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Summary 

 

This report describes the opportunistic deployment of recording temperature loggers 

at the seaward and landward edges of a Scottish inter-tidal shellfish farm between 

October 2016 and May 2018. The farm, situated in Loch Creran, Argyll, cultures the 

Pacific oyster Crassostrea gigas (Thunberg, 1793). Additionally, the presence of the 

non-native invasive sea squirt Didemnum vexillum (Kott, 2002) has been recorded 

on the farm since 2015 (Cottier-Cook et al., 2019).  

 

Results presented here confirm that inter-tidal habitats periodically exposed to the air 

on the Scottish west coast experience greater temperature extremes than sub-tidal 

habitats which are only exposed to sea temperatures. Minimum temperatures 

experienced inter-tidally are established by air temperatures and maximum 

temperatures are the result of air temperature plus in situ solar heating.  

 

Oysters, and colonies of the invasive sea squirt, experienced in situ temperatures of 

between -3.63 C and 34.02 C. The largest change of temperature over any 12 hour 

period was 19.3 C at the seaward edge and 29.1 C at the landward edge of the 

farm. During the observational period, in situ solar heating raised inter-tidal trestle 

temperatures on the shellfish farm by up to 20 C above air temperature. No 

widespread mortality was reported in either species during the observed period. 

 

Using tidal data, and some assumptions about the upper and lower trestles, it would 

appear that the bulk of the shellfish farm lies (in the vertical) between 1.0 m (lower 

seaward edge) and 3.0 m (upper landward edge) above chart datum. From the tidal 

records, this would indicate that trestles on the farm are submerged in seawater 

between 96% (lower seaward edge) and 45% (upper landward edge) of the time 

over a year (2017). It would appear that both Pacific oysters and Didemnum vexillum 

can tolerate these exposure levels but growth of both species appears enhanced at 

the shorter exposure times (seaward edge of farm) compared to the longer exposure 

times (landward edge of farm). 

 



 
 

The maximum number of degree-days (with Tref = 10.55 C) in Loch Creran during 

the observational period was 461 and 510 for the lower and upper trestles 

respectively, and 449 days for sub-tidal conditions with no air exposure. These are 

less than the 592 degree-days (Tref = 10.55 C) needed to achieve gametogenesis in 

Pacific oysters (Eno, 1994). Hence, for the observational period October 2016 to 

May 2018, thermal conditions in Loch Creran were never suitable for Pacific oyster 

reproduction.  

 

If the biological reference temperature Tref is reduced to 9 C, then conditions in Loch 

Creran during the observational period could be categorised as having recruitment 

potential following the definition used by Syvret et al. (2008). It is not known if 

thermal adaptation can result in such reduction in the biological reference 

temperature but the evidence for successful reproduction of Pacific oysters in 

Scottish waters (e.g. Shelmerdine et al., 2017) suggests that some thermal 

adaptation may already have occurred. 

 

An alternative to adaptation in reaching the required thermal exposure for 

recruitment potential is if in situ temperatures increased by 1.5 C. The general 

consensus is that our waters will have warmed by between 1 C and 4 C by the year 

2100, but much depends on how society curbs its greenhouse gas emissions (Tinker 

et al., 2020). 

 

Results presented here suggest that estimating thermal exposure using 

climatological sea temperatures can underestimate the recruitment potential of 

Pacific oysters in a region. In Loch Creran in 2017, using monthly averaged sea 

temperatures underestimated thermal exposure by 18% compared to using 

measured temperatures as experienced on the farm. 

 

At the Loch Creran shellfish farm in 2017, sea temperatures were suitable all year 

round for asexual reproduction of Didemnum vexillum (ie. >8 C). Sea temperatures 

were suitable for the production of Didemnum vexillum larvae (i.e. >14 C) only in 

August and September. Didemnum vexillum on the upper trestles was additionally 

exposed to temperatures >14  C while in the air inter-tidally from March to 

September. 

 

Two research priorities were identified during this study: 

 

1) In order to be able to manage the risk of naturalisation of the Pacific oyster in 

Scottish waters, a priority research area is understanding the thermal conditions 



 
 

required for successful reproduction and recruitment using stock already exposed to 

Scottish conditions.  

