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ABSTRACT 

AN INVESTIGATION OF THE RELATIONSHIP OF WAVE INTENSITY AND 
BYSSAL THREAD STRENGTH OF THE MUSSEL MYTILUS CALIFORNIANUS 

 
By Felicia Miller 

The intertidal zone is a stressful environment with one of the main stressors 

being the fluctuation of wave energy over time and space.  A structural adaptation 

employed by mussels living within the intertidal zone is byssal threads that aid in 

attachment while dealing with various levels of wave exposure. The California 

mussel, Mytilus californianus, lives in extremely wave exposure conditions, which 

makes it a great study species to assess the relationship between wave intensity and 

byssal thread strength.  In this study, Mytilus californianus were collected from two 

locations in the Monterey Bay, each with a predicted wave exposed site and a wave 

protected site.  The dimensions of the byssal threads were recorded and the threads 

tensile strength were measured on a tensometer. Thread strength and thickness were 

higher at the wave exposed site in Santa Cruz compared to the wave protected site.  

At the other location, Pacific Grove, there was no difference between the predicted 

exposed and protected sites, but thread strength and thickness increased over time, 

mirroring seasonal changes in wave energy. These results support the relationship 

between wave intensity and thread strength and thickness over space and time, but 

the response to variable wave intensity is not consistent at both locations.  A more 

accurate wave intensity assessment for individual mussels would be helpful to 

determine the intricacies of this relationship moving forward.
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GLOSSARY OF TERMS 

Strain (e): the change in length of specimen during tensile test divided by the specimen 

length at rest 

Stress (s): the force a specimen experiences divided by the specimen’s cross-sectional 

area 

Extendibility: the change in length of specimen 

Elasticity: the ability of a specimen to be pulled to a stress value and then when the 

stress is removed, the specimen is able to return to original shape without permanent 

damage  
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Introduction 

The rocky intertidal zone is one of the most punishing habitats and requires 

organisms to overcome desiccation, submersion, solar radiation, and varying degrees 

of wave exposure.  Impact by waves is the major mechanical force endured by 

intertidal organisms that has the potential to cause damage or dislodgement.  An 

adaptation to overcome wave-induced dislodgment employed by mussels (bivalves in 

the family Mytilidae) are byssal threads.  Byssal threads are proteinaceous filaments 

that anchor a mussel to the rock surface for attachment and resistance to wave 

stress.  The byssal threads produced by the mussel act as a holdfast in which multiple 

threads, each attached to the rock surface by an adhesive plaque, are joined into a 

singular stem rooted in the mussel’s foot tissue. This entire structure including the 

root, stem, threads and adhesive plaque is called the byssus (Brown, 1952).  

The tenacity (attachment strength controlled for body size) of the mussel byssus 

fluctuates in response to a variety of factors in nature including seasonal wave action 

and reproductive cycles, and also varies among mussel species (Carrington, 2002; 

Bell and Gosline, 1997; Witman and Suchanek, 1984). Tenacity of the mussel byssus 

is measured by calculating the force needed to dislodge the entire mussel from the 

substrate.  This measurement considers the cumulative attachment strength of all 

the byssal threads of an individual mussel and their anchor in tissue and adhesion to 

rock. The byssus of Mytilus edulis increase in tenacity two-fold in the late winter and 

early spring in Rhode Island when compared to the summer months (Carrington, 

2002). This pattern of tenacity mirrors a seasonal increase in wave action.  The 
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reproductive cycles of mussels may also impact mussel tenacity through the 

allocation of energy. Mytilus edulis spawn in the late summer, allowing for a greater 

proportion of energy to be allocated to byssal thread production in the fall and 

winter months. Gamete development in early spring demands more energy which 

may be redirected from byssal thread production and result in a decline of tenacity 

(Carrington, 2002). Different species of mussels have different ranges of byssal 

thread strength. Mytilus californianus has thicker byssal threads compared to M. 

edulis (Witman and Suchanek, 1984) and M. trossulus (Bell and Gosline, 1997), 

resulting in greater tenacity and the ability to persist in wave-exposed habitats and 

outcompete other species of mussels (Bell and Gosline, 1997). Mytilus californianus 

has also been observed to produce byssal threads while exposed to air at low tide 

which might be a unique adaptation to the high wave intensities where the species 

tend to live (Bell and Gosline, 1997). 

While tenacity measurements evaluate the strength and attachment of the entire 

byssus, individual byssal thread strength varies based on the species of mussel and 

the region of the thread where force is applied. Tensile testing is often conducted by 

a tensometer which can determine thread mechanical properties, such as the amount 

of stress and strain threads can endure and elasticity. The distal region of a thread 

has 5-50 fold greater initial stiffness and is twice as strong as the proximal region 

(Bell and Gosline, 1996) while the proximal region has twice the extendibility of the 

distal region for the species Mytilus californianus, M. trossulus, and M. 

galloprovincialis (Bell and Gosline, 1996). Although force-extension or stress-strain 
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curves indicate that mechanical properties are similar for threads from a wide range 

of byssate species, the magnitude of these parameters can vary (Bouhlel et al., 2017; 

Brazee and Carrington, 2006; Bell and Gosline, 1996).  The strain, stress, and 

elasticity of the distal region of byssal threads from different bivalve molluscs, 

including the mussels M. edulis, M. galloprovincialis, M. californianus, Perna 

perna, Xenostrobus securis, Brachidontes solisianus, the pen shell Pinna nobilis, 

and the oyster Isognomon bicolor, are specific to each species, with M. californianus 

having the highest strength and stiffness and P. nobilis having the lowest, potentially 

due to its sandy subtidal habitat (Bouhlel et al., 2017).  

