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Valve gaping behaviour in bivalve molluscs controls the flow of water across gills that provides both food, and
oxygen for respiration. Closure of the valves also provides protection from predators and poor-quality water
conditions. Research presented here used a flow through seawater system with controlled changes in salinity and
temperature, combined with continuous measurement of valve gape using Hall effect sensors, to study how
changes in these variables affect the valve movements of the European oyster (Ostrea edulis) held under
controlled long day-length conditions. A clear relationship between periods of reduced light intensity and
maximum valve gape was recognised in preliminary studies and provided a benchmark against which to compare
how changes in environmental conditions linked to climate change may alter the behaviour of these coastal
marine bivalves. Oysters collected from the southwest coast of Norway in August 2022 were held for 72 h at full
seawater salinity of 33.6 and a temperature of 15.8 + 0.5 °C prior to exposure to a reduction in salinity down to
18.2 over a 3 h period. Oysters showed an initial reduction in valve gape width as salinity reached 31.4, with
valve gape decreasing further as salinity fell to 28.8. All valves were fully closed at salinity 20.5. Oysters
remained in this condition throughout the subsequent 21 h exposure period with salinity at 18.2. Thereafter
salinity was increased in 3 steps. In the first step, salinity reached 24.2 over 2 h, and was held there over the
following 22 h. All oysters commenced re-opening valves between salinity 22.8 and 24.2. When salinity was
further increased to 27.3 over the subsequent 24 h, oysters returned to approximately their pre-exposure valve
gape widths. When salinity 33.8 was delivered to the tanks there were 2 d during which maximum valve gape
was significantly reduced, after which valve gape width returned to a pre-exposure condition. The predicted
pattern of valve opening during reduced light intensity periods was maintained when seawater temperature was
raised from 15.8 °C up to 20.1 °C in approximately 1 °C steps every 24 h. However, reduction of temperature
from 20.1 °C in similar sized increments altered the expected patterns of behaviour. The results indicate that
increasing occurrences of fluxes in salinity and temperature due to climate change have the potential to disrupt
normal valve gaping behaviour in European oysters, creating an additional challenge to those they already face
from invasive species and disease.

1. Introduction benchmark against which non-typical responses, occurring during test
exposures in the laboratory or deployments in the field, can be

Valve movements in bivalve molluscs control the flow of water recognised.

across their gills that provides both food, and oxygen for respiration.
Closure of the valves also provides protection from predators and poor-
quality water conditions. Continuous logging of valve movements pro-
vides a record of bivalve responses to changes in their surrounding
environment. If a typical behaviour pattern can be established for in-
dividual species under given conditions, then this can be used as a
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Valve gaping behaviour has been measured in numerous studies with
several species of bivalve to examine the effects of pollutant exposure
and other environmental factors including reduced seawater pH
(Clements et al., 2020; Clements et al., 2018; Bamber and Westerlund,
2016; Bamber, 1990), salinity (Bamber, 2018), oxygen (Porter and
Breitburg, 2016), metals (Tran et al., 2003; Curtis et al., 2000), oil
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(Redmond et al., 2017), toxic algae (Coquereau et al., 2016) and food
particle density (Newell et al., 2001). Although some studies have re-
ported on physiological effects of salinity and temperature changes on
the European oyster (Ostrea edulis) (Hutchinson and Hawkins, 1992;
Hauton et al., 1998) there is a knowledge gap regarding the effects of
changes in these environmental factors on valve gaping behaviour in
this coastal species.

Increases in precipitation levels associated with climate change have
been logged in several geographical regions, including west Norway
(Dyrrdal et al., 2021; Olsson et al., 2022) and are expected to continue to
rise in the future (Donat et al., 2016; Lehmann et al., 2015). Conse-
quently, input from waterways and direct runoff from land surfaces will
increase the number, duration, and magnitude of periodic persistent
salinity reductions in coastal waters that can potentially detrimentally
affect the marine organisms that inhabit them. Increases in long term
average seawater temperatures have been recorded over many years in
many regions, including the North Sea (Portner et al., 2019; Philippart
et al., 2011). In addition to this steady rise in ocean temperature, higher
air temperatures due to climatic changes combined with direct insola-
tion are likely to generate significant flux in seawater temperature in
shallow waters that experience limited tidal flow, over a relatively short
time frame of days or weeks (Leuchtenberger et al., 2022).

