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Effect of intertidal terrain surface aspect on Mytilus Species Complex distribution
after the 2021 Pacific Northwest heat dome (PNWHD)
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Abstract

In June 2021, the Pacific Northwest heat dome (PNWHD) impacted British Columbia
(BC), leading to unprecedented heat-induced mass mortality of blue mussels (Mytilus spp.).
The invasive species, Mytilus galloprovincialis (Mg) and Mytilus edulis (Me), may threaten
the native species, Mytilus trossulus (Mt) because Mt has a lower heat tolerance - resulting in
a shift in BC’s marine ecosystem dynamics. In this observational study, we examined four
cardinal aspects (north, south, east, and west) of Pasley Island, B.C., to understand the
distribution of Mytilus species’ post-disturbance recruitment, as each aspect reflects different
solar radiation levels. We expect to see Mt being the worst competitor of the species complex
at the south and west aspects, where mussel beds were more exposed to solar radiation at
daylight low tides during the PNWHD. We collected 40 mussels (10 from each aspect) from
Pasley Island. To identify the Mytilus species, DNA isolation, Polymerase Chain Reaction
(PCR), and gel-electrophoresis were performed. Our observational data showed higher counts
of non-native mussels (Mg and Me) than native juvenile mussels (Mt) in all aspects, with
higher differences in the south and west aspects. Me was found only in south and west
sample locations. Our findings suggest that Mg has the highest tolerance to direct solar
radiation relative to Me and Mt.

Introduction

As a result of climate change, marine heatwaves (MHWs) are predicted to increase in

both severity and frequency in recent decades (Hobday et al., 2016; Seuront et al., 2019). A

community on the edge of thermal extremes, the rocky intertidal is one of the most stressful

environments on the planet (Seuront, 2019). This makes organisms such as blue mussels

(Mytilus spp.) particularly vulnerable to extreme heat events evidenced by the mass mortality

of Mytilus spp. during MHWs (Seuront, 2019; White et al., 2021).

MHWs can drastically alter intertidal communities (Hobday, 2016). A mass mortality

event can, for example, reconfigures the distribution patterns of the Mytilus species complex:

Mytilus trossulus Gould (Mt) which is indigenous to the Pacific Northwest (PNW), and

Mytilus galloprovincialis Lamark, (Mg) and Mytilus edulis Linnaeus (Me) which are both

invasive to the PNW (Crego-Prieto, 2015; Bakhmet, 2022; Schneider, 2007). Mass mortality
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induced by MHWs represents competitive opportunities for invasive mussels Mg and Me

which are faster-growing and more heat-adapted blue mussel species compared to Mt

(Stachowicz, 2002; Vasquez, 2022). Mg is one of the world’s worst invasive species and

given its relatively high heat tolerance and growth rate, this species has been demonstrated to

outcompete and smother the native Mt during recruitment (Schneider, 2007; Shinen, 2009).

Mass die-offs may disproportionately impact less heat-tolerant native species, leaving higher

numbers of invasive spawners after disturbances (Amstutz, 2021), and higher numbers of

fast-growing invasive recruits which outcompete indigenous juvenile Mt recruits (Shinen,

2009). Increases of invasive mussels in the PNW can lead to declines and the extirpation of

the indigenous Mt, so predicting the distribution of invasive Mg and Me is important for the

conservation of Mt (Seuront, 2019).

Physiological limits determine species community membership and are important

factors in predicting future range shifts under climate change (Bowman, 2021; Helmuth,

2010). Recent studies have highlighted the importance of measuring microhabitat variation

along with species physiology to generate ‘physiological landscapes’ to predict species

response to climate change (Barbosa, 2022; Harley, 2008; Li, 2021). Because of this, many

studies have focused on air and water temperature physiological limitations in Mytilus spp.

(Braby, 2006; Sarver, 1993; Suchanek, 1997). However, more recent studies have found

direct solar radiation to be the most important factor influencing internal body temperature in

ectothermic poikilotherms (Amstutz, 2021; Helmuth, 2010; Lathlean, 2014; Seuront, 2019).

For instance, Seuront (2019) found that Me body temperature can be significantly greater

than air temperature during emersion when exposed to direct solar radiation.
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The level of solar radiation a mussel receives in the intertidal zone during emersion is

a function of the aspect of that mussel’s position in the intertidal zone, with midday

south-facing aspects receiving the most solar radiation followed by west, and decreasing with

east and then north aspects (Amstutz, 2021; Bennie et al., 2017; Figure 1).  Because of this,

spatial patterns of aspects in the intertidal can influence how the Mytilus species complex is

distributed (Amstutz, 2021; Bennie et al., 2017; Schneider, 2007). Overall range shifts in

Mytilus distribution may be driven by microhabitat selection pressures (solar radiation) at the

microhabitat scale (Schneider, 2007).