Although tensile tests provided comparative information about the mechanical 

properties of individual byssal threads, they were typically used on byssal threads 

produced from mussels in lab. Some studies utilize tensile tests on byssal threads 

taken from nature (e.g. Babarro and Carrington, 2011), but this is not a common 

practice. Studies examining the effect of environmental conditions on mussel 

attachment tended to use tenacity measurements instead of tensile tests because 

their goal was to assess the dislodgement of the mussel from the substrate. 

The mechanical properties of byssal threads are due to their complex protein 

composition.  Byssal threads are formed when three glands secrete proteins into a 

groove located in the foot through a process similar to injection molding. Byssal 

threads are made up of three regions: the proximal region, the distal region, and the 

adhesive plaque (Brown, 1952).  The proximal region is connected to the stem of the 

byssus and ends about halfway down the thread.  The distal region continues from 
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the proximal region and ends at the adhesive plaque.  These two regions are 

differentiated by physical properties, structural organization, and protein 

components. The proximal region is characterized by its elasticity and is thicker in 

diameter than the distal region, in most mytilid species, due to the presence of 

internal coiled fibers (Qin and Waite, 1995).  The distal region is stiffer and is 

typically thinner than the proximal region because the fibers in this region are less 

coiled (Lucas et al., 2002; Bell and Gosline, 1996; Qin and Waite, 1995). The core of 

the thread is made up of collagen-like proteins (preCols) and thread matrix proteins 

(TMP) (Wang and Scheibel, 2018).  There are different types of preCols arranged 

within the thread regions and each have distinct characteristics. The proximal region 

consists mainly of preCol-P which has a flanking domain that is similar to elastin or 

resilin giving the thread region its elastic properties. The distal region consists 

mainly of preCol-D which has a flanking domain that is similar to silk, making this 

region rigid and tough (Qin et al., 1997; Qin and Waite, 1995).  These preCols are 

arranged in complementary gradients along the thread and a separate collagen-like 

protein called preCol-NG spans the whole thread, helping to stabilize the core fibers 

(Qin and Waite, 1995).  The thread is also coated by a cuticle made up of mussel foot 

protein-1 (MFP-1) that gives the thread its waterproof properties. 

Byssal threads are capable of self-healing after dealing with wave force by using 

reversible metal chelate bonds. The metal binding regions can be found on the N- 

and C- terminus of the preCols in the core of the byssal thread (Vaccaro and Waite, 

2001; Harrington and Waite, 2007). Each preCol is made up of a collagen-like 



 

 

 

5 

domain with flanking regions unique to each type of preCol.  At the end of these 

flanking regions are the N- and C-terminus where the metal chelate binding takes 

place.  In preCol-D and preCol-P, these terminal regions are histidine rich and 

various metals can cross-bind these histidines to stabilize the byssal thread structure 

(Harrington et al., 2009; Harrington and Waite, 2007; Waite et al., 1998). Several 

different metals that can bind in this region including Zn2+, Cu2+, and Fe2+ (Vaccaro 

and Waite, 2001; Waite et al., 1998). In preCol-NG, the terminal regions are glycine 

rich and metal ions are hypothesized to bind to glycine (Harrington and Waite, 

2007). As the thread undergoes tension, the metal chelate bonds break but will 

readily reform after that tension event passes. Metal binding sites are also found in 

the cuticle of the byssal thread (Harrington et al., 2010). Within the cuticle, metal 

ions, mainly Fe3+, binds to 3,4-dihydroxyphenylalanine (dopa) (Harrington et al., 

2010; Sun and Waite, 2005), which is a post-translational modification of tyrosine.  

The cuticles of both Mytilus californianus and M. galloprovincialis have granules 

with a higher density of dopa compared to the surrounding thread cuticle matrix 

(Harrington et al., 2010).  The concentration of dopa-Fe complexes within the 

granule give the cuticle its stiffness, while the areas around the granules with less 

concentrated dopa allow the cuticle to also be elastic (Harrington et al., 2010). 

Mussel byssal threads have been studied extensively, but most of the research has 

been concentrated either on the impact of environmental conditions on the whole 

mussel byssus or the molecular makeup of individual byssal threads. Few studies 

have taken an integrative approach and focused on the influence of environmental 



 

 

 

6 

factors on the structure and strength of the individual byssal threads. In this study, I 

explored the adaptability of the byssal threads and the impact of wave exposure has 

on the mechanical and morphological characteristics of mussel byssal threads. 
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Research Questions and Hypotheses: 

In my thesis, I determined if M. californianus byssal threads from wave exposed 

sites were different from wave protected sites by comparing their strength, size, and 

structure.  

Question 1: Does byssal thread tensile strength differ at sites with various levels of 

wave exposure? 

Hypothesis 1: Byssal thread tensile strength is higher at wave exposed sites and 

lower at wave protected sites.   

Question 2: Do byssal thread regional diameters differ at sites with various levels 

of waves exposure? 