European oysters have a wide distribution from Norway down to the
Mediterranean and are found in shallow sublittoral muddy fine sand or
sandy mud mixed sediments (Perry and Jackson, 2017). In common with
all bivalves, it is an osmoconformer, with no physiological capacity to
control extra-cellular fluid osmolarity when exposed to falling seawater
salinity (Gosling, 2003). It is however, commonly found in coastal ma-
rine habitats influenced by freshwater input where it tolerates some
degree of reduced salinity by controlling cell volume with adjustment to
intracellular concentrations of free amino acids and other small organic
molecules (Hauton et al., 1998; Gosling, 2003).

Preliminary studies were carried out on O. edulis collected from the
same site and in the same month in the year prior to the experiments
reported here to establish a typical pattern for valve gaping behaviour in
the laboratory. These studies were carried out primarily to determine if
endogenous rhythms in valve gaping behaviour were present in these
animals, together with an investigation into the effect changing light
intensity had on valve movements. Results from these studies, included
as supplementary material, were used to inform the experimental design
of the subsequent experimental trials.

In summary, the objective of the research presented here was to
study the responses in valve gaping behaviour in European oysters to
salinity and temperature gradients when held in the laboratory under
long day lighting conditions. The goal of this research was to provide
new information on the behavioural ecology of O. edulis and to gain
further insight into the possible consequences for this species from
fluctuations in coastal seawater conditions arising from climate change.

2. Materials and methods
2.1. Collection of European oysters (Ostrea edulis)

Oysters were collected by hand in August 2022 from a shallow beach
located at Sgrnes, within Hafrsfjord, southwest Norway (58.909717 N
5.661891 E). A temperature/salinity logger (SAIV SD204) was deployed
during oyster collection and recorded an average salinity of 31.4 and
seawater temperature of 16.0°C. Oysters were transported to the labo-
ratory within 1 h of collection and transferred to a holding tank (420 1)
fed with a continuous flow of sand filtered seawater (3 1 min 1) pumped
from the fjord adjacent to the laboratory (Byfjord, Randaberg). Water
temperature in the tank was logged at 16.0 & 0.3 °C and salinity at 34.0
+ 0.2 overnight prior to the experimental trials. Eight oysters were
selected for the trials with a mean maximum valve width of 77 mm
(range 72-83 mm). Oysters were not given additional food during the
trials but received organic matter through the constant supply of sand
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filtered seawater. Residual material and faeces were found in the tanks
on completion of the trials. Additional pulse feeding was not carried out
to minimize physical disturbance of the oysters during the trials and to
avoid confounding the valve gaping recordings during the various spe-
cific exposure treatments.

2.2. The exposure system

A series of tanks set within a vertical support frame used gravity to
provide a continuous regulated flow of water to two tanks, each con-
taining four oysters (Fig. 1). The exposure system was housed within a
closed room with light provided by a day light spectrum, dimmable LED
bar (Valoya, NS12) programmed to align with the day length period at
the time of oyster collection. Between 5 and 6 a.m. and 9 and 10 p.m.
light was provided at 20% of maximum intensity and between 6 and 7 a.
m. and 8 to 9 p.m. at 40%, to approximate sunrise and sunset conditions.
100% light intensity was delivered between 7 a.m. and 8 p.m. and
generated approximately 1000 Ix at the surface of the oyster tanks.
Between 10 p.m. and 5 a.m. the LED bar was switched off, with the room
then illuminated by a single shielded LED lamp that gave a light in-
tensity of 2 Ix at the exposure tank surface. This was done to simulate
natural overnight light. For calculations comparing light exposure pe-
riods, full light intensity was defined as between 7 a.m. to 8 p.m. (13h)
and reduced light intensity between 8 p.m. and 7 a.m. (11h). Seawater
temperature was manipulated using a continuous flow heat exchange
system. Water temperature and salinity were continuously logged at 1
min intervals throughout each experimental trial (SAIV SD204).