 

2) In order to understand the reproductive potential of Didemnum vexillum in Loch 

Creran, research is needed into the potential development of larvae under local 

conditions, as well as the effect of exposure to high temperatures in air inter-tidally 

on the sexual development of Didemnum vexillum. 
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1. Introduction 

 

In 2015, the invasive non-native carpet sea squirt Didemnum vexillum (Kott, 2002) 

was confirmed on an inter-tidal shellfish farm situated in Loch Creran (Figure 1) on 

the west coast of Scotland (Cottier-Cook et al., 2019). Owing to the concern of the 

potential spread of Didemnum vexillum (D.vex) in Loch Creran, a series of surveys 

was established by Marine Scotland Science (MSS) of the farm itself (e.g. Turrell et 

al., 2018) and the surrounding environment (e.g. Brown et al., 2018a,b). The farm 

cultures Pacific oysters, Crassostrea gigas (Thunberg, 1793)1. This in itself is a non-

native species to Scotland, and there are growing concerns that this species may 

become naturalised in Scottish waters (e.g. Shelmerdine et al., 2017). 

 

As all invertebrates are ectotherms (i.e. they are dependent on the ambient 

temperature for their body heat) it was considered important to gather some 

information on the thermal environment experienced by both oysters and the carpet 

sea squirt D.vex on the farm. Additionally, it was thought that frequent temperature 

measurements might reveal details about how the farm was inundated by the tide. 

 

This report describes the temperature data gathered between 2016 and 2018, and 

presents analyses of these data. Conclusions relevant to both the potential 

naturalisation of the Pacific oyster in Scottish waters, as well as the potential spread 

of D. vex in Loch Creran, are developed. 

 

1.1 Pacific Oyster 

 

The Pacific oyster, Crassostrea gigas, is native to Japan and east Asia (Jones et al., 

2013) and the northwest Pacific (Russia to China, Carrasco and Barón, 2010). It was 

introduced to British aquaculture in the 1960/70s after studies demonstrated that 

conditions in UK seas were too cool for it to successfully reproduce (Syvret, 2008; 

Jones et al., 2013) and that it had a faster growth rate than the native oyster, Ostrea 

edulis (Shelmerdine et al, 2017). 

 

After mussels, Pacific oysters are the second most farmed shellfish species in the 

UK (Collins et al., 2020). In 2018, Scotland produced over four million Pacific oysters 

with a value of £1.49 M (Munro and Wallace, 2019). Pacific oyster production 

represented, by value, approximately 16% of the total Scottish shellfish industry, 

including farmed mussels and harvested scallops and native oysters. Approximately 

                                            
1 A change of name of Crassostrea gigas (Thunberg, 1793) to Magallana gigas (Thunberg, 1793) was 
suggested by Salvi et al. (2014). However, this has been subsequently opposed by, for example, Bayne 
et al. (2017). 
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41% of the 2018 Scottish oyster production occurred in Argyll, where Loch Creran is 

situated. 

 

1.1.1 Naturalisation 

 

Despite the earlier indication that the Pacific oyster could not naturally reproduce in 

UK waters, there is growing evidence that this is no longer the case (Syvret, 2008). 

For example, in the UK naturalised Pacific oysters are found extensively along the 

coasts of Kent and Essex, and sporadically along the coasts of south and south-west 

England (Herbert et al., 2012). In Scotland, there was an early record of Pacific 

oysters found reproducing in the wild in Loch Sween (Spencer  et al., 1994), and a 

more recent observation in Shetland (Shelmerdine et al., 2017), indicating that 

reproduction and recruitment is possible under some existing conditions within 

Scottish seas.  

 

If established in natural habitats, Pacific oysters can cause morphological and 

ecological changes (e.g. Herbert et al., 2012), as well as economic damage to 

features such as natural habitats used for recreation (Carrasco and Barón, 2010). 

For a full review of the potential ecological and economic impact of naturalised 

Pacific oyster in the UK, and possible implications to nature conservation, see 

Herbert et al., 2012. 

 

1.1.2 Inter-tidal exposure 

 

In its native habitat and in aquaculture, the Pacific oyster is predominantly an inter-

tidal species (e.g. Dunphy et al., 2006; Carrasco and Barón, 2010). Inter-tidal 

shellfish can be exposed to wide thermal fluctuations, and they show strategies for 

energy conservation and metabolic change to cope with these.  