Hypothesis 2: Byssal thread diameters will be larger in wave exposed habitats than 

in wave protected habitats.  
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Methods 

Collection Sites 

M. californianus were collected from sites in Pacific Grove and Santa Cruz, CA. 

Each location had two collection sites. The Santa Cruz sites were Lighthouse Field 

State Beach (36°57’05.4”N, 122°01’53.4”W) and Cowell Beach (36°57’31.3”N, 

122°01’32.2”W).  The Pacific Grove sites were Pacific Grove Marine Gardens 

(36°38’15.2”N, 121°56’07.0”W) and Point Cabrillo. These sites were selected because 

in each location there was a predicted exposed site, Lighthouse Field Beach and 

Pacific Grove Marine Gardens, and a protected site, Cowell Beach and Point Cabrillo.  

The level of exposure was estimated using wave height data generated by a United 

States Geography Survey (USGS) wave model. The USGS wave model used 

bathymetric data for the California Seafloor Mapping Program Project to simulate 

wave propagation along continental shelf off the California coast (Erikson et al., 

2014). To verify the level of wave exposure at each site, maximum wave velocity over 

a given time period was measured using dynamometers (Bell and Denny, 1994) 

(Appendix).  Some of these dynamometers became dislodged during the span of 

collection dates resulting in gaps in the wave velocity data. The California coastal 

wave monitoring and prediction system (MOPs model) (O’Reilly et al., 2016) was 

used to verify the wave velocities recorded by the dynamometers and to fill in the 

missing data. The MOPs model estimates nearshore wave conditions using offshore 

buoys in California. 
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Wave Model 

The California coastal wave monitoring and prediction system (MOPs model) 

(O’Reilly et al., 2016) was used to assess near shore wave conditions, at a depth of 20 

m, around the collection sites. The MOPs model estimated nearshore wave 

conditions using offshore deep-water directional wave buoys and these estimates 

were validated by nearshore buoys. The MOP model was developed to be used for 

regional sediment management and nearshore process modeling in San Clemente, 

California and then expanded to estimate near shore conditions along the whole 

coast of California. Model accuracy was determined using the R-squared coefficient 

of determination (“model skill”). MOPs model skill in estimating San Clemente’s 

wave conditions was high because there were many near shore buoys specifically 

used for the development for the MOPs model. The San Clemente near shore 

environment is sandy and homogeneous, whereas rocky environments are found in 

the south of the Monterey Bay. The MOPs model developed for sandy environments 

may be less accurate in rocky places and indeed had moderate skill when estimating 

near shore wave conditions in Santa Cruz.  The MOPs model was used to ground 

truth the dynamometer wave velocity measurements and fill in any missing data 

resulting from dislodged dynamometers.  The parameter used to evaluate the 

exposure of the collection sites was significant wave height. 

Mussel Collection 

Mussels were collected on 4 dates for the Santa Cruz sites and on 3 dates for the 

Pacific Grove sites between July 2019 and February 2020. During collection events, 
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25-30 M. californianus were collected from mussel beds. Mussels were collected 

from horizontally oriented beds and mussels at the edge of the beds or solitary 

mussels were selected for ease of access and because edge and solitary mussels 

would not be shielded by other mussels to wave forces like mussels within a bed.  

Mussels were removed by scraping byssal threads off the substrate with a scalpel to 

keep the threads with plaque intact. Measurements taken for each mussel included 

length, maximum width, maximum thickness, and wet weight (Figure 1).   

 
 
Figure 1. Mussel measurements recorded in study.  Mussel measurements include 
length, maximum width, and maximum thickness. 
 

Mussels were then euthanized by freezing and left in the freezer to be dissected 

later. Later, mussels were defrosted, the entire byssus was dissected out of each 
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mussel and the total number of byssal threads were counted. Byssal threads were left 

to dry out and stored dry until processed.  The byssal threads underwent a series of 

analyses to assess their strength and structure. 

Tensometer 

Tensile strength of byssal threads was measured to gauge their reaction to 

applied forces. From each collection event, 8-10 mussels for each site had one byssal 

thread selected to be tested using an Instron-5565 tensometer (Illinois Tool Works 

Inc., Norwood, MA, USA) at Friday Harbor Laboratories. In preparation for the 

tensile testing, the entire byssus of the mussel was soaked in filtered sea water, then 

one thread near the stem’s midpoint with an intact plaque and no noticeable damage 

was chosen for testing.  All other threads were trimmed away from the stem of the 

byssus, leaving only the thread to be tested.  The stem of the byssus was glued 

between pieces of cardstock with cyanoacrylate (Loctite Gel Control Super Glue, 

Henkel Consumer Adhesives, Avon, NY, USA) taking care not to get any glue on the 

proximal region of the thread. The distal end of the thread was also glued between 

cardstock.  These pieces of cardstock were held in the pneumatic grips of the 

tensometer. Byssal threads were subjected to crosshead speeds of 10 mm min-1 (Bell 

and Gosline, 1996) until completely pulled apart. While undergoing the tensile test, 

the thread and grips were submerged in filtered sea water (Figure 2).  

