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Mechanical design of mussel byssus: Load cycle and strain rate dependence 

Emily Carrington 1* and John M. Gosline2 

I Department of Biological Sciences, University of Rhode Island Kingston, Rhode Island 02879, U.S . A., carringt on@uri .edu 

2Department of Zoology, University of British Columbia, Vancouver, B.C., Canada V6T IZ4, gosline@zoology.ubc.ca 

Abstract: The ability to produce a stron g byssal attachme nt is one key to the competit ive dominance of mussels on many rocky shores. The 
byssus is composed of numerous extracellular collagenous threads, which in turn can be divided into proximal and distal regions that are 
distinct in ultrastructure and chemical composition. Our current und erstanding of the mechan ical design of mussel byssus is largely based 
on quasi-static testing, where a fiber is slowly extended to failure. Mussels in nature, however, inhabit a dynamic environment where repetitive 
loads can be applied on short time scales. This study evaluates the mechanical prope rt ies of the threads of Mytilus californianus subjected to 
repeated subcrit ical loads and a range of strain rates. A subset of these mechanical tests was also performed on the threads of three other 
mytilid species. Results indicate that subcritical load ing alters the mechanical prope rties of a thread in a manner that is dependent on the 
extension applied, and that thread stiffness and damping increase with increasing strain rate. Overall, this study provides insight into the 

mechanical design of a byssus that is subjected to dynamic load ing. 
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* Formerly E. C. Bell 

Mus sels ofte n dominate hard surfaces in tem perat e 

aq uatic habitats, in par t due to the ir abi lity to produce a 

st rong attachment in the form of a byssus . Mussel byssus is 

compos ed of nu merous byssal th reads, each formed wi th in a 
groove in th e mussel foot by a pr ocess resem blin g polym er 
inject ion-moldi ng (Wait e 1992). The thr eads te th er the mussel 

by providin g the link between the substra tum ( via the ad hesive 
plaqu e) an d the ste m/root system tha t is embedded in the 

byssal gland of the foo t (Brow n 1952; Fig. 1). T he threads of 
mytilid mu ssels are extrace llu lar collage nous fibers that can be 

divided int o tv,o distin c t regions: ( l ) the corru gated pro>.."imal 
regio n, an d (2) the smo o ther, nar rower distal regio n tha t 

represents app roxima tely two -third s the tota l thread length 

(Bell and Gos lin e 1996 ) . 
The distin ct ul t rastructu re a nd molecular co m position of 

the two reg ions have been the focus of nu merous st ud ies 

(recentl y rev iewed by Waite el' al. 1998) . T he corru gate d sheath 
of the proxima l region covers loosely packed coiled fibr ils, while 

the dis tal region cont ains de nse bu nd les of filame nts . Three 
collageno us pro teins ha ve been identified in the th read, each a 

nat ur al b lock copol ymer wit h a cent ra l co llage n domain 
flanked by different domain s: preCol P with elas tin-like flanking 

A 

adhesive 
plaq ue 

byssa l retractor 
muscles 

byssal 
thread 

pam 

Fib>ure 1. A. Anatomy of mussel byssus and musculature , adapted 
from Waite (1992). Approximate mussel shell length is 4 cm. 
Abbreviations: am, anterior adductor muscle; pam , posterior 
adductor muscle. 13. Scannin g electron micrograph of a portion of 
a Mytilus californianus thread, showing the transi t ion from the 
corrugated proximal region to the smooth dista l region. 

From the symposium " Frontiers in Functional Morpho logy" presented at the World Congress of Malacology, held 19-25 August 200 I in 
Vienna, Austr ia, and supported by the American Malacological Society and the National Science Foundation Ecological and Evolutionary 
Physiology Program (IBN-0090902). 
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domains; preCol D with silk-like flanking domains; and 
preCol NG with glycine-rich, cell wall-like domains. PreCo l 
P and preCol D predominate in the prox imal and distal 
regions, respective ly, while preCol NG is distr ibu ted evenly 
throughout the th read. 

