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Mussel byssus attachment weakened by
ocean acidification

Michael J. O’Donnell1*, Matthew N. George1,2 and Emily Carrington1,2

Biomaterials connect organisms to their environments. Their
function depends on biological, chemical and environmental
factors, both at the time of creation and throughout the life of
the material. Shifts in the chemistry of the oceans driven by
anthropogenic CO2 (termed ocean acidification) have profound
implications for the function of critical materials formed
under these altered conditions. Most ocean acidification
studies have focused on one biomaterial (secreted calcium
carbonate), frequently using a single assay (net rate of
calcification) to quantify whether reductions in environmental
pH alter how organisms create biomaterials1. Here, we examine
biological structures critical for the success of ecologically and
economically important bivalve molluscs. One non-calcified
material, the proteinaceous byssal threads that anchor mytilid
mussels to hard substrates, exhibited reduced mechanical
performance when secreted under elevated pCO2

conditions,
whereas shell and tissue growth were unaffected. Threads
made under high pCO2

(>1,200µatm) were weaker and
less extensible owing to compromised attachment to the
substratum. According to a mathematical model, this reduced
byssal fibre performance, decreasing individual tenacity by
40%. In the face of ocean acidification, weakened attachment
presents a potential challenge for suspension-culture mussel
farms and for intertidal communities anchored by mussel beds.

Coastal regions host rich and diverse communities of organisms
and are the primary location of contact between human activities
and the oceans. Understanding the biological consequences of
environmental changes in these areas is critical to predicting
what ecosystems will look like in the future. As human activities
release CO2 to the atmosphere, and that CO2 dissolves into the
surface ocean, seawater pH declines, a process known as ocean
acidification2. This presents a new set of challenges to organisms
living on rocky shores. Open-ocean systems are predicted to
experience declines of ∼0.2 pH units over the twenty-first century.
Nearshore systems already experience lower and more variable
pH water owing to coastal upwelling and high levels of biological
activity3. Over the past 20 years, worldwide research efforts have
discovered a wide variety of organisms and biological processes
that seem susceptible to reduced pH conditions. Corals, the earliest
and perhaps best studied group, exhibit lower growth of calcified
structures4. Echinoderms, particularly at vulnerable larval stages,
experience lower growth and altered stress responses5. The relatively
few studies on mussels have shown slower growth6, reduced
immune response7 and slower larval growthwithweaker shells8.

Mytilid mussels are both ecologically and economically impor-
tant. They are competitive dominants for space on rocky shores
worldwide, largely owing to their ability to adhere to bare rock
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with byssal threads. Mussels also support a worldwide aquaculture
industry worth more than US$1.5 billion in 20099. The byssal
threads of mytilid mussels are formed from collagen-like liquid
precursors that are secreted into a groove in the foot and polymerize
into a stiff yet extensible thread10,11. Byssal threads are divided
into three distinct regions: a highly extensible proximal end, a
distal portion that is initially stiff, but yields (plastically deforms)
before stiffening again, and a plaque that adheres the thread to the
substratum12. Previous studies have shown that threads typically
fail at the plaque or proximal regions10,12. The chemical properties
of byssal threads have been well documented as well11,13,14. Byssal
threads include a high concentration of the modified amino acid
3,4-dihydroxyphenylalanine (Dopa) and histidine–metal crosslink-
ages, which seem to play critical roles in surface adhesion and
self-healing following deformation11,15. These chemical functions
are known to depend on pH, including shifts in the His–metal
crosslinks responsible for some of the thread stiffness properties11,
motivating interest in how this biomaterial might be affected by
shifts in ocean chemistry. Importantly, external seawater chemistry
may mediate byssal thread formation in a manner that is not
detectable using genomic, transcriptomic or proteomic techniques;
we report here effects of elevatedCO2 on the end phenotype.

In addition to their primary chemistry, byssal strength is
known to be affected by other aspects of the environment and
mussel physiology, including seasonal effects and tradeoffs with
reproductive condition16. We looked at several aspects of mussel
physiology including growth, general condition and reproductive
status to explore possible linkages between condition and byssus
strength. Making ecomechanical predictions (sensu refs 17,18)
about future communities requires examining the response
function of a variety of biological parameters to a wide range
of pCO2

scenarios.
As the pCO2

in the water increased from 300 to 1,500 µatm
(pH decline from 8.0 to 7.5 on the total scale, within the range
observed inmussel beds19), individual threads broke at lower forces
and extensions (Fig. 1a). This result was driven entirely by plaque
weakening (Fig. 2a);mechanical performancewas unchanged in the
proximal (Fig. 2b) and distal regions (not shown). Consequently,
the most probable location of failure moved from the proximal
region to the plaque in more acidic treatments (Fig. 2c). Although
there was no effect of pCO2

treatment on the force at which the distal
region yielded (Fig. 2a), overall thread extensibility decreased at the
higher pCO2

treatments (Fig. 1b) because the plaque frequently failed
before the distal region fully yielded (Figs 1c and 2a).