Data from threads that broke close to the grips were disregarded because the 

breakage most likely resulted from damage to the thread, as determined by a 

significantly shorter tensile test of less than 2 seconds. The tensometer and  
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Figure 2. Diagram of the sample holder on a tensometer used for tensile 
tests. 

 
connected computer interface measured thread extension (mm) and the load applied 

to the thread (N).  These measurements were used to calculate the thread’s stress 

(s), strain (e), ultimate stress (smax), and ultimate strain (emax). 

Thread Morphometrics 

Dimensions of the byssal threads were taken using a stereomicroscope M5 (Wild 

Heerbugg, Switzerland) fitted with optical micrometer to determine if there was a 

difference in diameter of thread regions from mussels collected from areas with 

different levels of wave exposure. After threads were tested on the tensometer, their 

dimensions were measured.  The diameter of the proximal and distal thread regions 

and the length of the whole thread were measured. The cross-sectional area of the 

thread regions was calculated similarly to Bell and Gosline (1996) using 
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𝐴 = 	𝜋𝑟! 

where the cross sections of the thread sections will be assumed to be circular. 
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Results 

Environmental Data 

Three dynamometers were deployed at each site but as the wave forces increased 

from summer to winter, all dynamometers were dislodged.  Further, there was no 

sampling time period in which dynamometers were retrieved in all sites, making it 

difficult to compare the maximum wave velocities of the sites and how they changed 

over time. The maximum wave velocity calculations from the dynamometers are 

included in Table 1.  

Table 1. Dynamometer maximum wave velocity calculations.  The date the 
dynamometer was deployed is the start date and the date the measurement was 
recorded is the end date. Point Cabrillo had two calculations over the same time 
period because two dynamometers were retrieved at that site. 
 

 
 

The MOP model was used in place of the dynamometer measurements to 

evaluate the wave exposure of the collection sites (Figure 3).  The average daily wave 

height at Pacific Grove Marine Gardens exceeded those at Point Cabrillo for 100% of 

the days from March 2019 to March 2020. At the Santa Cruz sites the average daily 

wave height at Lighthouse Field Beach exceeded those at Cowell Beach for 100% of 

the days as well. 
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Figure 3. The fluctuating lines are the average daily wave height from all 
collection sites, including Santa Cruz sites Lighthouse Field Beach (LHFB) 
and Cowell Beach (CB) and Pacific Grove sites Pacific Grove Marine 
Gardens (PGMG) and Point Cabrillo (PC). Average daily wave heights were 
calculated from hourly wave heights predicted by MOPs model. The 
average daily wave height data was fitted using local polynomial regression 
fitting (“loess” method used for stat_smooth function from ggplot_2 r 
studio package) creating a smooth line for each site. 
 
Thread Morphometrics 

 Thread morphometrics recorded include thread length, thread number, and 

thread proximal and distal diameter. Statistics comparing the thread morphometrics 

from Santa Cruz across sites and collection dates are included in Table 2a.  Byssus 

proximal and distal diameter varied between the two Santa Cruz sites (2-way 

ANOVA, Proximal, F1, 59 = 5.453, p < 0.05; Distal, F1, 59 = 6.704, p < 0.05) (Figure 4a)  
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Table 2. Statistics results from a 2-way ANOVA looking at the difference in site, 
collection date, and the interaction of site and collection date for the thread 
morphometrics. Table 2a contains statistics for the Santa Cruz location and Table 2b 
contains statistics for the Pacific Grove location. In the P column, ns stands for not 
significant. MS stands for mean squares. 
 
a.             b. 

 
 
(Figure 4b) but there was no difference between the collection dates and no 

significant interaction between site and date collected. For both proximal and distal  

diameters, Lighthouse Field Beach had a significantly higher diameter than Cowell 

Beach. 

 Statistics comparing thread morphometrics from Pacific Grove across sites and 

collection dates are included in Table 2b. For threads from Pacific Grove, there was 

an interaction between site and collection date for thread length (2-way ANOVA, F2, 

48 = 3.784, p < 0.05) (Figure 5c) and thread number (2-way ANOVA, F2, 48 = 3.324, p 

< 0.05) (Figure 5d). The average proximal diameter increased from the August 

(0.223 mm ± 0.041) to the October (0.252 mm ± 0.050) to the January (0.292 mm ±  
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Figure 4. Santa Cruz thread morphometrics, including proximal diameter (a), distal 
diameter (b), thread length (c), and thread number (d). The mean and standard 
error are depicted for mussel collected at Lighthouse Field Beach and Cowell beach 
during each collection date.  
 
0.044) collection dates, where the January proximal diameter was larger than both 

August and October (Tukey HSD, p < 0.0001, p < 0.05) (Figure 5a).  A similar 

pattern was seen from the distal diameter measurements across the collection dates.  

Threads from January (0.304 mm ± 0.0678) had the largest distal diameter of the 

collection dates followed by those from the October collection date (0.257 mm ± 

0.0602), and the August threads (0.233 mm ± 0.0520) had a significantly smaller 

diameter than the January threads (Tukey HSD, p < 0.01) (Figure 5b). The Pacific 

Grove byssal threads were longest in January (10.38 mm ± 2.632) followed by the 

August threads (8.988 mm ± 1.780) with the October threads (8.528 mm ± 2.483) 

dipping lower between the two other collections.  The January thread length  

a. b. 

c. d. 
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Figure 5. Pacific Grove thread morphometrics, including proximal diameter (a), 
distal diameter (b), thread length (c), and thread number (d). The mean and 
standard error are depicted for mussel collected at Pacific Grove Marine Gardens 
and Point Cabrillo during each collection date.  
 
measurements were significantly longer than the October thread lengths (Tukey 

HSD, p < 0.05) (Figure 5c). The highest number of byssal threads was recorded in 

October (165.611  ± 77.934), followed by August (158.412 ± 49.934), and January 

(122.55 ± 40.499) with the smallest number of threads. The October collection date 

had a significantly larger number of byssal threads than in January (Tukey HSD, p < 

0.05) (Figure 5d). 