 

Carrasco and Barón (2010) recognised the importance of air temperatures as well as 

sea temperatures when studying the distribution of Pacific oysters globally and their 

recruitment success. They found that the native range of Pacific oysters lay within 

the range of sea temperatures of 14.0°C to 28.9°C for the warmest month of the year 

and from -1.9°C to 19.8°C for the coldest month. However, they found that 

settlement of oyster spat was successful for air temperatures within the range 15°C 

and 31° C for the warmest month and between -23°C and 14°C for the coldest 

month of the year.  
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1.1.3 Thermal range 

 

The typical thermal range of Pacific oysters was described by Collins et al. (2020). 

They noted that 2 C was the minimum temperature for growth to be possible, 20 C 

was the optimum temperature for growth, and 27 C was the maximum temperature 

for growth to occur. 

 

1.1.4 Thermal dependency of recruitment 

 

Several studies have focused on how the reproductive success of Pacific oysters 

depends on temperature (e.g. Mann, 1979; Eno, 1994). These studies have 

identified three phases which must be successfully achieved for recruitment to occur 

(Table 1). 

 

Table 1 

The three recruitment stages of Pacific oyster defined by Eno (1994) in relation to 
required thermal conditions. Gametogenesis, or the production of gametes, is an 
essential stage in oyster reproduction. 
 

Stage 
Biological 
process 

Thermal Requirement Regime 

 
Stage 1 
 

Achieve 
gametogenesis 

Experience 592 degree-
days above 10.55  Sub-Tidal 

or 
Inter-tidal 

 
Stage 2 
 

Initiate spawning Reach 18 C 

 
Stage 3 
 

Larval development 
prior to settlement 

Experience 350-400 days 
above 10.55 C 

Sea 

 
In Table 1, the parameter degree-day (Dday

Tref) at time t is defined as: 
 

Ὀ
         

ὸ  ὨȢ  Ὕὸ Ὕ  

 
Where: 
 
 t  = time in days from 1st January 00:00 
 d = measurement interval of T(t) in days 
 T(t)   = in situ temperature at time t 
 Tref  = reference temperature 
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Note that using this definition of thermal exposure, a value in units of degree-days 

must always be cited along with the value of the reference temperature Tref, 

otherwise it cannot be interpreted or reproduced. 

 

Eno (1994) included times when inter-tidal oysters were exposed to air in her Stage 

1 degree-days calculations, and also noted that the rapid thermal variations that 

oysters experience when exposed to air may contribute to triggering spawning once 

gametogenesis has been achieved as they provide the ñthermal shockò that is 

needed in laboratory experiments to induce spawning.  

 
Once spawned, Pacific oyster larvae are pelagic for between two to four weeks 

(Herbert et al., 2012) until the final larval stage which settles onto the foreshore or 

seabed and develops a hard shell that develops into a juvenile oyster. Hence, the 

thermal requirements of larval development (i.e. Stage 3) must be achieved within 

the sea. 

 

While Eno (1994) suggested a minimum of 350 degree-days above 10.55 C, Syvret 

et al. (2008) suggested it could be as short as 225 degree-days, and noted that this 

figure, and the associated trigger temperatures, were based on a few laboratory-

based studies and need further work to confirm. They went on to define four 

recruitment conditions, each with different thermal requirements (Table 2). 

 

Table 2 

The four recruitment conditions used by Syvret et al. (2008) to assess different 
thermal regimes in UK waters and their related thermal requirements. 
 

Condition 
Recruitment 

Condition 
Thermal Requirement Regime 

1 
Conditioning 

Potential 

600 degree-days relative 
to 10.55 C 

 Sub-Tidal 
or 

Inter-tidal 
2 Spawning Potential 

600 degree-days relative 
to 10.55 C attained by July 

to September 
 

3 
Recruitment 

Potential 

Condition 1 reached + 225 
degree-days relative to 

10.55 C 
 

Sea 

4 
High Recruitment 

Potential 

Condition 2 reached + 225 
degree-days relative to 
15 C attained by July to 

September 

Sea 
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1.1.5 Climatological v. in situ temperatures 

 

Eno (1994) used in situ measured temperatures recorded every 96 minutes, while 

Syvret et al. (2008) used regional monthly average temperatures obtained from 

published values and assumed these temperatures applied constantly to each 24-

hour period of each respective month. These values were of variable accuracy, 

coming from a variety of sources around the UK including satellite-based data and 

long term monitoring data collated in regional climatologies. Such climatological data 

is often all that is available for a region, and was used for example by the study of 

Carrasco and Barón (2010) of the thermal range of oysters globally. 