When using changes in behaviour pattern as a measurement
endpoint in any organism, it is important to establish a range of activity
associated with the behavioural trait under investigation that can be
considered as typical. In this way deviations in behaviour can be more
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Fig. 1. Schematic describing details of the exposure system used.
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readily recognised. Identifying natural stimuli that moderate behaviour
is an important part of establishing typical behaviour patterns. Labo-
ratory based activities present some limitations when attempting to
apply their results to field conditions. However, the controlled envi-
ronment of the laboratory does provide the opportunity to assess various
specific stimuli that may affect behaviour in the natural environment
and therefore recognition of a predictable pattern of typical behaviour
based on these natural variables becomes possible. As part of this pro-
cess, preliminary experiments were carried out on European oysters in
the present study to investigate if there was evidence of clear endoge-
nous rhythmicity in valve gaping pattern expressed in recently collected
animals, together with their sensitivity to light intensity. Results from
these experiments, details of which are provided in supplementary
material, indicated that endogenous rhythms in valve movement were
not clearly exhibited but that the oysters did however show a clear
preference for maximising valve gape during periods of reduced light
intensity. This information was used during the design of the subsequent
experiments, where the predictable response to reduced light intensity
in the European oyster was used as a key determinant in assessing their
responses to stepped changes in salinity and seawater temperature.

2.3. Measurement of valve activity in Ostrea edulis

Valve movements in individual Ostrea edulis were continuously
recorded using Hall effect proximity sensors (supplied by Farnell elec-
tronics, part number179-1388). These sensors respond to magnetic field
strength, with their output voltage changing in relation to distance from
a magnetic source. A small circular neodymium magnet (5 mm diameter
and 2 mm deep) provided the magnetic field and was attached with
cyanoacrylate glue to the centre of the upper valve of oysters held within
support units that held both sensor and oyster and allowed for fine
adjustment of sensor position relative to the magnet (Fig. 2). This
approach allowed a rapid and durable set up with minimal disturbance
to the oysters. The weight of the oysters sitting on compressible material
attached to the top of the support cups was sufficient to hold them
securely in place without the need for additional fixatives.

The Hall effect sensors were waterproofed (white tube in Fig. 2) and
fixed within the adjustable frame. With the valves of the oysters fully
closed, and the upper valve lying flat horizontally, the sensor tube was
lowered through its support bar, with the unit then adjusted to ensure

Fig. 2. Oyster prepared for valve gape measurement, with Hall effect sensor
aligned above a neodymium magnet.
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that the sensor face lay in parallel with the magnet face. The sensor tube
was then withdrawn vertically until a predetermined voltage (2.7 v) was
indicated on the data logger. This voltage served as the baseline from
which all valve activity was measured. As valves opened, the gap be-
tween sensor and magnet reduced, leading to an increase in recorded
voltage. Voltage output from the Hall effect sensors was recorded using a
National Instruments USB-6009 data logger (Austin, USA), connected to
a laptop computer. The data logger was controlled by a simple custom
developed LabVIEW programme set to record output analogue voltage
from each sensor at one second intervals.