 
Tensometer 

Tensometer parameters, including maximum load, breaking strain, and 

maximum stress, were measured for byssal threads from Santa Cruz sites and Pacific 

Grove sites (Table 3). Statistical tests comparing tensiometer parameters across site  

a. b. 

c. d. 
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Table 3. Mean and standard deviation of tensiometer parameters including 
maximum load, breaking strain, and maximum stress for the Santa Cruz sites, 
Cowell Beach (low wave exposure) and Lighthouse Field Beach (high wave 
exposure), and Pacific Grove sites, Point Cabrillo (low) and Pacific Grove Marine 
Gardens (high). 
 

 
 
and collection date are included in Table 4a for Santa Cruz and Table 4b for Pacific 

Grove. For the Santa Cruz sites, maximum load sustained by byssal threads varied 

significantly by site (2-way ANOVA, F1, 59 = 7.626, p < 0.05), with threads from 

Lighthouse Field Beach having a higher maximum load than threads from Cowell 

Beach.  There was no significant difference for breaking strain and maximum stress  

between the Santa Cruz sites. Neither collection date nor interaction between site 

and date had a significant effect for any tensiometer parameters at the Santa Cruz 

sites. 

For threads collected at the Pacific Grove sites, Pacific Grove Marine Gardens and 

Point Cabrillo, there was no significant difference in maximum load sustained, 

however maximum load varied significantly by date. The threads from January 

(2.187 N ± 0.611) had a significantly higher maximum load than both August (1.503 

N ± 0.611) and October (1.564 N ± 0.486) collection dates (Tukey HSD, p < 0.01, p < 

0.05). There was no significant difference in the breaking strain and maximum stress 

between sites or between collection dates. 
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Table 4. Statistics results from a 2-way ANOVA looking at the difference in site, 
collection date, and the interaction of site and collection date for the tensiometer 
parameters, including maximum load, breaking strain, and maximum stress. Table 
4a contains statistics for the Santa Cruz location and Table 4b contains statistics for 
the Pacific Grove location. In the P column, ns stands for not significant. MS stands 
for mean squares. 
 
a.            b. 

 
 

After controlling for the thread morphometrics, including distal diameter, 

proximal diameter, thread length, and thread number, the significant difference in 

maximum load across collection dates remained (Table 5). For all of the mussel 

morphometric measurements from Pacific Grove, the maximum load from January 

was larger than both the October and August maximum loads. Also, the October 

collection dates had a higher maximum load than the August collection date. After 

controlling for the proximal diameter of the Santa Cruz threads, the site difference in 

the maximum load of the threads remained significant but the proximal diameter did 

not (ANCOVA, Site F1, 61 = 6.223, p < 0.05; Proximal diameter p > 0.05). Controlling 

for distal diameter, site in Santa Cruz had a significant effect on the maximum load 

of the threads while the distal diameter had no effect (ANCOVA, Site F1, 61 = 5.955, p 

< 0.05; Distal diameter p > 0.05). 
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Table 5. Statistics results from an ANCOVA controlling for thread morphometrics, 
proximal diameter, distal diameter, thread length, and thread number to assess 
whether the maximum load of the byssal threads would still be different across 
collection dates and different between sites for both locations. Table 5a contains 
statistics for the Santa Cruz location and Table 5b contains statistics for the Pacific 
Grove location. In the P column, ns stands for not significant. SS stands for sum of 
squares. 
 
a.            b. 

 
 

Linear regressions were run to determine if there was an association between the 

estimated wave heights in the time period preceding each collection event and the 

maximum load of the mussel threads processed from each collection date. Wave 

height averages were calculated using the MOP model’s predicted nearshore wave 

heights for three different time periods preceding each collection event.  The time 

periods included wave height averages from, one day before, one week before, and 

one month before each collection event.  These wave height averages were compared  

against the average maximum load of mussel threads collected during a collection 

date at a particular site.  For both Pacific Grove sites, Pacific Grove Marine Gardens 
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and Point Cabrillo, there was no association between maximum load and the month, 

week, and wave height averages preceding the collection. The Lighthouse Beach site 

in Santa Cruz had a positive association between the average wave height a month 

before the mussel collections and the maximum load of the mussel threads. Wave 

height predictions from a day before each collection date also had a positive 

association with the mussel thread’s maximum load (Linear regression, Day F1,2 = 

249, p < 0.01, r2 = 0.992, y = 1.626 + 0.367 (day avg wave height)) but the week 

before did not.  The Cowell Beach site in Santa Cruz did not have an association 

between the maximum load of the mussel byssal threads and any of the average wave 

heights time periods. 