 

1.1.6 Other factors affecting growth and recruitment 

 

While the thermal requirements described above are necessary for successful 

growth and/or recruitment, they are not sufficient, as other factors such as food 

availability, salinity, oxygen content etc. are also required to be favourable (e.g. 

Syvret et al., 2008; Malham et al., 2009). Disease can also be a factor in the life 

history of oysters, although the occurrence of disease and its impact itself can also 

be altered by temperature (Carrasco and Barón, 2010). 

 

In Loch Creran, salinity variations are not considered an issue as Pacific oysters 

have been found to tolerate salinities from 15 to 44 psu (Malham et al., 2009). No 

reported issues of eutrophication have yet come from Loch Creran, and it has a 

largely upland catchment area devoid of urban development or intensive agriculture 

(e.g. Gowen et al., 1992). 

 

1.2 Didemnum vexillum 

 

Didemnum vexillum (D.vex) is a colonial ascidian tunicate, commonly known as a 

carpet sea squirt. It is characterised by a tough outer rubbery covering (itôs ñtunicò) 

made from polysaccharide cellulose. Tunicates are filter feeders, sucking in water 

through one opening and expelling it through another. D.vex feeds on phytoplankton 

and suspended organic matter (Fletcher et al., 2013). Its colonies have been 

described in some areas of the world as ñgrowing aggressively on all manner of 

substratesò (Carman et al., 2009). It can smother other sessile species, modify 

habitats it colonises and foul man-made structures, infrastructure and vessels. 

 

1.2.1 Reproduction 
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D.vex can reproduce both sexually and asexually (Griffiths et al., 2009). Sexual 

reproduction involves the release of ñtadpole-likeò larvae into the plankton 

community. Larvae are about 0.6 mm long when immature and attached to a yolk 

mass. They are brooded within the tunic of the colony beneath the zooids (Fletcher 

and Forrest, 2011). It can take several weeks for larvae to fully develop and once 

released into the sea, the free-swimming larvae are about 1.4 mm long (Fletcher and 

Forrest, 2011). Larvae do not feed, and must attach to a suitable substrate within a 

few hours of release (Griffiths et al., 2009). Larval dispersion and subsequent 

settlement of D.vex over a distance of hundreds of metres up to several kilometres 

has been reported (Fletcher et al., 2013). 

 

In a study in New England, larvae were only released when the temperature rose 

above 14-20°C (Valentine et al., 2009) and then continued to be released for 3.5 to 5 

months even when temperatures dropped below these levels (Valentine et al., 2009). 

However, no larvae were released when temperatures dropped to 9-11°C (Valentine 

et al., 2009). 

 

Valentine et al. (2009) thought that larvae were only released after a certain period of 

development rather than when a specific temperature was reached. Hence newly 

settled colonies may be releasing larvae at different temperatures under different 

environmental conditions. The period when recruitment via larvae is possible is 

dependent on when the development of larvae commences, how long it takes, and 

how long environmental conditions are right for them to survive (Valentine et al., 

2009).  

 

Asexual reproduction 
 

Torn off fragments from many colonial marine invertebrates (e.g. sponges, corals, 

gorgonians, sea squirts) can remain viable, resettle onto a suitable substrate, and 

colonise new locations (Bullard et al., 2007), and D.vex is no exception. D.vex has 

been found on drifting flotsam, such as eelgrass rafts (Carman et al., 2014). 

Vercaemer et al. (2015) think floating fragments may have spread D.vex across 

Georges Bank, although this could also have been the result of vessel and offshore 

equipment (including marine renewables) movements. Storms can result in 

fragments being released from D.vex colonies (Carman et al., 2014), as can wave 

action (Reinhardt et al., 2012) and any human intervention such as mechanical 

cleaning. 