Given these disparities in compos ition and struc t ure, it 
is not surprising that the two regions have been shown to differ 
in mechani cal properties as well. Bell and Gosline ( 1996) 
extended ear lier biomechanical studies (Allen et al. 1976, 
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Figure 2. Representative tens ile tests of two isolated regions and a 

whole thread (inset) of Mytilus californianus, after Bell and Gosl ine 

(1996). Note yield behavior of dista l region is reflected in whole 

thread test. Extension rate = 10 mm min- 1• 

Smeathers and Vincent 1979, Price 1981) in detailing the low 
stiffness, low strength, and high extensibility of the proximal 
region in comparison to the distal region in three mytilids 
(e.g., Fig. 2) . 

Additionally, the distal region undergoes a distinct yield 
at approximately 20% extension, and then st iffens again 
before failure. The yield in the distal region plays the func­
tionally important role of prov iding the extensibi lity needed 
to distribute an applied load over multiple threads, thereby 
increasing the strength of the entire byssus. 

One limitation of these mechanical stud ies is that they 
involved quasi -stat ic testing, in which threads were loaded to 
failure at relatively slow extensio n rates (5-25 mm min -1, 

whic h corresponds to stra in rates of 0.5-2.5 min - 1 for a 10 
mm sample ). Wave-swept mussels, however, are likely 
exposed to more rapid, repeated loading regimes (app lied 
over less than one second, Denny et al. 1998, Gaylord 1999, 
2000). An interest in the dynamic mechanical properties of 
byssal threads has deve loped recently (Waite et al. 1998, 

Vaccaro and Waite 2001, Sun et al. 2001, Carrington 2002) . 
These pioneering stud ies indicate that portio ns of mussel 
byssus exhibit the unusual properties of self -h eal ing and 
strain -stiffening and may therefore provide insight into the 
design of novel polymers. 

The purpose of th is study is to provide a more detai led 
view of the dynamic mec hanica l behavior of byssal thr eads. 
By exposing whole threads and isolated thread regions to 
repeated subcri tical loads and a range of stra in rates, we 
demonstrate that subcritica l loadi ng alters the mechanical 
propert ies ofbyssal threads in a manner that is depe nden t on 
the amount of deformatio n that was applied. Furthermore, the 
overall stiffness and energy d issipation of byssal th reads 
increases with increasing strain rate. 

METHODS 

Mytilus californianus Conrad, 1837 was the pr imary test 
species for this study, and all mechanical tests described here 
were performed on threads from M. californianus. A subset of 
these mechanical tests was also performed on other mytilids: 
Mytilus tross11lus Go uld, 1850, Mytilus galloprovincialis 
Lamarck, 1819, and Mytilus edulis Linneaus, 1758. With the 
except ion of M. edulis, all anima ls were collected from 
Barkley Sound ( 48.8°N; 125.1 °W) on the west coast of 
Vancouver Island, British Colum bia, Canada. M. edulis was 
collected from Bass Rock in Rhode Island Sound (41.4°N, 
71.5°W). Animals were maintained at 10- l5°C in gently 
recirculating seawa ter for up to four mont hs. Individ ual 
threads were carefully removed from their attachm en t 
points (the stem of the byssus and the substrate) and maintained 
unstretched in seawater unti l testing . Only o ne thread 
per individual was tested, either whole or only in the distal or 
prox imal region. Each end of the sample was glued between 
two balsa wood tabs with cyanoacrylate and clamped within 
the testing apparatus. All mechanical tests were conducted in 
seawater at 15 ± I 0 C. 

Qua si-sta tic testing 
A tensome ter was used to perfo rm quasi-static testing, in 

which the force required to extend slowly a samp le to a given 
length was recorded. An Inst ron-1 122 tensometer was used 
for all tests, with modifications describ ed by Bell and Gosline 
( 1996 ), except for tests with Myti/11s edulis, where an I nstron -
5565 eq uipp ed with a computer interface was used. Both 
tensometers were capable of a maximum extens ion rate of 
l000 mm min- 1• W11en app licable, force measurements were 
converted to stress (a-, in N m-2) by dividing by the cross-sectional 
area of the specimen. This area was assumed to be circu lar 
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and was calculated from a sample diameter measured with an 
ocular micrometer (± I µm). Measurements of specimen 
length (l) were converted to strain (e) using the formula e = 
(1-10)/10, where 10 is the initial unstressed lengt h of the speci ­
men. A stra in value of 1 is equ ivalent to 100% extensio n, or 
a dou bling of specimen length. Init ial modulus (Ei) describes 
the stiffness of a material an d is calcu lated as the slope (<J/e) 
o f the initial linear por tion of a stress-stra in curve . 