Mussel Morphometrics 

Mussel morphometrics measured for all mussels collected include mussel length, 

maximum width, maximum thickness, and wet weight (Table 6). Statistical tests 

comparing mussel morphometrics parameters across site and collection date are 

included in Table 7a for Santa Cruz and Table 7b for Pacific Grove. For the Santa 

Cruz sites, mussel length, maximum width, and wet weight measurements were 

larger at Lighthouse Field Beach (Table 6) than Cowell Beach. Lighthouse Field 

Beach had a higher average maximum thickness than Cowell Beach, but the 

difference was not significant.  All mussel morphometrics varied across the collection 

dates.  Mussel length and wet weight increased with time from the July to the 

January collection date. Mussel maximum width and thickness increased from July 

to October but then both decreased from October to January. All four metrics  
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Table 6. Mean and standard deviation of mussel morphometrics including mussel 
length, maximum width, maximum thickness and wet weight for the Santa Cruz 
sites, Cowell Beach(low wave exposure) and Lighthouse Field Beach(high wave 
exposure), and Pacific Grove sites, Point Cabrillo(low) and Pacific Grove Marine 
Garden(high).  
 

 

Table 7.  Statistics results from a 2-way ANOVA looking at the difference in site, 
collection date, and the interaction of site and collection date for the mussel 
morphometrics, mussel length, maximum width, maximum thickness and wet 
weight. Table 7a contains statistics for the Santa Cruz location and Table 7b contains 
statistics for the Pacific Grove location. In the P column, ns stands for not significant. 
MS stands for mean squares. 
 
a.            b. 

  
 
generally increased with time at the Cowell Beach site but for the Lighthouse Field 

Beach site, mussel morphometrics increased from July to October and then 

decreased in January. All mussel morphometrics for Santa Cruz had an interaction 

between site and the collection date. 
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For the Pacific Grove mussels, there was no difference in site but there was a 

different across collection date, similar to the thread morphometrics and 

tensiometer measurements. All thread morphometrics increased over time.  The  

mussel lengths were largest in January compared to August and October (Tukey 

HSD, p < 0.0001). 

The maximum width measurements were also larger in January than in August 

and October (Tukey HSD, p < 0.0001) and October has larger width than in 

August(Tukey HSD, p < 0.01). Mussel maximum thickness and wet weight 

measurments were larger in January than in August and October (Tukey HSD, p < 

0.0001). Mussel length was the only measurement that had a interaction between 

site and date for the Pacific Grove mussels. 

After controlling for mussel length, maximum width, maximum thickness, and 

wet weight, in Santa Cruz, site remained as a significant effect on the maximum load 

of the byssal threads (Table 8a). Lighthouse Field Beach had a higher maximum load 

than Cowell Beach regardless of mussel size (Tukey, length, p < 0.05; width, p < 

0.05; thickness, p < 0.01; wet weight, p < 0.05). In Pacific Grove, after accounting 

for mussel size, collection date did not have a significant effect on the maximum load 

of the byssal threads (Table 8b) as also seen in the uncorrected data. 

There were more significant correlations between the mussel and thread 

parameters at the Pacific Grove location compared to the Santa Cruz location (Table 

9).  From the Pacific Grove Marine Gardens data (Table 9c), there was a negative 

correlation between thread number and all of the mussel morphometric  
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Table 8. Statistics results from an ANCOVA controlling for mussel morphometrics, 
mussel length, maximum width, maximum thickness and wet weight to see if the 
maximum load of the byssal threads would still be different across collection dates 
and different between sites for both locations. Table 8a contains statistics for the 
Santa Cruz location and Table 8b contains statistics for the Pacific Grove location. In 
the P column, ns stands for not significant. SS stands for sum of squares. 
 
a.            b. 

 
 
measurements.  The proximal diameter measurements from mussel threads from 

Pacific Grove Marine Gardens was positively correlated with mussel length and 

mussel maximum thickness.  From the Point Cabrillo site (Table 9d), the proximal 

diameter measurements were positively correlated with mussel length, maximum 

thickness and wet weight.  The distal diameter measurements were positively 

correlated with mussel maximum thickness and thread length at Point Cabrillo was 

negatively correlated to mussel length. At the Santa Cruz location, there was a 

positive correlation between distal diameter and mussel maximum thickness at the 

Lighthouse Field Beach site (Table 9a) and there was a positive correlation between 

thread number and mussel length at the Cowell Beach site (Table 9b). 
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Table 9. Spearman’s correlations between mussel morphometrics, including mussel 
length, maximum width, maximum thickness, and wet weight, and thread 
morphometrics, including proximal diameter, distal diameter, thread length and 
thread number at (a) Lighthouse Field Beach, (b) Cowell Beach, (c) Pacific Grove 
Marine Gardens, and (d) Point Cabrillo.  For each significant result the p value and 
correlation coefficient rho are included, ‘ns’ was used to indicate that the correlation 
was not significant. 
 
a. 

 
b. 

 
c. 

 
d. 
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Discussion 

The idea that organisms build physical structures to withstand not only average 

environmental stress but also episodic maxima is widely supported. Some of these 

physical structures include spider silk (Xu and Lewis, 1990), sandcastle worm tubes 

(Stewart et al., 2011), along with mussel byssal threads. Overall, results from this 

study were consistent with that paradigm. However, mussels from the two locations 

appeared to respond to different types of wave exposure gradients. In Santa Cruz, 

mussels in the site of presumed higher wave exposure had stronger byssal threads. 