 

Fragments of D.vex have also been observed to repair the torn edge of the fragment 

while drifting in suspension, and change shape (e.g. into spheres) possibly to aid 
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dispersion (Morris and Carman, 2012). They suggested that even one or two zooids 

are capable of settlement and successful colonisation, and hence they emphasise 

the importance that cleaning operations do not release fragments of D.vex, however, 

small. 
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1.2.2 Environmental range 

 

D.vex can tolerate a wide range of environmental conditions. Table 3 summarises 

some of the temperature ranges found in published studies. Globally, D.vex has 

been found in temperatures of -1°C to 25°C (Valentine et al., 2009). 

 

Colonies ñdegenerate and all but disappearò in very cold conditions, but then 

ñregenerateò when temperatures warm (Valentine et al., 2009). The degree to which 

they are ñknocked backò by cold temperatures determines how quickly they can 

regenerate and reproduce when temperatures warm again (Valentine et al., 2009). 

  

Fletcher et al. (2013) make the point that the response of D.vex to temperature (in 

absolute terms rather than in terms of temperature change) seems to be inconsistent 

between regions globally, and sometimes even within regions. They, therefore, 

conclude factors other than simple water temperature are responsible for the 

seasonal cycle D.vex undergoes within a region, including growth, sexual 

reproduction, and degeneration. They suggest light, nutrients, food availability and 

dissolved oxygen may all play a role, although the seasonal cycle of temperature is 

often a proxy for the seasonal cycle in these other factors. 

 

In terms of salinity, Gröner et al. (2011) performed extensive laboratory experiments 

looking at the tolerance of D.vex to short term and long-term exposure to low 

salinities of TEN. D.vex, as an invasive species, showed higher growth and survival 

when exposed to low salinities than a native tunicate, both obtained from UK waters. 

However, Evans and Huntington (2005) suggest that ascidians in general have 

limited tolerance of low salinities, and hence they selected freshwater as a possible 

control treatment for D.vex. 

 

1.2.3 Inter-tidal 

 

D.vex may also be tolerant of short periods of low oxygen (Lambert, 2009). 

Conversely, it can tolerate up to six hours in air (Carman et al., 2010), although its 

survival in air also depends on factors such as humidity and temperatures, surviving 

longer in humid or cooler conditions. Hence D.vex can tolerate both sub-tidal (e.g. 

Georges Bank, Valentine et al., 2007a) and inter-tidal (e.g. rock pools, Valentine et 

al., 2007b) conditions. 
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1.3 Loch Creran 

 

Loch Creran is a typical fjordic sea loch on the Scottish west coast (Figure 1, 

Landless and Edwards, 1976). As a side loch of Loch Linnhe it connects to the more 

exposed wider loch at the seaward western boundary. It is 12.8 km in length and is 

comprised of four basins, each separated by a shallow sill (Edwards and Sharples, 

1985). It has a maximum depth of 49 m and a flushing time of around three days.  

 

Loch Creran is designated as a Special Area of Conservation under the Habitats 

Directive (JNCC, 2020). The site was designated owing to the presence of biogenic 

reefs of the calcareous tube-worm Serpula vermicularis. These occur in shallow 

water around the shores of the loch. The species has a world-wide distribution but 

the development of reefs is extremely rare, and the reef in Loch Creran is the only 

known example in Europe. There are also reefs of the horse mussel Modiolus 

modiolus, and areas of bedrock reef, which support further species-rich 

assemblages. 

 

The shellfish farm in Loch Creran where the temperature measurements were made 

is located on the southern shore of the most seaward basin (Figure 3). 
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1.3.1 Shellfish farm structure 

 

The basic element of the farm layout is the table, a structure made from steel bar 

approximately 3 m long and 1.5 m wide (Figure 2a). Oysters are placed within bags 

made from plastic meshing. Bags are laid across a table, or slung in a row beneath a 

table (Figure 2b). Tables are lined up generally perpendicularly to the sea in rows of 

between three and six tables placed end-to-end. A row of tables is referred to as a 

trestle (Figure 2b). Trestles are typically grouped in blocks, with four trestles in a 

block being typical (Figure 2c). Finally, blocks of trestles are placed in rows parallel 

to the waterôs edge, separated by walk ways and roadways.  

 

The satellite image in Figure 3 shows blocks of trestles organised into three main 

rows parallel to the waterôs edge at low tide, but with additional blocks also placed 

throughout the foreshore area. The farm location was chosen as it lies within a broad 

bay with a gently shelving seabed composed of soft but serviceable sediment, which 

is exposed at spring low tides. 
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Table 3 

A selection of various thermal limits and ranges for other species relevant to Loch 
Creran 

 
 

 
 
Figure 1: Location of Loch Creran in relation to the Scottish west coast. For this 
study tide gauge data was obtained from Tobermory, and meteorological data from 
Stornoway airport.  