Cyclical loading 
A pre limi nary explorat ion of cyclical loading was first 

performed on whole threads from Mytilus californianus, in 
which a specimen was extended 5 mm min - 1 to a subcri tical 
length, returned to its initia l length, and then extended to 
failure. A thread was cycled to one of two extens ions: 11 % 
(below the yield point) and 44% (well into the yield region). 
Data from the first cycle were used to calculate samp le 
resilience, R, as the area und er the return cu rve expressed as 
a percentage of the area under the extension curve. Resilience 
is a measure of elastic efficiency, or the percen tage of elastic 
strain energy stored during deformation that is recovered in 
elastic recoil. Resilience is I 00% for a perfectly elastic material, 
but is much lower for a ma terial that dissipates stra in energy 
t hrou gh molecular fri ct ion ( Gos lin e et al. 2002). 
Additionally, tl1e percent cha nge in initial modulus (0-11 % 
extension) from the first to the second cycle was calculated . 

More extens ive mechanical tests were perfo rm ed on 
who le threads cycled to 11 % extens ion to evaluate d ifferences 
among species and among stages of thread ma tur ation (or 
" tan n ing"). Firs t, laboratory produced th reads of Mytilus 
californianus, Mytilus tross11lus, and Mytilus galloprovincialis 
were tested , with samp le sizes of 7, l2, and 3, respectively. All 
threads were 1-6 days old and were golden yeUow in appeara nce. 
Analysis of varia nce was used to evaluate the effect of species 
on the change in initial modulus from the first to second load 
cycle. Second, whole thr eads of M. californianus at different 
stages of maturation were tested: milky whi te ( < 24 hours 
old), golden yellow ( 1-6 days old), and dark brow n (harvested 
in the field, age un known) . Sample size was 4, 7, and 12, 
respectively. Analysis of varia nce was used to evaluate the 
effect of thread maturation on the cha nge in initial modulus 
from the first to second load cycle. 

Cyclical loadi ng was also performed on isolated distal 
and proximal regions of threads of Myti/11s califomia1111s. 
Distal regions were isolated from four separate anim als and 
subjected to repeated cycles to four extensions : 8%, 16%, 
35%, and 65% . Note that the first two of these extensio ns are 
below the yield point, the third is within the yield region, and 
the last is beyond the yield region. Resilience was calculated 
for the first cycle of each extension level. 

Based on the resu lts of these prelim inary tests, the 

mechanical behavio r of the distal region was explored in 
more detail u sing a time delay between extension cycles. 
SpecificaUy, distal regions of the threads of Mytilus californianus 
were subjected to two extensio n cycles (eithe r 35% or 65%), 
then left unstressed in 15°C seawater for IO min, 30 min, 1 h, 
16 h, 6 days, or 27 clays. After the time delay, the two extension 
cycles were repeated. Three replicate distal samp les were tested 
for each time delay, thus sample size was 18 for each of the 
t\.YO extensions. This protocol was also used for distal portions 
of the threads of Mytilus edulis, but only 35% extension 
cycles were performed and the 27-day treatme nt was omitted . 
Recovery of molecular structure in the di stal region was 
calculated as the area enclosed by the force-extens ion loop 
after time delay expressed as a percentage of the area enclosed 
by the initial loop. Time values were log-transformed, and 
analysis of variance was used to evaluate ( 1) the effect oflog-tirne 
and extensio n (35% vs. 65%) on the recovery of samp les of 
M. califomianus and (2) the effect of log-time and species 
(M. californianus vs. M. ed11lis) on tl1e recovery of distal samples 
cycled to 35% extensio n (Systat versio n I 0, Chicago, IL). 
Cyclical load ing tests of proxima l regions were less extensive 
overall; 7 specime ns of M. californianus were cycled repeatedly 
to approx im ately 60% extension. 

Strain rate dependence 
Two methods were used to invest igate the influence of 

strain rate on the mechanical properties of byssal threads 
from Myti/us californianus. The first method, performed only 
on paired samples from the same distal region, used the 
quasi-sta tic tensomete r (descr ibed above) at extension rates 
of 10 and 1000 mm min- 1• This method, whi le informative, 
was unable to achieve the extremes in extension rate that 
wave-exposed mussels are likely exposed to in nature (>> I 
cm s- 1, Denny et al. 1998) due to limit ations of the tensome ter. 