As extensible byssal threads spread hydrodynamic loads evenly
across many threads of the byssus12, reduced thread strength
and extensibility combine to limit the tenacity, or ability of
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Figure 1 | Performance of byssal threads as a function of pCO2
treatment. a,b, Whole threads are significantly weaker (mean, n=8±s.e.m., breaking

force=0.31−3.55× 10−11∗(pCO2
)3, p< 0.05; a), and are significantly less extensible with increased pCO2

(mean, n=8±s.e.m., breaking
strain=0.07−8.11× 10−11∗(pCO2

)3, p< 0.01; b). c, Representative tensile tests of whole threads showing distal region yield and subsequent failure when
pCO2

< 1,200 µatm (dashed line). At high pCO2
, threads more often fail in the plaque region before the distal region fully yields (solid line). d, Predicted

model of whole-animal tenacity when pulled normal (triangles) or parallel (squares) to substratum. In both cases, there is a significant decline in tenacity
as a function of pCO2

(p< 0.05; normal: 41% decline, parallel: 35% decline).
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Figure 2 | Performance of byssal thread components. a,b, Plaques weaken with increased pCO2
(mean, n=8±s.e.m. force=0.39−5.70× 10−11∗(pCO2

)3,
p< 0.05; a), whereas the structural integrity of the proximal region is maintained (symbols are mean±s.e.m., n=8, line is pooled mean, p=0.73; b).
Distal yield force (represented by shaded region of mean±s.d.) was also unaffected by pCO2

(p=0.90). c, At lower pCO2
, failure commonly occurs in

either the proximal region (dark shading) or plaque (light shading). At high pCO2
(>1,200 µatm) there is a higher likelihood of plaque failure.
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Table 1 |Water conditions during 20-day experiment.

pCO2 target (µatm) Temp (◦C) pH (total scale) Totally alkalinity
(µmol kg−1)

Total carbon
(µmol kg−1)

pCO2 (µatm) ΩAr ΩCa

300 10.8±0.6 8.14±0.02 2,081 1,896± 23 299±8 2.0 3.2
500 10.6±0.6 8.00±0.02 2,086 1,955± 12 432± 15 1.5 2.4
600 10.2±0.8 7.89±0.04 2,084 1,993± 11 575± 16 1.2 1.9
800 10.2±0.6 7.79±0.05 2,083 2,020± 20 736± 37 1.0 1.5
1,000 10.4±0.7 7.70±0.06 2,085 2,045± 19 908±89 0.8 1.3
1,100 10.5±0.5 7.64±0.04 2,082 2,058± 16 1,057±95 0.7 1.1
1,200 10.1±0.6 7.60±0.02 2,088 2,077± 14 1,180± 119 0.6 1.0
1,300 10.4±0.6 7.55±0.04 2,086 2,088± 17 1,322±45 0.6 0.9
1,500 10.4±0.7 7.50±0.01 2,087 2,102± 13 1,498± 37 0.5 0.8

Temperature is average±s.d. of daily measures. pH is average of 1-min readings from Durafet electrodes. pH deviation provides an estimate of the accuracy of the measurement technique, and represents
the average deviation between recorded pH and pH calculated from six TA and TC measurements pairs. TA was estimated from daily salinity as described in text. TC , pCO2

, ΩAr and ΩCa (the saturation
states of aragonite and calcite, respectively) are averages ±s.d. estimated daily from TA and recorded pH using CO2calc. pCO2

deviation provides a summary estimate of chemical variability throughout
the experiment; it includes the short-term fluctuations in pH and longer-term changes in alkalinity. Water was undersaturated with respect to aragonite in five of the treatments, and with respect to calcite
in the highest two treatments.

a mussel to remain on the shore, under wave-induced stress.
We employed the model from ref. 12 to estimate the effect of
increased pCO2

on mussel tenacity. We considered the simple case
of a mussel with 50 threads, each with average length, strength
and extensibility for a given treatment group. When the model
mussel was pulled parallel or normal to the substratum, tenacity
decreased 35–41% over the range of pCO2

levels tested (Fig. 1d).
This ecomechanical analysis suggests that ocean acidification, by
changing the properties of byssal thread structures, will reduce
mussel tenacity and increase dislodgement risk in natural habitats
and commercial suspension cultures20,21.

None of the other physiological metrics examined varied across
the range of pCO2

levels tested. All animals exhibited positive growth
during the 20-day experimental period and there was no trend with
pCO2

treatment (Supplementary Table S1). Given the short-term
nature of this exposure, this is not surprising. The lack of pattern in
body metrics suggests that the effect we document in byssal thread
strength is not a result of reduced physiological condition.

Our knowledge of byssal thread chemistry11,13, especially the
pH dependence of Dopa, suggests direct linkages between sea-
water chemistry and thread adhesion. Biochemical studies on
these composite materials typically explore pH ranges outside
the environmental range (for example, 5.5; ref. 11); our results
suggest the importance of further study on these reactions at
finer pH resolution. As noted above, under the scenario that
pH exerts a direct, chemical effect on byssal thread components,
the strong effect of acidification on mussel attachment would be
undetectable using transcriptomic or proteomic methods being
employed in many ocean acidification studies. Alternatively, it
is possible that acidification drives thread weakening by altering
some aspect of mussel physiology, although this was not apparent
from our measures of reproduction and condition. Still another,
non-exclusive, hypothesis is that exposure to increased CO2 al-
ters biofilm properties that, in turn, affect plaque attachment22.
This study was not designed to probe these causal relationships,
but in light of the thread weakening presented here, they de-
mand further study.