Temperature 
( C) 

Condition Reference 

Native oyster Ostrea edulis 
15 Minimum for settlement and growth of larvae Collins et al. (2020) 

25-30 
Optimum temperature for settlement and 
growth of larvae 

Collins et al. (2020) 

18-22 28-56 days to condition oysters for reproduction Syvret et al. (2008) 
Salmon 

10-18 Good salmon growth Collins et al., 2020 
6 Minimum for salmon growth Collins et al., 2020 

Mussels 
17-21 Optimal survival of Mytilus edulis larvae Collins et al., 2020 
12-16 Condition mussel prior to reproduction Syvret et al. (2008) 

5 
Threshold temperature to undergo 
gametogenesis 

Syvret et al. (2008) 

Didemnum vexillum 

-1-25 
Temperature range D.vex found to tolerate in a 
review of global occurrence 

Valentine et al. (2009) 

> 8-12 Asexual budding initiated Valentine et al. (2009) 
14-20 Release of larvae and settlement of larvae Valentine et al. (2009) 

Diseases and Parasites 

>16 
OSHVï1 ɛvar causes mortality in oysters above 
this temperature 

Collins et al. (2020) 

13.5 
Vibrio numbers increased in oysters above 
13.5°C 

Collins et al. (2020) 

12-20 Bonamia ostreae prevalence is most likely Collins et al. (2020) 
4-8 Paramoeba perurans population growth occurs Collins et al. (2020) 
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Figure 2\: Oyster farm components. a) two unused tables stacked together showing 
their construction,  b) a single trestle consisting of three tables placed end-to-end, c) 
a block of four trestles, each of three tables in length, d) the whole farm at low tide   
 

 
 

Figure 3: Location of two in situ temperature loggers on the shellfish farm. Left figure 
ï overall position on farm. Upper right ï detailed position of lower trestle. Lower right 
ï detailed position of upper trestle. (All satellite images ©2018 Google. Data SIO, 
NOAA, US Navy NGA, GEBCO, Map Data ©2018 Google). 
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2. Methods 

 

2.1 in situ Temperature 

 

in situ temperature data was obtained using small self-recording digital temperature 

loggers (Vemco, 2020) mounted on two selected trestles within the shellfish farm, 

one at the seaward edge of the farm, and hence lower down the sloping foreshore, 

and the other near the landward edge of the farm, hence higher up the foreshore. 

Thus the lower logger was submerged for longer periods by the ingress of the tide 

than the upper logger. Table 4 gives the positions of the loggers, Figure 3 shows 

their location within the farm and Figure 4 shows views of the deployment locations.  

 

Table 4 

Positions of the two in situ temperature loggers. 
 

Trestle Latitude Longitude 

Lower Trestle 56° 30.6588ôN 05° 22.9345ôW 
Upper Trestle 56° 30.6637ôN 05° 23.1735ôW 

 
The relevant specifications of the loggers, as quoted by the manufacturer (Vemco, 

2020) were as follows: 

 

Temperature Range:  -30°C to +80°C 

Temperature Accuracy:  ± 0.1°C from -5°C to 35°C  

Resolution:    0.01°C  

Physical size:   Length 9.8 cm, diameter 2.3 cm, weight: 52.2 g 

Clock Stability:   ±1 minute per month 

 

Table 5 presents the start and end dates of the two instrument deployments used in 

this study. The first deployment took place in October 2016 and the instruments were 

recovered in June 2017, and the second deployment lasted from May 2017 to May 

2018. There was, therefore, a short overlap period in May and June 2017 (Table 5) 

when each trestle had two recorders present, and this period permitted some inter-

comparisons and checks to take place.  
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Table 5 
Start and end times of the two deployments, and the period these two data sets 
overlap with one another. 
 

Data Start End N Data 

16 ï 17 
 

16:05 18/10/2016 09:00 26/06/2017 72,204 

17 ï 18 17:10 25/05/2017 08:00 16/05/2018 51,210 
      

Overlap 17:10 25/05/2017 09:00 26/06/2017  
 

The logging interval for the 2016 deployment was five minutes, whereas it was ten 

minutes for the 2017 deployment. In order to allow the data to be merged, the 2016 

record was converted to a ten minute logging interval by averaging consecutive 

readings using post-processing software (see data processing section below). 

