluation of experimentalere peeled using the Instron. On the day of collection, a butter
peels at higher or lower angles is difficult: at peel angles dknife was used to detach approximately 50 % of the length of
less than 90°, the force component acting to shear the gleach strip-shaped colony. Grass blades were then suspended
increases, thereby increasing the total necessary peel forcefram a styrofoam float at the Berkeley Marina, with the
angles greater than 90°, force must be exerted to bend th#ached half of each colony uppermost, so that the loose flap
colony as well as to peel the glue (Lake and Stevenson, 1982ung down flat against the grass. Control colonies, which had
Observation of loose colony flaps in the field revealed that theot been detached from their grass blades, were hung among
angle of the flap (with respect to the substratum and rest of thiee pre-peeled colonies.
colony) depended on the direction of ambient water flow, the The colonies grew quickly, on average more than 20 mm in
shape of the substratum and the shape and thickness of thedays, and we looked for possible relationships between
colony. The 90° angle used in our peel tests certainly feljrowth rate, attachment strength and glue age. Colonies were
within the range of flap angles observed in the field. the width of the grass blade, strip-shaped and grew primarily
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in length along the grass blade. After 5 days in culture belowoft corals (10to 2x108Nm™) (Koehl, 1997). The tissue of
a styrofoam float, the lower half of a suspended experiment8otrylloidessp. was very extensible, with breaking extensions
colony contained a region of old pre-peeled zooids and a tigmeanAgrk=1.5+0.17,N=14) as high as those of the stretchy
region of new freshly grown zooids. To compare adhesivstipes of the kelplereocystis luetkear{g&oehl and Wainwright,
strengths in areas of new growth with those in older regiond,977).
we calculated the full increase in colony lenght) (after 5
days; colony lengthdi{ayi) were measured parallel to the axis Adhesive strengths
of the grass blade, using vernier calipers, to the nearest 1 mm:The peel strength dotrylloidessp. glue could be affected
Al=lpays-lpays. The ‘old’ colony was then conservatively by the type of substratum to which the colonies attached. For
identified as beginning at least this distaril¢ from the lower  example, the peel forces Bbtrylloidessp. over old barnacle
end of the strip-shaped colony. ‘New growth’ was identified adasal plates on mussel shells were significantly higher than those
the portions of the colony at distances of less & from  over an immediately adjacent area of clean shell
the growing ends of the colony. Eight evenly spaced forcéMann—WhitneyU-test,P=0.005,N=6). When we removed the
records from the colony were digitized within each of thesections of peel force records that occurred when the colonies
regions (‘new growth’ and ‘old’; see Fig. 2B). were being peeled from barnacle basal plates, we found that the
mean propagatiof/W for colonies peeled from mussel shells
was 6.9+3.42 N mt (N=7). This mean mussEIW did not differ
Results significantly from the meaR/W of 4.7+0.64Nm! (N=9) for
Material properties colonies peeled from eelgrass blades (Mann—Whitnegst,
We found that increasing strain rate had no significant effed?=0.49,N=16). However, the variance BfW values between
on the extension ratio\grk) at which specimens broke, but colonies pulled from mussel shells was significantly greater than
did lead to a significant, but small, increase in strength antthe variance between colonies pulled from grass blades (test of
stiffness @erk increased twofold anH increased fourfold for equal variancel?<0.01) (Fig. 4). Furthermore, there was more
a 100-fold increase in strain rate; Kruskall-Wallis tBsf).05  variation in the peel forces measured across a single colony on
for significanceN=14) (Table 1). Since strain rate had only aa mussel shell than across a comparable colony on a grass blade
small effect on mechanical properties, the data reported belofg.g. compare Fig. 2B with Fig. 3B). Because they supported
were gathered at strain rates of 0.02-0-83svhich we small regions of very tight or very loose ascidian attachment,
deemed to be both biologically relevant and sufficiently slowother epibionts growing on the mussel shells were a major source
to permit careful observation of the specimen during a test. of peel-force variability. Dips if-/W during a peel test often
A typical stress—strain curve for tissue fr@&utrylloidessp.  occurred when the colony was being peeled from a region of
is shown in Fig. 1. Colony material properties did not differshell surface covered by a brown slime, apparently the decayed
significantly between the two collection sites or between 1994ssue of another epibiont over which the ascidian had grown.
and 1996 (Mann-Whitney-test,P>0.05 for all comparisons); The forces required to peel colonies from their substrata
hence, results from tests on colonies collected during both yeasgre quite low relative to the loads necessary to break colony
and from both eelgrass blades and marina walls were averagédsue. The calculated stresses(/W)(1/T)] in each colony
The mean elastic modulug)(of Botrylloidessp. colony tissue peeled at these/W values were only 3%, on average, of the
was 2.%10°+0.96x1PN m2 (+s.0., N=22), similar to that of colony breaking stress. Such stresses in peeling colonies
the mesoglea of the sea anemdvetridium senile(Koehl,  correspond to extension ratiod)(of only 1.08 (range
1977), but not as stiff as the tunic wall of the leathery solitaryL.05-1.19). Colonies therefore stretch by only 8% before
ascidian Pyura haustor (compressive E approximately beginning to peel, but require extensions of 50% before
1PN m2; R. Tabachnick, personal communication). The meaibeginning to break. Even the highest peel forces we measured
strength ¢srx) of Botrylloidessp. tissue was 14 P+0.18x10°  (e.g. initiation peaks and peaks over barnacle basal plate
Nm=2 (N=20), similar to that oM. senilemesoglea, but lower substrata) were substantially lower than the colony breaking
than that of the spiculated coenenchyme of various species stfength. For example, the meBAV measured in initiation