2.4. Salinity exposure

Eight European oysters were fitted with magnets and aligned with
sensors as described in 2.3 and acclimated to test tank conditions for 72
h at full seawater salinity of 33.6 and a temperature of 15.8 + 0.5 °C.
Following acclimation, the salinity of water flowing into the oyster test
tanks was manipulated by the addition of freshwater from a non-
chlorinated drinking water mains supply into a continuous flow of
seawater (3 1 min~!) within a mixing tank, prior to delivery to the oyster
tanks (Fig. 1). Three silicon tubes with an internal diameter of 5 mm
were fitted with clamps that permitted independent control. When fully
open, each tube delivered freshwater at a rate of 1 1 min ~*. With all 3
freshwater tubes open, an average seawater salinity of 18.2 was pro-
duced in the exposure tanks. Flow from the freshwater tubes was then
adjusted to produce salinities of 24.2 and 27.4 in accordance with the
timings provided in Table 1. Full salinity at 33.8 was restored for the
final 4 d of the exposure trial. Seawater temperature was held at 15.8 +
0.5 °C through the exposure period. Valve movements were recorded
continuously over 8 days during the sequence of exposure shown in
Table 1.

2.5. Stepped temperature change

Oysters used during the salinity exposure were used again for
assessing the influence of small seawater temperature changes on valve
gaping activity once their pre-experiment behaviour had returned. For
this sequence, salinity was held at 33.8 (+ 0.2) while seawater tem-
perature was changed by approximately 1 °C steps in 24 h periods
following the sequence shown in Table 1. The pattern of changes to both

Table 1

Mean daily salinity and temperature measurements with standard deviations for
each exposure trial. The single step reduction in salinity took approximately 3 h
to reach a stable state at 18.2. Each subsequent stepped increase in salinity took
approximately 2 h to stabilise, with changes to temperature taking approxi-
mately 2.5 h to stabilise. Mean daily salinity and temperature values, based on 1
min recording intervals, were calculated after each planned step change had
stabilised.

Salinity trial
8th-15th August 2022

Temperature trial
15th -29th August 2022

Day Mean Salinity SD Day Mean SD
Temperature °C
1 33.6 0.03 1 15.8 0.06
2 18.2 0.23 2 15.8 0.06
3 24.2 0.11 3 16.6 0.08
4 27.4 0.22 4 17.4 0.02
5 33.8 0.25 5 18.3 0.07
6 33.8 0.06 6 19.2 0.01
7 33.8 0.07 7 20.1 0.01
8 33.8 0.11 8 19.3 0.04
9 18.4 0.04
10 17.5 0.01
11 16.7 0.04
12 15.8 0.04
13 15.8 0.06
14 15.8 0.01
15 15.8 0.02
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salinity and temperature at 24 h intervals was used to allow oysters the
opportunity to react or otherwise to the specific step changes and to
identify potential thresholds where significant changes in valve behav-
iour occurred.

2.6. Analyses of data

The maximum valve gape voltage recorded for individual oysters
during each trial was identified from the data sets. The percentage of this
maximum value was then calculated for all voltages recorded at 5 s in-
tervals throughout the exposure trial for each oyster. This data was
converted to hourly and minute averages and formed the basis for the
generation of plots and statistical analyses. Valves were considered
closed when calculated percentages fell below 10% of the maximum
value recorded in each oyster. Calibration of voltage with valve move-
ment had previously demonstrated a near linear relationship between
voltage and distance moved, using the sensor and magnet arrangement
described in section 2.3.

For analyses of valve gape behaviour related to light intensity
change, mean hourly valve gape was calculated for each oyster within
each 24 h period, with valve gape measurements recorded during full
intensity light hours (7 am to 8 pm) compared against those measured in
the hours of reduced light intensity (8 pm to 7 am). For the salinity and
temperature trials, the mean hourly valve gape width of each oyster was
calculated throughout the recording period, with the hours recorded
during the reduced light component of the exposure compared against
the average valve gape width calculated for this same period during pre-
exposure.

The non-parametric Wilcoxon signed rank exact test was used to
determine if significant statistical differences at the 0.05 level occurred
in valve gape width, comparing pre-exposure data against that gathered
during the stepped changes in salinity and temperature.

In addition, plots were constructed showing valve gape behaviour at
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1 min intervals during selected periods of salinity increase or decrease
with the aim of identifying threshold values triggering both closure and
opening of valves in each of the exposed oysters.