Figure 1. Map of terrain surface aspect of Pasley Island, British Columbia representing
different microhabitats due to variations in levels of solar radiation. The colours correspond
to the compass direction (degree) that the terrain surface faces (Terenzek, 2022).

During June 2021 to July 2021, the PNW was hit with an unprecedented MHW which

led to air and sea surface temperatures 16-20°C above normal and low tides coinciding with

daytime high temperatures, particularly for south-west facing aspects (White et al., 2021).

This resulted in ~70% mortality of Mt with > 1 million mussels deaths within 100m of the
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shoreline (Figure 2; White et al., 2021). Given that Mt are less heat tolerant than Me and Mg,

and Me is less heat tolerant than Mg; here we observationally investigate the distribution of

Mytilus species complex recruits based on the four cardinal aspects (north, east, south, west)

at Pasley Island, British Columbia (Braby, 2006; Han, 2020; Tomanek, 2010; Vasquez, 2022).

We predict that the distribution of blue mussels at different aspects (N,W, E,S) differs at

Pasley Island because it reflects the different levels of solar radiation and environmental

change that different blue mussels species could tolerate and survive during the heat dome.

Figure 2. Images from Pasley Island, British Columbia in August 2021 after the 2021
Pacific Northwest Heat Dome. (A) open shells of Mytilus that died due to thermal stress
during PNWHD, (B) Bare rock surfaces apparent in the intertidal zone after PNWHD, (C
and D) Mytilus shell accumulations from mass Mytilus mortality after PNWHD.
(photographs by Kyla Terenzek).
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Methods

Collection

To investigate the effect patterns of solar radiation on Mytilus spp. distribution, we

examined recruits to the intertidal zone 16 months after the 2021 PNWHD disturbance. Peak

settlement of Mytilus larva occurs from June-July in the PNW (Kagley, 2013). As a result,

two main cohorts colonizing disturbed areas after the PNWHD were expected from June/July

2021 recruits and June/July 2022 recruits. To avoid including adult Mt which could be the

same size as 2022 juvenile invasive recruits, we define recruitment as “colonization after the

most recent settlement” and consider ‘recruits’ as mussels <6 months old. In this case, we

found recruit sizes would be: Mg <19.5mm, Me <25mm, and Mt >5mm, and collected

mussels in the 5mm-25mm range (Jacobs, 2014; Martel, 2000; Prieto, 2020).

A pool of n=20 sample locations with qualitatively similar: wave exposure (protected

to semi-exposed), intertidal substrate (boulder platform), dominant mussel predators (Pisaster

ochraceus), slope (20-40 degrees), and level of human activity (moderate) were used to

randomly select one sample location for each cardinal direction (N,S,E,W) (Figure 3).

Samples were collected October 28-31, 2022 during ~0.5m low tides. The mussel band width

was measured, and a 30 m transect line was placed at the mid-point of the mussel band,

horizontal to the water line - accounting for predator effects that control the lower limit of the

mussel band, and abiotic effects that control the upper limit (Barbosa, 2022).

Samples were collected using randomised locations along the transect line. Digital

callipers were used to measure sample length and mussels that did not meet the 5mm-25mm

length criteria were carefully returned, and a new random sample location was generated. The

aspect and location of the sample point was recorded with a Garmin GPSMAP 78 gps unit
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(Garmin, n.d.)  and aspect with a Suunto A-10 NH compass (Suunto, n.d.). A total of 10

samples were collected from each of the four locations producing n=40 samples for the study.

The samples were labelled, placed in a cooler  <1 hour, then frozen intact until transported to

the lab.

Figure 3. Map of four sample locations on Pasley Island, British Columbia to reflect the four
cardinal directions, north, south, east and west (Terenzek, 2022).