Table 1.Material properties oBotrylloidessp. tissue when pulled at different strain rates
Strain rate (3"

0.002-0.003 0.02-0.03 0.2-0.3
E(Nm?) 1.2x10P+0.45¢105 (5)  2.9x10P+0.96x10F (22) 4.5¢10°+1.3x10P (8)
ABRK 1.7+0.08 (5) 1.5+0.17 (14) 1.5+0.18 (5)
oBrK (NM™2) 0.6x105+0.16x105 (5)  1.4x105+0.18x10 (20) 1.4¢10°+0.53x10 (5)

Values are meanssp. (N)
E, elastic modulusygrk, breaking extension ratiogrk, breaking stress.
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peaks was 7.5Nm (range 2.5-17.5Nm, N=25), inreattached, experimental colonies, the peel strengths of ‘old’
corresponding to a mean stresg of only 3.8&103Nm=2, regions were significantly lower than those of the ‘new growth’
which is two orders of magnitude smaller than the tissueegions (Mann—Whitney-test,P=0.004,N=16). We interpret
breaking stress. Even the highest peel stress we recorded in tthis to mean that, although the original zooids did reattach
study (4.410*°Nm=2, measured over a barnacle basal plate)oosely in 5 days, regions of new growth were principally
was an order of magnitude lower than tissue breaking stresssponsible for holding the flaps in place (Figs 2C, 4).

and permitted the colony to peel intact.

Reattachment Discussion

The linear growth rates oBotrylloides sp. colonies on This study has revealed that the glue of the ascidian
eelgrass blades were very high, with a mean growth rate &otrylloidessp. is much weaker than its tissues, that the peel
4.2mmday? (range 0.4-11.8 mmday; N=34). There was a strength of the glue can be affected by the host surface and that
direct association between growth rate and original colony sizéetached colonies initially reattacha rapid growth, rather
(Kendall T, P<0.05, d.f.=12), with larger colonies growing than by secretion of fresh glue beneath old zooids. In
faster than small ones. Experimentally detached coloniesombination, the weak glue, the ability to reattach and the rapid
reattached and had similar linear growth rates to those of tlggowth rates of these ascidians no doubt contribute to their
controls (Mann-Whitnel-test,P=0.16,N=34). There was no success in both colonization of new sites (by adult rafting and
association betwed®/W and growth rate (Kendatl, P>0.05, reattachment to new substrata) and competition for space (by
d.f.=7); hence, there appeared to be no adhesive penalty favergrowth of neighbors).
rapid growth. There was also no association betwéahand
final size (Kendallt, P>0.05, d.f.=7). Furthermore, peel Weak glue protects colony tissue
strengths after 5 days were no different from those after 7 days The peel forces we measured for the gluBatfylloidessp.
(Mann—-WhitneyU-test,P>0.8, for all comparisons). are very low relative to the loads required to stretch or break

Experimental colonies had significantly lower peel strengthsolony tissue. One consequence of this combination of material
in all comparisons with controls (Mann-Whitndy-test,  properties is that these ascidian colonies, while composed of
P<0.02 for all; Fig. 4), indicating that pre-peeled coloniesdeformable weak tissue, are in little danger of stretching by
suffered a decrease in adhesive strength, in both ‘new growthiore than a few per cent, or of breaking, before they peel from
and reattached ‘old’ regions. However, in control undisturbedhe substratum. By permitting dislodgement without tissue
colonies, ‘old’ and ‘new growth’ regions had indistinguishabledamage, weak glues may enhance the survivorship of soft-
peel strengths (Mann—-Whitnay-test, P=0.32,N=16), while  bodied sessile organisms, such as ascidians, if the organisms

can later reattach to the substratum.