3. Results
3.1. Salinity exposure

A valve gape narrowing response was seen in test oysters when
salinity fell from 33.6 to 18.2, with a reduction in valve gape width that
fell in line with falling salinity such that all previously open oysters
recorded a gape width of less than 10% of the maximum value recorded,
at a salinity of 20.6, 45 min after the start of salinity reduction. Valves on
all oysters remained largely closed throughout the remainder of the 24 h
period where salinity was maintained at 18.2 (Fig. 3). Valve gape width
increased following the stepwise increase of salinity towards full
seawater condition. At salinity 24.2 the mean valve gape width of the
oysters was approaching a level similar to that observed in the pre-
exposure period, and at salinity 27.3 this was matched. The mean
valve gape width was calculated for each hour following the start of
salinity reduction and throughout the rest of the trial and was compared
against the average valve gape width calculated for the reduced light
component of the pre-exposure period. Significant differences found are
indicated in Fig. 3. The mean hourly valve gape width was seen to drop
on days 5 and 6 of the exposure trial under full salinity conditions, and
then to recover over the subsequent 2 days.

Data in Fig. 3 indicated a relationship between valve gape width and
light intensity, and analyses confirmed that average valve gape distance
was significantly higher under reduced light conditions within most 24 h
periods (Table 2). Only on day 2, when all oysters had closed their valves
and day 6, when oysters had returned to full seawater, was this rela-
tionship not found to be statistically significant. These results were
similar to those obtained in a preliminary study of valve gape responses
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Fig. 3. Mean hourly valve gape width for oysters exposed to salinity change over successive 24 h periods. Figures based on % of maximum gape width recorded for
each oyster. * Indicates those hourly periods where mean % maximum valve gape during reduced light level periods was statistically significantly different from
values obtained from the oysters within the reduced light intensity period within the 24 h prior to the start of the reduced salinity exposure (Wilcoxon signed rank
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Table 2

Mean % of maximum valve gape width during periods of high and reduced light
intensity for each 24 h period throughout the salinity exposure. * Indicates a
statistically significant difference in mean valve gape between the two light
intensity levels (Wilcoxon signed rank exact test, n = 8).

Mean % of maximum gape width

Day  Mean salinity  Full intensity light =~ Reduced intensity light  p- value
1 33.6 48.99 65.28 *0.0078
2 18.2 3.6 2.4 *0.0156
3 24.2 37.26 52.33 *0.0078
4 27.3 39.17 59.45 *0.0078
5 33.8 27.95 48.77 *0.0078
6 33.8 24.68 31.29 0.6406

7 33.8 34.26 49.05 *0.0156
8 33.8 28.66 43.46 *0.0156

to light intensity changes, carried out under similar conditions in the
previous year (supplementary material Fig. s2).

Further analyses of the data set, using 5 s interval data, established
the total number of hours valves were closed within each 24 h period.
This showed that all oysters closed their valves throughout the 24 h of
18.2 salinity, and that there was a significant increase in valve closure
during day 6, following return to full salinity (Fig. 4). All other 24 h
periods were not significantly different to the 24 h pre-exposure period.

Analyses of valve response in individual oysters during the hours of
salinity reduction from 33.6 down to 18.2 and salinity increase from
18.2 to 24.2 provided an indication of the threshold values of salinity
leading to valve gape width narrowing, closure and reopening. In both
cases 1 min interval data was used to plot valve gape width directly
against salinity (Fig. 5 and Fig. 6).

Valves on several oysters were closed prior to the start of salinity
reduction. For the remainder, the first notable valve closure activity
occurred with salinity at 31.4, where all previously open oysters showed
a marked reduction in valve gape width. There was a further response at
salinity 28.8 resulting in near full closure for most oysters. The final
marked closure event occurred at a salinity of 20.5. The oysters main-
tained closed valves for the remainder of the 24 h 18.2 salinity exposure.

When salinity was increased all oysters commenced opening their
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valves between the salinities of 22.8 and 24.2, with most oysters
continuing to widen their gape width over the following hours (Fig. 6).
There were short periods of valve closure in most oysters, but this can be
considered as typical behaviour in this species and is observed in oysters
maintained in stable natural seawater salinity conditions (per obs).