The second method, dynamic testing, app lied more 
rap id extensions to isolated proximal and distal regions, 
following the procedure of Lillie and Gosline ( 1990). Distal 
and proximal samples isolated from th e same thr ead of 
Mytilus califomianus were prepared for dynamic testing by 
subjecti ng the thread portions to twenty load cycles in the 
tensometer at an extens ion rate of 5 mm min- 1• Extensions 
were 50% and .5% for the proximal and distal regions, 
respect ively, correspo nd ing to loads of 0.1 to 0.2 N, and had 
the effect of stabilizing the mechanical behavior of the samp les. 
Each sample was then mounted in the dynamic test apparatus 
and placed under a sma ll, static load (0.02 -0.05 N, below the 
yield point of a who le thread). Small ampl itude, sinusoida l 
deformations were then applied to the samples at a range of 
frequen cies (0-5 Hz, followed by 0-200 Hz). Spectral ana lysis 
of the resu lting stress and strain waveforms prov ided two 
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material properties for each frequency: ( l) the dynamic modulus, 
£* (in N m -2), which is the ratio of the ampl itud es of the st ress 
and strain waveforms, and (2) ◊, which is the phase shift 
between the two waveforms. The phase shift is generally 
reported as tan ◊, and is an index of energy dissipation, or 
damping, of a material. Dynamic resilience can be calculated 
from these data using the formula: R = e-2n tan6 (Gosline et al. 

2002). This equation reflects the full, sinusoidal deformation 
appl ied to the sample, bu t is not comparable to the resilience 
measured in quasi -stat ic tests, because the latter most closely 
approximates a half cycle (a fiber cannot be compr essed). 
Thus an alternative equation was used to calcula te dynamic 
resilience per half cycle: R = e-n tan6. 

RESULTS 
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Figure 3. A single cycle of subcritical loadin g of whole th reads of 

Mytilus californianus (so lid line ) followed by load ing to failure 

(dashed line) . A. Initial load cycle is below the yield strain ( II % 

extension). 8. Initial load cycle is beyond the yield strain ( 44% extension). 

Arrows ind icate direction of loading; doub le arrows denote extension 

afte r initia l cycle. Extension rate = 5 mm min- 1• 

Cyclical loading 
The mechanical behavio r of whole threads depended on 

the extension to which they were cycled. The thread from 
Mytilus californianus shown in Fig. 3A was highly resilient 
(68%) when cycled to an extension below its yield point. 
When then loaded to failure, initia l stiffness increased 22%, 
indicating that more force was required to achieve 11 % extension. 
In contr ast, the thread loaded beyond the yield point ( 44% 
exte nsion, Fig. 38) , was much less resilie nt (35%) and a 
considerable amou nt of strain ene rgy was d issipated in the 
cycle. When subseque ntly loaded to failure, the thread 
decreased in stiffness by 54% (measured over 0- I I % extension) 
and lacked a yield region. 

Table I. Change in initial modulus (stiffness) in whole threads of 
three Mytilus species cycled to 11 % extension. Extens ion rate = 5 
mm min - 1• SE = Standard error; N = samp le size. 

Species Age 

M. californirmus I - 6 days 

M. trossulus I -6 days 
M. gulloprovincialis I - 6 days 

M. californianus < 24 hours 
M. californianus Unknow n 

( field-collected) 
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Appearance Mean SE N 

Golden yellow 5.8 2.3 7 

Go lden yellow 17.0 3.6 12 
Golden yellow 17.9 5.0 3 

Milky white 14.1 2.1 4 

Dark brown 6.3 2.0 12 
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Figure 4. Cyclic loading of distal portions of byssal threads of 

Mytilus rnlifornianus, ranging from 8 to 65% extensio n (A- D, 

respectivel y). Arrows indicate dire ction of loading; dou ble arrows 

denote seco nd cycle exten sion. Resilience is calculat ed for first 

cycle on ly. Different thr eads were used for each extension, thus the 

first cycles do not overlap precisely. Extensio n rate = 5 mm min - 1 

for A and B; IO mm min - 1 for C and D. 
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The genera l tren d of stra in stiffening was observed in all 
threads cycled to l l % extension. The degree of strain stiffening 
in whole threads was ind istinguishable among the three 
species tested (Table 1, golden yellow threa ds; F = 2.91, P = 
0.08), and among the different stages of maturatio n (Table I, 
Mytilus californianus; F = 2.73, P = 0.09). Note, however, that 
the statistical power of these analyses was low (0.31 and 0.34, 
respectively), due to sample size limitat ions. 