1207

Glue strength and colony tenacity
100+ The peel strengthsF(W) we report, which represent the
. material properties of ascidian glue attached to particular host

surfaces, should not be confused with whole-colony ‘tenacity’

(the force required to detach an entire colony per total area of
507 E attachment). Tenacity measurements have proved valuable for

Force/width (N m-1)

assessing the probability that sessile marine organisms will be
swept away by hydrodynamic forces (e.g. Deengl. 1985); a
number of features of ascidian—substratum geometry could

25¢

On oSr;el Ne\m?t/h Olv?nh Nan/vh O\IAc,iTh: affect whole-colony tenacity without changing mean peel
%i’é‘ m;{f=7 gﬁ’:g g;r\?:g gr;\?zg gr,\?ﬂ strength. For example, if the tenacity of the whole colony is
Grass control Grass reattached determined by its point of strongest attachment, then mussel

shells bearing barnacle basal plates could permit more secure
Fig. 4. Peel force/widthR{W) for four colony types in 1994: (1) first owverall attachment for colonial ascidians than the mean peel
harvest colonies on eelgrass, tested on the day of collection, (2) firsrengths would reveal. Furthermore, as our peel curves illustrate
harvest colonies on mussels, tested on the day of collection, ('@:igs 2, 3), thé~/Wrequired to initiate a peel can be higher than
cultured, control colonies on eelgrass, tested after a 5 or 7 d"ﬂﬁe propagatiof/W, depending upon the peel geometry when

suspension from styrofoam floats, (4) cultured, pre-peeled colonl% e colony is pulled off the host; such initiation peaks could
on eelgrass, tested after a 5 or 7 day suspension from styrofoam !

floats. Box plots are used to show patternsFiV value and 'ce.r.tai.nly ihcr.ease whole-colony tenacity. The Sit? of peel
variability. The outlined central box depicts the middle half of the/nitiation within a colony could also affect the tenacity of that

data between the twenty-fifth and the seventy-fifth percentiles. Theolony; although we did not have the opportunity to observe the
horizontal line across the box marks the mediw. Top and €vents that separated colonies from the substratum in the field,

bottom lines depict extrem&/W values. Old and new growth we did see a number of naturally occurring, loosely attached or
designations are explained in the text. detached regions within or on the edges of colonies. These
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regions often appeared to have come free because an underlyibg,Leo, G., RTRrICOLO, E., AND G. D’ANCONA LUNETTA. (1977).
overgrown and decomposing organism had detached from theStudies on the fibrous components of the tegioha intestinalis
original substratum. The importance of the angle at which a Linnaeus. I. Cellulose-like polysaccharideta zool 58, 135-141.
colony is pulled from the substratum, and its possible effect oRENNY, M. W., Danier, T. L. anb KOEHL, M. A. R. (1985).
tenacity, was mentioned in Materials and methods. Differences Mechanical limits to size in wave-swept organisEsol. Monogr.

; . : 55, 69-102.
in colony shape may further affect the tenacity achieved for BOUGHERTY W. J. (1990). SEM observations on the interfacial

given .peel strength. Although the colonies and strlps of colqnles surface of the cement of the adult barnacle, attached to natural and
used in these peel tests were selected for their flatness, it WaSy nthetic adherend3issue & Cell22, 463-470.

common to find colonies that had grown flaps around theyrose E., lshi, T., SuTo, Y. AND TANEDA, Y. (1994). Seven types
organism to which they were attached. Tenacity may be greatlyof tunic cells in the colonial ascidiamplidium yamazii
enhanced if a colony is wrapped around curves or edges in thePolyclinidae Aplousobranchia): Morphology, classification and
substratum, as this geometry limits the distance a colony can bepossible functionsZool. Sci.11, 737-743.

peeled by a force acting in any one direction. In other word¢jirosg E., Suto, Y. AND WATANABE, H. (1995). Regeneration of the
peel strength is the proper measure for the material properties ofunic cuticle in the compound ascidieBotrylloides simodensis
the glue of an organism on a particular type of substratum, Devl. comp. Immunoll9, 143-151. o
whereas tenacity (which depends not only on the peel Streng{ﬁ(’)EHL, M. A. R. (1977). Mechanical dlver§|ty of connective tissue of
but also on the geometry of the organism and the substratum),j fhe body wall of sea anemonds.exp. Biol 69, 107-125.

the proper measure for assessing the danaer that an or anIS(SDEHL, M. A. R. (1996). Mechanical design of sclerite-reinforced
prop 9 9 92N eletonsAm. Zool 32, 55A.

will detach in nature. ) . KoeHL, M. A. R. anD WAINWRIGHT, S. A. (1977). Mechanical
Regardless of the magnitude of whole-colony tenacity, the adaptations of a giant kelpimnol. Oceanogr22, 1067-1071.
combination of glue and tissue material properties used byake, G. J.anD Stevenson A. (1982). On the mechanics of peeling.
Botrylloides sp. permits them to be detached from the |n Adhesion ged. K. W. Allen), pp. 41-52. New Jersey: Applied
substratum without tissue damage, while their rapid growth Science Publishers.
permits them to reattach and overgrow other organisms. NALDRETT, M. J. (1993). The importance of sulphur cross-links and
hydrophobic interactions in the polymerization of barnacle cement
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