DNA Isolation and PCR

40 mussels were pried open with gloves and scalpels to extract whole mussel tissue to

be masticated with sterile toothpicks in the respective labelled 1.5 mL Eppendorf tubes. Next,

300 uL of Cell Lysis Solution with Proteinase K was added to each mussel sample, incubated

at 65ºC for 15 minutes, and vortexed every 5 minutes until the solution looked somewhat
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cloudy. After cooling in ice, 150 uL of Protein Precipitate Reagent was added and vortexed

for 10 seconds. Subsequently, each mussel sample was then spun in a balanced centrifuge for

10 minutes at maximum speed. Each sample’s supernatant was transferred into its own newly

labelled 1.5 mL Eppendorf tube via a pipette with fresh tip each time. 500 uL of ice-cold

isopropanol was added and inverted 30-40 times to be centrifuged again for 10 minutes at

maximum speed. Lastly, two rounds of ethanol rinses were performed and were left to air dry

overnight. Before the PCR stage, 30 uL of TE buffer was added to dry each DNA pellet

created during DNA isolations. Master mix (MM) was prepared by combining the following:

Component Amount per sample
(uL)

Amount for 50 samples
(uL)

10X PCR buffer 2.5 125.0

10 mM dNTPs 0.5 25.0

25 mM MgCl2 1.0 50.0

10 μM forward (5’) primer (Me15) 1.0 50.0

10 μM reverse (3’) primer (Me16） 1.0 50.0

Taq polymerase 0.5 25.0

50% glycerol 5.0 250.0

Sterile distilled water 11.5 575.0

Table 1. Basic Recipe for Master Mix preparation. Specific components required along
with their amount per sample and the total amount for 50 samples in uL.

The MM was made for 10 extra samples in case of spills or pipetting errors, and water

control was used. 23 uL of MM was pipetted to each newly labelled PCR tube, and then 2 uL

of DNA (or sterile distilled water for water control) from each mussel sample was also added.

Thereafter, tubes were put in the PCR machine and set to the temperature cycle required for

the repeated DNA replication flanked by primers. This is shown below:
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Temperature (˚C) Time

95 2 min

95 30 sec

X 3554 40 sec

72 90 sec

72 5 min

4 Overnight

Table 2. PCR Cycle. Various temperatures (˚C) set to given times required for DNA
replication flanked by primers. 35 repeated rounds of DNA replication performed for 95˚C
set to 30 seconds, 54˚C to 40 seconds, and 72˚C to 90 seconds.

Gel-Electrophoresis

In each PCR sample and the one water control sample, 5 uL of 6X loading buffer was

directly added and mixed by pipetting the solution up and down. Consequently, 15 uL of each

sample was loaded into the 3% agarose gel well. Initially, the gel ran at 50V till all samples

left the well. Then, it ran on 120V for 150 minutes until the loading buffer ran off the gel.

Afterwards, samples were classified based on their DNA base pairs (bp). The categorization

was as follows: Mt (180 bp), Mg (168 bp), and Me (126 bp) (Inoue et al., 1995).  Bands that

were hard to read were categorised as "unidentified"(Figure 4).  To visualise the relative

abundance of identified Mytilus spp at different aspects, a bar graph was generated

respectively in Rstudio (version : 2022.7.2.576) with R (version : 4.2.1) using the Dplyr and

Ggplot2 packages (Figure 5).
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Results

Figure 4. Gel-electrophoresis results of the 40 Mytilus DNA samples collected at
different aspects of Pasley Island, British Columbia, Canada. Specifically, at the (A) east,
(B) north, (C) west, and (D) south intertidal zone of the Island. All samples are labelled based
on their sample number respectively. H2O in panel D represents distilled water (control). MT,
MG, ME, and X respectively represent M. trossulus, M. galloprovincialis,
M. edulis and samples that were difficult to identify. Ladders are labelled based on the
number of base pairs.
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Figure 5. Count of Mytilus species collected at four aspects (east, north, south, west
intertidal zones) of Pasley Island, British Columbia, Canada (total n = 40, with each
aspect n = 10). Species were identified based on gel-electrophoresis, and “unidentified”
represent samples that were difficult to identify through gel-electrophoresis.

The Mytilus spp. was determined by the gel-electrophoresis result in Figure 4. Our

distilled water control sample showed no contaminated result. Figure 5 displays a count

comparison of different Mytilus species between the 4 aspects; they are as follows: mussels

identified at the east intertidal zone include 2 Mt, 4 Mg, and 4 unidentified. Mussels

identified at the north intertidal zone include 1 Mt, 4 Mg, and 5 unidentified. Mussels

identified at the south intertidal zone include 3 Me, 1 Mt, 3 Mg, and 3 unidentified. Mussels

identified at the west intertidal zone include 1 Me, 1 Mt, 5 Mg, and 3 unidentified.
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Discussion