 

 
 

Figure 4: Views of the in situ temperature loggers and their locations. a) Detail of 
temperature logger attachment on upper trestle; b) view shore-wards along lower 
trestle; c) view shore-wards along upper trestle. 
 

2.2 Tidal data 

 

Hourly tidal height data was obtained from the standard UK tide gauge at Tobermory 

(56.62311 N, 6.06422 W) on the Isle of Mull (Figure 1). Data was obtained from the 

British Oceanographic Data Centre.  
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Analysis from published tide tables revealed a time difference of low water (LW) and 

high water (HW) at Tobermory and the head of Loch Creran of ten minutes and one 

hour respectively during spring tides. During neap tides, the time differences were 

between -6 and +20 minutes (Table 6). Tobermory lies at the northern end of the 

Sound of Mull, which connects to the southern end of the Loch Linnhe system; the 

distance between Tobermory and Loch Creran is about 50 km. 

 

2.3 Meteorological data 

 

Air temperature and sunshine duration were obtained from the UK Met Office coastal 

station at Stornoway airport (Met Office, 2019; 58.213 N 6.319 W, elevation 15 m). 

This was the closest station with a full set of hourly data, concurrent with the in situ 

temperature data. Stornoway airport is approximately 180 km north of Loch Creran, 

and 60 km to the west. Owing to the spatial scale of weather systems at this latitude, 

weather experienced at Stornoway will be representative of that experienced at Loch 

Creran. 

 

2.4 Data analysis 

 

Data analysis was performed using bespoke programmes written in the ñRò language 

(R Core Team, 2019). Data was first complied into a single environmental data file, 

with a 10 minute record interval, with format: 

 

Y(t), M(t), D(t), H(t), Minute(t), DecYear(t), Tupper(t), Tlower(t), H(t), Tair(t), Sun(t) 

 

Where 

 

t ï time of recording 
 
Y(t) ï year of recording 
 
Month(t) ï month of recording 
 
Day(t) ï day of recording 
 
Hour(t) ï hour of recording 
 
Minute(t) ï minute of recording 
 
DecYear (t) ï time of recording expressed as decimal year 
 
Tupper(t) ï in situ temperature at time t at upper trestle (  C) 
 



16 
 

Tlower(t) ï in situ temperature at time t at lower trestle (  C) 
 
H(t) ï height of the tide at Tobermory at time t (m) 
 
Tair(t) ï air temperature at Stornoway airport (  C). Ten minute values 
interpolated from hourly values in original data. 

 
Sun(t) ï duration of sunshine at Stornoway airport (hours). Ten minute values 
interpolated from hourly values in original data. 

 

In this file, the overlap period was removed and hence data was in ten minute 

intervals, without break, between 16:10 18/10/2016 to 08:00 16/05/2018. 
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Table 6 

Predicted time and height differences between Loch Creran Head and Tobermory, from published tide tables 
 

 Date 
Range 

(m) 

HW LW HW LW 

Time 
(HH:MM) 

H 
(m) 

Time 
(HH:MM) 

H 
(m) 

Time 
(HH:MM) 

H 
(m) 

Time 
(HH:MM) 

H (m) 

Spring Tides 

Winter 19/01/2020 3.0 +01:01 -0.3 +00:13 -0.7 +00:56 -0.3 +00:12 -0.7 

Spring 02/04/2020 4.2 +00:57 -0.2 +00:14 -0.7 +01:04 -0.3 +00:12 -0.7 

Summer 06/07/2020 3.2 +00:57 -0.3 +00:14 -0.7 +01:01 -0.3 +00:13 -0.7 

Autumn 02/10/2020 3.3 +00:54 -0.3 +00:14 -0.7 +00:56 -0.3 +00:14 -0.7 

Neap Tides 

Winter 26/01/2020 1.9 -00:08 -0.7 +00:00 -0.4 -00:06 -0.7 +00:04 -0.3 

Spring 09/04/2020 1.0 +00:07 -0.4 -00:04 -0.7 -00:01 -0.4 -00:06 -0.7 

Summer 13/07/2020 1.4 +00:13 -0.4 -00:06 -0.7 +00:12 -0.4 -00:09 -0.7 

Autumn 10/10/2020 1.2 +00:19 -0.5 -00:04 -0.7 +00:09 -0.4 -00:04 -0.7 
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2.5 High water (HW) and low water (LW) sea temperatures 

 

Times of high water (i.e. maxima in H(t)) and low water (i.e. minima in H(t)) in the 

Tobermory tidal height data were extracted. At these times values of other 

parameters (i.e., in situ temperature and tidal height) were extracted (Table 7). 