Isolated portio ns of the dista l regions of byssal th reads 
of M. californianus also exh ibited mechanical behavior that 
depended on the extension to which they were cycled. The distal 
regio n was stiff and highly resilient (88%) when cycled to a 
low extensio n (8%, Fig. 4A), and all subsequent cycles were 
ind istingu ishable from the first. When cycled to increasing 
extensions (16%-65% , Fig. 4B-D), the resilience of the first 
cycle decreased markedly (from 88% to 29%). Furthermore, 
the loading po rt ion of the second cycle was less stiff tha n the 
first cycle, and th is d isparity increased with increasi ng cycle 
extension . The un load ing (retu rn) portions of the two cycles 
were identical for all extensions, and the third and all subse­
quent cycles were indistinguishable from the second cycles 
(da ta not shown). 

The area en closed by each force-exte nsion loop repre­
sents the strain energy lost dur ing deformation due to molecular 
friction. In previously unstressed, stiff threads cycled beyond 
their yield po int, considerable energy was d issipated in the 
first cycle, but not in the second cycle (Fig. SA). Tha t is, the 
area enclosed by the second loop is only 38% of that enclosed 
by the first loop. Over time, however, the d istal region began 
to increase in stiffness and recover the energy dissipat ing 
behavior of the first cycle. For example, when left unstressed 
for 30 minutes and then cycled twice, the area enclosed by the 
first force-extensio n loop at t = 30 min was 68% of the first 
cycle at t = 0. The subsequent cycle then reverted to a loop 
simi lar to the ~econd cycle at t = 0. 

The area enclosed by a force-extensio n loop after a time 
delay expressed as a percentage of the area enclosed by the initial 
loop provides an index of "recovery" of molecular structure 
in the distal region. In threads from Mytilus californianus, 
recovery increased as a logar ithmic function of time (F = 
464. 7, P < 0.00 I) and depended on the extens ion that was 
applied (F = 24.9, P < 0.001; Fig. 5B). The interactio n 
between log time and extension was no t significant (F = 0.8, 
P = 0.37), th us th reads cycled to 65% extension recovered at 
the same rate, but took longer to achieve a given level of recovery 
because they exhibited a greater initial loss of stiffness. Only 
50 - 60% recovery was achieved in 30 minutes, and full recovery 
requi red several weeks. The general behaviors of the load 
cycles were sim ilar for dista l portions of thr eads of Mytilus 
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Figure 5. Cyclic loading of the distal portion of abyssal thread with 
a time delay. A. Representative test of a thread from Mytilus californianus 
loaded to 35% extension. Two cycles were conducted at t = 0 (so lid 
lines), followed by two more cycles after a 30 minute delay (dashed 
lines). The area enclosed by each force-extension loop represents the 
strain energy lost due to deformation. Adapted from Bell (unpublished 
data ) in Waite et al. ( 1998). B. Recovery of energy dissipation in 
threads of M. californianus (loaded to 35% and 65% extension, solid 
an d open circles, respectiv ely) and Mytilus edulis (loaded to 35% 
extension only, triangles) as a function of time. Recovery was calculated 
as the energy dissipated at time t divided by the energy dissipated at 
time t = 0 (see text for details ). Symbo ls are mean values ± SE, n = 
3. Extension = JO mm min- 1• 

edulis, but the rate o f recovery at 35% extension was reduced 
in comparison to those of M. californianus (species x log time 
interaction, F = 8.5, P < 0.0 I; Fig. 5B). 

Isolated portions of the proximal regions of the byssal 
threads of Mytilus californianus were highly variable in 
mechan ical behavior when cycled. Many thread samples 
increased in stiffness when cycled; an extreme example of 
this behavior is shown in Fig. 6. This sample, taken from an 
unstressed thread prod uced in the laborator y, init ially 
increased in stiffness and resilience with each successive 
cycle. The material stabilized after approximately 15 cycles, 
with an overa ll 80°/c, increase in stiffness and 60% increase in 
resilience compared to the first cycle. Cyclical loading of the 
othe r samples exhib ited only mod est stiffening , or none at all 
(data not shown). 
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at two extension rates, 10 mm min · l and 1000 mm min- 1• Samples 
were taken from the same thread of Mytilus californi1111us. 130th 
samples failed at one of the grips, thus these tests underestimate the 
ultimate properties of the samples. 

