
2. The attachment strength of congener mussel species responds 

in opposite directions to elevated temperature

Two species of bay mussel are common on the west coast of North America, 

where we conducted our studies, and both species are grown commercially in 

Washington state.  The distribution of Mytilus trossulus is more northerly than 

M. galloprovincialis it is known from other studies that they often have 

different responses to environmental conditions (e.g. Braby and Somero 2006). 

We acclimated mussels to seawater ranging 10 to 25⁰C and then quantified the 

number of threads produced over 24 hours.  Threads were then tested for 

material strength and extensibility using an Instron 5565 tensometer. M. 

trossulus in warmer water (>18⁰C) makes fewer threads that are weaker and 

less extensible (Figure 3).  In contrast, M. galloprovincialis produced more 

threads and maintained thread quality in warmer water.  These differences in 

thread production and quality can dramatically affect overall mussel 

attachment, with M. galloprovincialis strongly favored in water >18⁰C.  

Using attachment strength as a proxy for competitive advantage, a +2⁰C 

increase in seawater temperature (predicted by 2100, IPCC 2013) would 

greatly expand the current range of M. galloprovincialis poleward (Fig. 4).

Introduction

Bivalve mussels often dominate and structure wave swept mid-intertidal 

zones on temperate coasts and are an important aquaculture species, 

sustaining a worldwide industry worth over €1.3 billion annually. The 

secret to the mussels' success is their ability to anchor themselves to rocks 

with collagen-like fibers (byssal threads) which dynamically absorb wave 

energy, extending to up to twice their length. Mussel attachment can 

weaken seasonally, however, causing the dislodgment (or “fall-off”) of up 

to 20-35% of natural and farmed populations (Fig. 1; Carrington 2002; 

Carrington et al. 2009, 2015).

Previous work from our laboratory with Mytilus trossulus has shown that 

the environmental conditions under which byssal threads are produced 

have a profound, region-specific effect on their function. Mussels placed 

in seawater with high pCO2 (low pH, ocean acidification or OA) produced 

weaker and less extensible byssal threads, lowering overall attachment by 

40% (pH<7.6 or pCO2>1200 µatm, O’Donnell et al. 2013). This effect was 

localized to the adhesive plaque. Mussels placed in seawater warmed 

(ocean warming or OW) above 18⁰C also produced poor quality threads, 

but this effect was strongest in the proximal region (Newcomb & 

Carrington, submitted).

Our previous laboratory findings led us to ask the following questions:

1. How does low pH affect mussel adhesion?

2. Do congener species respond similarly to ocean warming?

3. Do mussels ever experience these threshold conditions in nature?
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Figure 1. a) Mussels attach to hard substrates with byssal threads. b) Mechanical failure in threads made by  

unstressed (green) and stressed (purple) conditions. Unstressed threads pulled in tension are initially stiff 

(1), then yield and extend in the distal region (2-3) before the proximal region or adhesive plaque fails (4). 

Stressed threads—i.e., those made in summer or in laboratory conditions of high temperature or ocean 

acidification (OA)—are weaker and less extensible, failing before the distal thread yields. Weak mussel 

attachment causes mortality in natural (c, bare patch) and farmed populations (d, bare rope).
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1. Low pH during maturation weakens mussel byssal adhesive 

Each thread is molded in a pedal groove and tipped with a biological adhesive, made up of 

proteins which have the unique ability to adhere to a variety of conventionally challenging 

surfaces (e.g. glass, plastics, wood, and Teflon), all while in the presence of excess water, 

salts, and polar organic molecules (Fig. 2a; Nicklisch & Waite 2012). Typically, the plaque 

adhesive flows into the pedal groove at pH 2-3, then is released to seawater (pH 8) to mature 

over several days, changing color from white to tan (Fig 2b; Martinez Rodriguez et al. 2015). 

We manipulated the pH conditions under which this maturation process occurred.  Mussels first 

made byssal threads at pH 8, then excised threads were placed in pH 5, 7 or 8 and adhesive 

strength was measured with a tensometer over 12 days.  Adhesive plaques in seawater at pH 5 

or pH 7 matured slower and were 25% weaker than plaques in seawater at pH 8 (Fig 2c).  This 

suggests one mechanism by which pH weakens mussel attachment is the disruption of thread 

maturation. Temperature did not affect maturation (5-25⁰C; data not shown).