 

2.6 Filtered air temperature 

 

A reference data set for typical air temperature during the in situ logger deployments 

was needed, noting the geographical separation of Stornoway airport from Loch 

Creran. To provide this, the hourly meteorological data was filtered using a 48-hour 

wide moving average in order to remove high frequency variability, and to give an 

idea of general air temperature in the region. The filter resulted in ten minute values 

of the Stornoway air temperature averaged over the previous 48 hours prior to (and 

including) the record time t (Tair
FLT(t)). 

 

Table 7 

Parameters extracted from the environmental data set at high water (HW) and low 
water (LW). 
 

Parameter High Water Values Low Water Values 

Date 
 

YHW(t)  MHW(t)  DHW(t) YLW(t), MLW(t), DLW(t) 

Time 
 

HHW(t)  MinHW(t), HLW(t)   MinLW(t), 

Decimal Time 
 

DecYearHW(t) DecYearLW(t) 

in situ Temperature 
 

Tupper
HW(t)  Tlower

HW(t) Tupper
LW(t)   Tlower

LW(t) 

Tobermory Tidal Height (m) HHW(t) HLW(t) 
 

2.7 Monthly average sea and air temperature 

 

In order to examine the background cycles of average air and sea temperatures, a 

moving centred 28 day filter was applied to Stornoway air temperatures (Tair(t)) and 

to Loch Creran sea temperatures, using Tlower
HW(t). The resulting data sets were 

monthly filtered air temperature Tair
MNT(t) and sea temperature Tsea

MNT(t). 

Additionally, averages for the calendar months of 2017 were calculated. 
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2.8 Temperature and tidal height frequency diagrams 

 

Frequency diagrams were used to examine the range of variability in in situ 

temperature, air temperature and tidal heights. These diagrams show the proportion 

of each record that exists between certain ranges of parameter values. Typically the 

overall extreme range of a parameter is sub-divided into 20 sub-divisions and the 

proportion of the record in each sub-division estimated. The proportion is presented 

as a decimal fraction of one. 

 

The frequency analysis involving temperature (sea, air or in situ) uses data from only 

one full calendar year to avoid aliasing issues for part years. The frequency analysis 

for tidal height uses all available data.  

 

2.9 Thermal exposure ï degree-days 

 

The definition of degree-days as defined by Eno (1994) was used, as described in 

Section 1.1.4 above. Various values of Tref  and sources of T(t) were used, as 

described in the results section below. 
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3. Results 

 

3.1 Temperature data overlap period 

 

The temperature records of Tlower(t) and Tupper(t) are virtually indistinguishable during 

the overlap period (Figure 5). This provides reassurance that the detailed position of 

a logger within the structure of a trestle was not of critical importance, and that 

recorded temperatures were representative of the environs of a trestle rather than 

very specific points within a trestle/oyster bag structure. 

 

 
 
Figure 5: Comparison of the two deployment records, i.e. the 2016 deployment 
(1617 ï black line) and the 2017 deployment (1718 ï red line) during the overlap 
period. a) Tupper(t), b) Tlower(t). Values for tidal height H(t) are also shown (blue line). 
Horizontal axis is DecYear(t). 
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3.2 Environmental data set 
 
Figure 6 presents time series of air temperature, sunshine hours, tidal height and in 
situ temperatures during the whole deployment period. 
 

 
Figure 6: Summary plot of the environmental data. Panels from top to bottom: a) air 
temperature: black line - Tair(t), red line Tair

FLT(t); b) Sunshine hours (Sun(t)); c) Tidal 
height H(t) in grey, also shown are values of HHW(t) (red) and HLW(t) (black); d) in situ 
temperatures red line Tupper(t), blue line - Tlower(t). Horizontal axis shows deployment 
date(DecYear(t)). 










































