Strain rate dependen ce 
The mechanical behavior of byssal threads also depended 

on the rate at which they were extended. When a distal region 

was divided into two samples, each tested at a different extension 

ra te , the sa mpl e stra ined at the higher rate exhib ited 

increased stiffness and yield stress. For the thread shown in 

Fig. 7, the samp le tested at !000 mm mi11•1 was 60% st iffer 

and yielded at a 40% hi ghe r stress than the sample tested at 

the slower extens ion rate. The yield strain remained 

un changed, and the yield "plateau" was less distinct at the 

higher extension rate. Unfort unate ly, gr ip failures were very 

common with this protocol and it was not possible to evaluate 

the effec t of strain rate o n ultimate properties of the distal 

region. 
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Figure 8. Dynamic mechanical properties of proximal and distal 
regions from the same byssal thread of Mytilus wlifornia11us. Static 
load was 0.022 N and 0.046 N for proximal and distal regions, 
respectively. Data were smoothed with a five-point runnin g average; 
only every fifth point is plotted. 

The dynamic modul i of isolated reg ion s of byssal 

threads increased wi th increasing frequen cy (F ig. 8). Over 

three decades of frequency, the dynamic modulus, E*, ranged 

from 27 to 41 MN m ·2 in the proximal region, and from 120 

to 202 MN m ·2 in the distal reg ion . Tan ◊ also increased 

with test frequen cy, ranging from 0.10 to 0.15 for both 

thr ead regions, and dynamic, ha lf-cycle resilience ranged cor­

respondingly from 97% to 62%. 

DISCUSSION 

This study demons trat es tha t the mechanical behavior of 

mu sse l byssus described in quas i-s tati c s tudie s ( e.g ., 

Smeathers and Vincent 1979 , I3ell and Gosline 1996) is not 
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fixed, but instead depends on the load ing history of the 
th read. In Mytilus californianus, who le threads cycled below 
the yield poin t were highly resilient and increased sligh tly in 
stiffness when loaded once again. This strain-stiffening behavior 
did not depend on the mat urat ion of the thread, and has also 
been observed in Mytilus trossu/us and Mytilus galloprovincia/is 
(this study) and Mytilus edulis (Carrington 2002). In contrast, 
threads cycled beyond the yield point had muc h lower 
resiliency and were drama tically less stiff when reloaded. 
These un usual behaviors are due to the load cycle depende nce 
of the two co mponents of the thr eads, the proxima l and 
d istal regions. 

At low extensio ns, the strain -stiffening behavior of 
whole threads was solely due to the properties of the proximal 
region, where stiffness and resilience can increase dramatically 
upon cycling. The distal region was very stable at these exten­
sions, and because the proximal region is the smaller portion 
of the thread (20-40%), the stra in-stiffen ing effect in whole 
threads was less dramatic. Cycled proximal regions eventually 
stabi lized and began to exhibit more characteris tic stress­
softening behav ior (defo rmi ng slightly with each successive 
cycle). We observed that the number of cycles required to 
ach ieve th is state was h ighly var iable among "virgi n" threads 
that were recently produced in the laboratory ( 1-6 days old). 
Sun et al. (200 I) explored the molecular basis of irreversib le 
strai n stiffening in the prox ima l region of byssal th reads o f 
M. galloprovincialis, demo nstrating that it can be achieved by 
aeratio n and prevented by oxygen deple tion in the absence of 
mechanical loadi ng. While this clever observatio n provides 
invaluab le insight into the biomolecu lar structure of th is 
materia l, it is difficult to imagine how it might app ly to mussels 
that typically inhabit well-st irred and aerated environme nts 
in nature. Indeed, we observed strain stiffening behavior in 
bo th threads that were young (milky white ) and well-aged 
(ta nned) in the field. Thus the process and funct ional impor ­
tance of stra in stiffening in naturally occurring byssal threads 
remains unclear. 