In the other location, Pacific Grove, this was not the case. However, mussels in 

Pacific Grove altered thread morphology and strength across seasons, showing they 

were capable of plasticity in thread shape. Differences in response to estimated wave 

energy between Santa Cruz and Pacific Grove suggest the potential influence of 

additional factors, such as thread degradation or regeneration rates, reproductive 

cycles, or seasonal temperature changes. Although there were differences in thread 

strength, across date in Pacific Grove and between sites in Santa Cruz, the 

differences were not influenced by thread thickness, meaning thread compositional 

differences and or environmental factors were at play. Too, wave force estimated by 

measurement or models may have been too coarse to predict forces felt by individual 

mussels. These complexities are discussed below. 

Environmental Data 

Unfortunately, wave dynamometers did not withstand the rigors of the rocky 

intertidal zone, so wave force was estimated by modeling. Although the model was 
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able to provide context for the wave forces at each site, the data used to model wave 

force were taken at a large scale relative to size of individual mussels. The different 

environments at each location appeared to affect how well the MOPs model 

predicted near shore wave heights.  The MOPs model was developed specifically for 

estimating near shore wave height in the sandy environments of San Clemente in 

southern California (O’Reilly et al., 2016). The Santa Cruz sites were located in a 

sandy environment, and the MOPs model should have a higher success of estimating 

nearshore wave heights in Santa Cruz.  The Pacific Grove location is rocky which 

lowers the skill of the model’s predictions because of the complex topography. 

O’Reilly et al. (2016) identified Point Cabrillo as an area were the MOPs model 

struggled to estimate nearshore wave heights due to this site being highly sheltered 

and rocky. 

Regardless of the skill of the MOPS model, nearshore wave height does not 

guarantee a correct estimation of the wave velocity in the intertidal zone. In a study 

by Helmuth and Denny (2003) in Pacific Grove, nearshore wave height 

measurements were compared to the wave forces that were measured at microsites 

in the rocky intertidal at Point Cabrillo to see if the variables were correlated.  In the 

majority of these sites, force increased nonlinearly to a defined limit, likely caused by 

wave breaking. Nearshore wave breaking diminishes the energy of a wave through 

turbulent dissipation (Denny, 1995) and localized topography can further dissipate 

the wave forces making it difficult to predict the wave forces felt by individual 

organisms in the intertidal. 
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Since dynamometers measure forces at a scale more relevant to mussels, a more 

robust dynamometer should be used to assess the wave velocity experienced by the 

individual mussels.   Designs subsequent to Bell and Denny (1994) anchor the body 

of the dynamometer in a hole drilled into the substrate so that only the drogue is 

subjected to the wave forces, reducing the risk of dislodgement. Current sensor 

technologies and on-board data storage may allow smaller and shapeable 

instruments that mimic shells and better characterize forces felt by living mussels. 

Thread Composition 

 In Santa Cruz, at the exposed site, Lighthouse Field Beach, mussels had thicker 

proximal and distal byssal thread regions than at the more protected site, Cowell 

Beach.  This result supports the hypothesis that higher wave exposure will cause 

adaptions for survival like the thickening of byssal threads which may lead to 

stronger threads (Carrington, 2002).  In Pacific Grove, there was no difference in the 

thread morphometrics between sites, but instead there was a difference across 

collection dates for proximal and distal diameter and thread length and thread 

number. Although this result was unexpected because of the large difference in 

estimated near shore wave height at the two Pacific Gove sites, the inaccuracy of the 

MOPs model in rocky habitats in combination with the dissipation of wave velocity 

in complex topography of these sites, made the measurements of wave exposure less 

reliable, as discussed above.  The increase in the diameter of the thread’s proximal 

and distal regions provides evidence that seasonal fluctuations in the mussels’ energy 
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allocation influence thread morphometrics, while the effects of wave force were 

location specific. 

 The thread strength from both Santa Cruz and Pacific Grove followed a similar 

pattern to the thread morphometrics.  In Santa Cruz, there was a difference in 

maximum load between sites with Lighthouse Field Beach having higher maximum 

load measurements than Cowell Beach.  In Pacific Grove, there was no difference in 

maximum load between sites but there was a difference across collection dates with 

the maximum load increasing over time. Although these results seem to point to the 

increase in thread strength being related to the increase in thread diameter, this is 

not the case.  After controlling for proximal and distal diameters for Santa Cruz 

threads, site still had an influence on the maximum load of the threads but the 

diameter of the threads did not.  Similarly in Pacific Grove, after controlling for the 

thread morphometrics, the collection date still influenced the thread strength but the 

thread dimensions and number did not.  This suggests that there are changes to the 

threads composition independent of diameter that could be affecting thread 

strength. Byssal threads have been shown to have amino acid composition that 

varies with external or biological factors like water flow (McDowell et al., 1999), food 

availability, or spawning (Babarro and Fernández Reiriz, 2010).  Specific amino 

acids like histidine and lysine provide sites for metal chelation which can help 

threads endure stronger forces and recover after undergoing tension. In a study by 

Babarro and Fernández Reiriz (2010), threads from mussels that were forced to 

spawn had high concentrations of histidine and lysine residues present compared to 
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other treatments where mussels did not spawn or were left unfed.  Babarro and 

Fernández Reiriz (2010) argued that this increase in histidine and lysine could aid 

the mussel in staying anchored when their byssal thread production decreases after 

spawning. The histidine and lysine would create more sites for metal chelate binding 

creating stronger and stiffer threads and increasing the likelihood of the mussel 

maintaining attachment to the substrate. 