Ocean acidification will affect marine communities in a variety
of ways, and many effects will be mediated by changes in
biological materials. Although calcium carbonate materials have
received the most attention so far, our results demonstrate that
other critical biological structures are susceptible to reduced
performance under ocean acidification. Scaling results such as these
to the community level requires understanding pivotal interactions
between organisms and their environment. In the case of mussels,
secure attachment is key to their ecological importance, and decades

of research16,20,23 provide a robust framework to appreciate the
importance of shifts in byssus strength to community dynamics.

Methods
Mytilus trossulus (40–50mm shell length) were collected from Argyle Creek,
San Juan Island, Washington (48◦ 31′ 19.95′′ N, 123◦ 0′ 51.80′′W) and held for
two weeks in unfiltered flowing sea water at the Friday Harbor Laboratories.
Animals were transferred to flow-through experimental chambers supplied with
sea water at controlled pH. Eight replicate experimental chambers were nested at
each of 9 pH levels. Control of pH occurred in 150 L insulated mixing reservoirs
filled with filtered sea water at 10 ◦C. A Honeywell UDA2182 pH controller and
Honeywell Durafet III electrode monitored the pH of each reservoir and added
CO2 to maintain the pH at a predefined setpoint calculated from target pCO2

levels (Table 1) using CO2calc24. The process pH and temperature were measured
continuously from the same Durafet electrode used for control. Temperature
and salinity were measured daily using a Fluke 1523 thermometer and a Hach
Sension 5 conductivity meter. Detailed chemistry, including total alkalinity (TA,
SOP 3b from ref. 25) and total dissolved inorganic carbon (TC, by acidification
and quantification using a Licor LI-700 CO2 detector), was measured every
3–4 days. We used the relationship between TA and salinity (measured on five
occasions: salinity range: 28.9–31.0, TA range: 2033–2130, R2

= 0.95) to estimate
daily TA in each chamber. From estimated TA and measured pH, we estimated
the pCO2

of each chamber on a daily basis (Table 1). To check the accuracy of
the Durafet pH probes, we compared the probe value with the pH calculated
from TA and TC (Table 1).

Two individual mussels were held in each 3.5 L chamber; one mussel was
used for byssal thread, shell size, body mass and shell organic content analyses; the
other individual was used for shell crushing. Chambers were flow-through, filled
from the mixing reservoirs at 50mlmin−1, and held within mixing reservoirs to
maintain constant temperature. Mussels were fed commercial Shellfish Diet 1800
(Reed Mariculture) at a rate of 5% dry tissue weight day−1. Mussels were first held
for two weeks to acclimate to experimental conditions; the byssus was then removed
from each individual, and allowed to regrow for 20 days. Treatment chambers were
lined with∼12mm pebbles, providing an easily manipulated attachment point for
byssal threads. For testing, an individual thread was excised from the byssus, with
care taken to avoid loading the thread. The pebble to which the plaque was attached
was epoxied to an aluminiumbracket and the root of the threadwas secured between
cardboard with cyanoacrylate. The cardboard and aluminium bracket were secured
in the clamps of an Instron 5565 materials testing frame. Byssal threads were tested
while submerged in a 10 ◦C seawater bath by pulling normal to the substratum
at 10mmmin−1 until failure following ref. 26. Thread strength, extensibility and
failure location were recorded and unbroken thread portions were subsequently
retested to measure distal yield and force to break plaque and proximal regions12,26.
Distal region failures were rare and excluded. The right valve from the second
mussel was crushed between flat plates to test for weakening due to exposure to CO2

(ref. 12). Condition and reproductive indices were measured following ref. 16. Or-
ganic content of shell was determined byweighing before and after ashing at 500 ◦C.

Regression analysis was used to evaluate the effect of pCO2
on thread

performance. We explored a variety of threshold fits using TableCurve 2.0; the
most parsimonious curve that exhibited the response we observed visually in some
response variables (no change at low pCO2

levels, followed by a dropoff above a
threshold level) was a third-order polynomial function of the form y = a+bx3. We
compared this function and a simple linear fit using AIC (Akaike’s information cri-
terion) and chose the curve with the lowest score. Regression analyses were carried
out on themeans of (n=8)mussels from each treatment group usingR (ref. 27).
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The details of the whole-animal tenacity model are found in ref. 12. Briefly,
the model assumed a mussel attached with 50 threads evenly arranged around
a circle. Model parameters, including thread initial length, stiffness, maximum
strain (εmax) at failure, and force of distal yield were the average values measured
in each treatment group. Pulled normal to the substratum, the model loaded all
threads evenly until failure; pulled parallel, the model displaced the mussel and
recruited further threads once the original threads were sufficiently stretched.
At each displacement step, the strain in each thread was calculated. Individual
threads failed when εmax was reached; the animal was considered dislodged when
all threads were broken.
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