3. Weak mussel attachment is predicted by low pH and high temperature 

We have monitored seawater conditions mussel attachment to culture rope at Penn Cove, WA 

(Whidbey Island, WA) since 2014. Our preliminary analyses using multiple regression indicate mean 

monthly mussel attachment strength at 1 and 7 m depth is best predicted by seawater temperature 

and pH (Fig. 5).  Strong attachment requires low temperature and high pH; mussels at 1 m weaken 

due to warming while mussels at 7 m weaken due to low pH.

Discussion: What will our oceans look like in 100 years?

Currently, the global average pH of the oceans is 8.0 and is predicted to lower to 7.8 by the end of 

the century and ocean temperature will increase by 2⁰C over the same time period (IPCC 2013). 

These predicted changes appear to be mild based on our laboratory experiments, in the range 

where mussels would not be affected.  But mussels live in highly dynamic coastal environments 

subject to local influences. Due to a combination of upwelling and local productivity, seawater pH 

in Washington is typically 7.8 and routinely fluctuates up or down 0.5 pH units (Murray et al. 2015).  

Similarly, mussels thrive in shallow embayments that occasionally warm up to 20⁰C. This means 

there are currently periods when mussels experience conditions that weaken attachment. The 

concern with climate change is that we are pushing the baseline for these fluctuations lower (for 

pH) and higher (for temperature), which means mussels will experience harmful low pH and warm 

exposures that last longer and are more frequent and more severe. Our ecomechanical approach 

helps establish which environmental conditions promote strong byssal attachment which in turn 

informs aquaculture industries how to better identify and adapt to unfavorable growing conditions.
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Figure 3. Effect of temperature on byssal

attachment of two mussel species, Mytilus

trossulus (blue) and M. galloprovincialis (black).  a-

c) Differences between the two species are 

evident at temperatures above 18˚C, with M. 

trossulus making fewer, poor quality threads.   

Symbols are means + SE. A 2-way ANOVA indicated 

a significant interaction between the effects of 

temperature and species for all thread parameters 

(P < 0.001-0.05); letters denote significantly 

different treatments in multiple comparison tests 

(P < 0.05). d) Overall attachment strength for 

mussels pulled normal to the substratum, as 

predicted the model of Bell & Gosline (1996). Data 

from Newcomb & Carrington, submitted). 
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Figure 4. Geographical map of the 

frequency of mean daily seawater 

temperatures over 18˚C for the west 

coast of North America.  Locations with 

at least 1 day (red) favor M. 

galloprovincialis (Mg) attachment, while 

those with 0 days (blue) favor M. 

trossulus (Mt). A) Calculations for present 

day conditions (averaged over 2010 –

2014) and B) present day conditions with 

2˚C warming. Warming of 2˚C extends 

>1000 km northward the latitudinal range 

where conditions favor M. 

galloprovincialis (black lines).  Data from 

Newcomb & Carrington, submitted). 

Figure 2. a) Byssus adhesive is made within the foot. L-Dopa containing proteins mfp-3 and mfp-5 are responsible for hydrogen 

bonding with surfaces at low pH. Once the foot is removed the adhesive is exposed to seawater and high pH (figure from 

Nicklisch and Waite, 2012). b) Byssus adhesive changes color over time as a result of protein crosslinking and the conversion of 

L-DOPA to DOPA-quinone in the presence of oxygen at high pH (Burzio and Waite, 2000). c) Time series of adhesive strengthening 

under three oceanic pH conditions. Symbols are means + 95% confidence intervals. 
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Figure 5. (left panels) Our academic-industry partnership at a suspension cultured mussel farm has produced nearly two years of 

seawater measurements (temperature, salinity, pH, DO and chl a) using YSI EXO2 sondes that are streamed in near real time to 

the NANOOS internet server. (right panel) Mean monthly attachment strength is best predicted by water temperature and pH; 

this regression model is shown as a 3D contour plot, ranging from red (strong) to dark blue (weak).  Mussels growing at 1m depth

(pink triangles) weaken when water warms, while mussels growing at 7m depth weaken when water pH drops. 
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