The loss of resiliency and stiffness in whole threads 
cycled beyond the yield po int was due to the proper ties of the 
distal region, which exhib its stable, highly resilient cycles 
when loaded below the yield point. When loaded beyond the 
yield point, the d istal region defo rmed and d issipated energy 
via mo lecular friction. In the short term (minutes), the 
regio n rema ined deformed and subsequent cycles exhibited 
low stiffness and only modest energy dissipat ion. In the long 
term (days), the deformation was reversib le and the d ista l 
region recovered to a stiff, energy-dissipating fiber. This ability 
to "self-heal" (se11su Vaccaro and Waite 2001) was dependent 
o n the amount of defo r mation app lied, with greate r 
deformatio ns requiring a longer recovery. 

For a given extens ion, self-hea ling was more rapid in 
threads from Mytilus californianus in compa rison to Mytilus 
edulis (th is study) and Mytilus galloprovincialis (Vaccaro and 
Waite 2001) . These results extend the observa tions of Bell 
and Gosline ( 1996, 1997) tha t th reads of M. californianus 
out perform those of "edulis-like" species (M. edulis, M. gallo­
provincialis, and M. trossulus; McDo nald and Koehn, 1988) in 
stiffness, extensibility, and thickness. Th e inferior threads of 
"edulis-like" species are not necessarily maladaptive, since 
these musse ls typically inhabit calme r shores and have 
"weedy" life histories (ra pid growt h, early reproduction ) that 
may compensate for a we-aker mechanical design (Koehl 1999). 

111reads of M. califomianus and M. edulis differ in am ino acid 
composit ion (Mascolo and Waite 1986), but the biomole cular 
basis for the superiority of M. californianus threads (particularly 
in the distal region) is at this po int unknow n. 

Mussels living on rocky shores are subjec ted to dynam ic 
loading by waves arriving approximately every ten seconds 
(Denny 1988). Because waves often trave l in "sets," ext reme 
forces on mussels are likely generated in rap id succession, on 
a time scale of seconds to mi nutes . If a single wave is large 
eno ugh to load a thread beyond its yield po int , the thread is 
able to d issipa te much of that energy via deformation in the 
distal region . But full recovery from this deformation is quite 
a slow process, and the thread will certai nly face the next 
wave with comprom ised stiffness . The rema ining threads 
wou ld then follow the same process in subsequent waves. 
Althoug h the strengt h of each individua l thread remains 
unaltered, such a reductio n in thread stiffness reduces the 
overall attachmen t strengt h of a mussel (- 20%; Bell and 
Gosline 1996). Thus it appears that mussels should avoid 
loading ind ividual threads beyond their yield point, and Bell 
and Gosline ( 1996) suggest that this is exactly what t hey 
do: the est imated stress per individual thread for a typical 
wave falls well below the yield stress for Mytilus californianus. 

The discussion above is based on mechanical tests performed 
at slow strain rat es that are not characteristic of the rapid 
loading to which wave-swept mussels are subjected in nature 
(Denny et al. 1998, Gaylord 1999, 2000). Distal regions of 
byssal threads of Mytilus californianus are stiffer and yield at 
a higher force when strain rate is increased. Similar observations 
have been made for the dista l regions of threads from Mytilus 
galloprovincialis (Vaccaro and Waite 2001). Dynam ic tests 
indi cated that both the proximal and dista l regions of the 
th reads o f M. californianus increased in st iffness and became 
less resilient with increasing test freque ncy, suggesting that 
who le threads do as well. Accordi ng to the model of Bell and 
Gosline ( 1996), increased stiffness and yield force in individual 
threads wou ld enha nce the strengt h of the entire byssus. 
Th us mussels exposed to rapid loading may have increased 
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attachment stre ngth in compa riso n to musse ls that are 
loaded slowly. 

This study furthers our view of the mechanical design of 
mussel byssus by considering the dynamic environment in 
which mussels live. While the dynamic mechanica l properties 
of byssal threads have by no means been character ized 
completely, unique properties have been identified and provide 
an enhanced framework for biomolecular studies aimed at 
improving the design of man -made fibers (e.g., Vaccaro and 
Waite 2001, Sun et al. 2001), and for ecomechan ical studi es 
that explore the hydrodynamic loading of flexible, wave-swept 
organism s (e.g., Denny et al. 1998). 
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