Thread Strength vs Tenacity 

In this study, individual thread strengths were analyzed to determine if wave 

forces had an effect on the individual threads.  Typically, individual mussel threads 

have been produced in lab conditions for study, with a few exceptions that were 

collected from natural sites (e.g. Babarro and Carrington, 2011).  Tenacity has been 

used to see how much force is needed to dislodge a mussel in nature because the 

whole byssus is more relevant to maintaining attachment than the strength of a 

singular thread.  Although this study did not fully support a relationship between 

site-related wave exposure and thread strength (i.e, in Pacific Grove), it may be 

possible that the tenacity of mussel from this study do mirror the wave exposure 

levels of each site. Wave forces are a driving factor in mussel tenacity (Carrington, 

2002), but there are biological factors also at play.  Each year mussels spawn and the 

formation of gonads causes a change in energy allocation. Energy is redistributed 

from thread production to gonad production in preparation for a spawning event 

(Carrington, 2002).  After this spawning event, typically in spring, the increase in 

temperature also impacts the degradation of threads.  In summer months, thread 
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production increases but the threads are off a lower quality meaning that individual 

threads are less strong than those produced in spring months (Moeser et al., 2006). 
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Conclusion 

 The hypotheses, which were formulated around site differences in wave energy, 

were supported in Santa Cruz: higher thread strength and thickness was observed at 

the more wave exposed site, Lighthouse Field Beach, compared to the less exposed 

site Cowell Beach. If the wave gradient is seasonal, the hypotheses were supported in 

Pacific Grove: differences in thread strength and thickness were seen as wave energy 

increased from summer to winter. However, even with this post-facto rearrangement 

of the hypotheses, the inconsistency across sites in response to inferred site-related 

and seasonal shifts in wave energy suggests either inaccurate estimation of wave 

energy (due to limitations of the MOPs model), or that wave energy alone cannot 

fully explain byssal thread biomechanics.  In future studies, wave forces measured on 

mussel mimics would better classify exposure levels relevant to mussels. With better 

wave force data, other factors, such seasonal energy allocation, can be systematically 

investigated. This study clearly showed variability in byssal thread strength and 

morphology for Mytilus californianus across sites and seasons. The extent to which 

this was an adaptive response to wave energy gradients awaits more precise physical 

measurements of waves in the field. 
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APPENDIX 

Dynamometer construction 

The construction of the dynamometers followed Bell and Denny (1994). The 

dynamometers were made up of a spring housed in a CPVC tube.  One side of the 

spring was secured inside of a sealed side of the tube and the other side of the spring 

had a fishing line connected to it that extended through a channel outside of the 

tube.  A piece of rubber was threaded onto the fishing line inside the tube. The size of 

the rubber piece was bigger than the channel where the fishing line exits the tube so 

that it moved on the fishing line as the spring extended.  This rubber marker was 

used to measure maximum spring extension over a given time period that was used 

to calculate the maximum wave velocity.  The fishing line was tied to a practice golf 

ball outside of the tube which acted as a drogue.  At each of the collection sites, 3 

dynamometers were bolted to the substrate by a swivel to allow the dynamometer to 

rotate freely.  As the waves washed over the dynamometer, the practice golf ball was 

pulled by the waves and the spring inside the dynamometer extended. The rubber 

marker inside the CPVC housing was moved towards the spring on the fishing line 

corresponding to the extension of the spring which was used to calculate the 

maximum wave velocity at each site.  To calibrate the dynamometers before 

deployment, 5 known masses were hung from the dynamometers and the extension 

of the springs was recorded.  These extension measurements were converted to units 

of force by multiplying the acceleration due to gravity (9.81m/s2). These forces were 

plotted to create linear regression of force vs extension, 
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𝐹 = 𝑘𝑥 + 𝑐, 

where k is the spring constant, x is the extension of the spring,  and c is the force 

needed to overcome the initial compression of the spring. The measurements of 

force from drag on the practice golf ball was taken from Bell and Denny (1994). In 

their study, they used a unidirectional flow tank to subject their practice golf balls to 

known water velocities ranging from 0.5 to 3 m/s. Bell and Denny’s (1994) 

calculations were used because the practice golf balls in this study have the same 

dimensions as the ones they used. The measurements of drag on Bell and Denny’s 

(1994) practice golf balls were fitted on to the following power curve, 

𝐹d = 	𝑎𝑢" , 

where the a and b constants were calculated to be 0.575 and 1.93.  These two 

equations can then be combined into the following equation to calculate wave 

velocity based on the spring extension measurements taken from collection sites:   

𝑢 = .#$%&
'
/
!
". 

The dynamometers were deployed in July 2019 at the start of mussel collections 

until November 2019.  During each successive collection event, the extension of the 

spring was measured from each dynamometer and recorded. After recording the 

spring extension, the rubber marker was reset for the next collection event. 
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