In this study, we expected that where mussel beds were exposed to greater solar

radiation (south and west facing aspects) during daylight low tides during the PNWHD, the

native Mt would be the worst competitor of the species complex: Mg> Me > Mt. Our findings

indicate a high variation of blue mussel species in the different aspects of Pasley island. We

did not identify any hybrids (eg. Mt x Me) on gels as found in previous studies conducted in

British Columbia (Gurney-Smith et al., 2017). Bp in gel-electrophoresis shown in Figure 4

were matched to known DNA lengths for classifying blue mussel species. Based on Figure 4,

all 3 species were found in the south and west facing aspects of Pasley Island. Since both Mg

and Me had a higher count (with overall highest counts of Mg) than the native Mt in the south

facing aspect, our prediction was supported. Mg and Me indeed have a higher thermal

tolerance compared to Mt since they are able to survive in the south and west facing intertidal

zones which are exposed to greater solar radiation (Buckley & Huey, 2016).

Our findings suggest that Mg has the highest thermal tolerance compared to Me and

Mt. Additionally, east and north aspects both present more Mg than Mt. This portrays the

impacts of the PNWHD. Although the east and north aspects are exposed to less solar

radiation compared to the south and west aspects, the solar radiation during the PNWHD

would have been significantly higher than before, consequently affecting the mussel beds in

the east and north as well. Furthermore, the ratio of native mussels (Mt) to non-native

mussels (Mg and Me) is higher in the south (1:6) and west (1:6) aspects compared to the east

(1:2) and north (1:4) aspects, suggesting that although the PNWHD affected all the mussel

beds in all aspects, the greatest impact was in the south and west aspects. The Me species was

only found in the south and the west aspects. We assumed mean salinity is homogenous in all

sample locations, however any differences in salinity may affect distribution.  The presence
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of all the three species in the west and south aspects may also reflect the intermediate

disturbance hypothesis, which states that the highest biodiversity is observed when ecological

disturbance is not too frequent or too scarce (Dial & Roughgarden, 1998). Although

intermediate disturbance may increase diversity in the short term, increasing MHW

disturbance over time may lead to the local extinction of Mt. The intermediate disturbance

hypothesis could explain the greater diversity in south and west aspects after the PNWHD

disturbance and can be further studied in the future.

Valuable knowledge was obtained in this experimental study on the distribution of

blue mussel species (Mytilus spp.). We discovered the presence of invasive species in all

aspects of Pasley island. As noted by Bonham et al. (2017), Mg is one invasive species found

with quick rates of reproduction and the ability to outcompete native mussels (e.g. Mt). Thus,

an increased invasion rate of the species can potentially cause a shift in ecosystem dynamics,

as well as reduce the biodiversity of the island by displacing the native species and

monopolising food resources. By better understanding the distribution of the mussels with

respect to aspect, we can evaluate the impact of invasive mussel species on the ecology of

Pasley Island.

We suspect that during DNA isolation, protein contamination could have resulted

from our whole mussel samples, sterilization, and pipetting errors. A possible source of error

in this experiment is the sterilization of the scalpels and tweezers while prying open the

mussels. Some were flamed only, some with ethanol only, and some with ethanol and then

flamed - all can lead to issues with contamination. This would have affected the results

because solely flaming or using ethanol does not remove the DNA of the mussels completely,

which would have resulted in cross-contamination of the mussel DNA. This error
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significantly affects our data since the species of the mussels were determined by their DNA.

To eliminate this error in the future, the tools should be sterilized by both dipping and

flaming tools with alcohol.

During the DNA isolation process, two possible sources of errors have occurred.

There were pipetting errors when adding the Protein Precipitate Reagent during the DNA

isolation process. Additionally, the centrifuge machine was not spun for sufficient lengths.

These errors would have resulted in poor DNA isolation, which would consequently affect

the PCR and gel-electrophoresis and result in the ‘unidentified’ species.

Further studies can be done to investigate the ocean conditions that affect the

distribution and abundance of blue mussels. As mentioned above, the potential interactions of

salinity and the intermediate disturbance hypothesis may be areas of interest for future

research. Furthermore, precise investigation on how heat affects the Mytilus species complex

is crucial.

Conclusion

Taken together, our result showed higher counts of non-native mussels (Mg and Me)

than native mussels (Mt) in all aspects, with higher differences in the south and west aspects.

This is consistent with our prediction and reflects Mg has the highest tolerance to direct solar

radiation (which increases internal body temperature) than Me and Mt. Further research can

be done on the variables (eg. salinity) that affect the distribution of Mytilus species.
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