3.2. Temperature manipulation

No obvious alteration in valve gaping behaviour pattern was
observed in oysters exposed to a stepwise increase in temperature from
15.8 to 20.1 °C, in approximately 1 °C increments (Fig. 7). However,
when temperature was reduced, valve gaping activity was disrupted
with average gape width reduced and the previous association of
increased gape width with reduced light intensity lost. Gape width and
activity pattern started to return to their original pre-temperature
reduction condition after the temperature had stabilised at 15.8 °C
over several days.

Closer analyses of the data, comparing the average valve gape width
between full light and reduced light periods within each 24 h (Table 3.)
showed that falling temperature markedly reduced the difference be-
tween these two conditions. Disruption to normal behaviour was further
confirmed when the total number of hours that valves were closed
within each 24 h period were compared and showed a significant in-
crease in several of the 24 h periods when oysters were subject to a
falling temperature (Fig. 8).

4. Discussion

In summary, European oysters investigated in this study did not
exhibit signs of endogenous rhythmicity but did however show a close
association between periods of reduced light intensity and increased
valve gape width under the light regime used. This predictable associ-
ation provided a benchmark against which to gauge the influence of
changes in salinity and temperature on valve behaviour. Valve closure
response to falling salinity was staggered as salinity fell, with initial gape
width reduction occurring early in the decline at salinity 31.4 and full
closure of valves following at salinity 20.5. As salinity was increased all
oysters had re-opened their valves between salinity 22.4 and 24.2,
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Fig. 4. Box and whisker plot showing the number of hours European oysters spent with valves closed during each 24 h period throughout the salinity exposure
sequence. Salinity is indicated by the figures within or below each box. * Indicates those 24 h periods where the number of hours valves were closed was significantly
higher than those recorded in the initial pre-exposure 24 h period (Wilcoxon signed rank exact test, n = 8).
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Fig. 7. Mean hourly valve gape width for oysters exposed to temperature change over successive 24 h periods. * Indicates a statistically significantly different mean
valve gape width during reduced light level periods when compared against mean gape measured during the two reduced light intensity periods within the 48 h prior
to the start of temperature manipulation (Wilcoxon signed rank exact test, + Standard error of mean, n = 8).

Table 3

Mean % of maximum valve gape width during periods of full and reduced light
intensity for each 24 h period throughout the seawater temperature sequence
exposure. * Indicates a statistically significant difference in mean valve gape
between these two light intensity levels (Wilcoxon signed rank exact test, n = 8).

Average % maximum gape width

Day Mean temp °C Higher intensity light Low light p- value

1 15.8 34.26 49.05 *0.01563
2 15.8 28.66 43.46 *0.01563
3 16.6 35.00 47.82 0.05469
4 17.4 26.06 46.42 *0.01563
5 18.3 32.55 42.16 0.25

6 19.2 34.68 45.00 0.05469
7 20.1 23.50 45.24 *0.01563
8 19.3 26.66 26.33 0.7422

9 18.4 19.90 39.06 0.05469
10 17.5 20.87 17.26 0.3828
11 16.7 24.86 27.30 0.5469
12 15.8 19.48 24.27 0.7422
13 15.8 36.10 37.68 0.5541
14 15.8 35.79 28.15 0.05469
15 15.8 46.47 50.09 *0.03906

indicating a threshold of salinity tolerance in this region. Stepped 1 °C
increases in water temperature at 24 h intervals had no discernible effect
on valve behaviour, but a similar stepped reduction caused disruption to
valve behaviour.

With the effects of climate change increasingly evident (IPCC, 2022)
it is important to gauge the impact these changes will have on the
environment, including coastal ecosystems. Salinity reduction due to
increased precipitation and seawater temperature increase are two key
factors that will directly affect shallow water coastal marine organisms
such as the European oyster (Ostrea edulis). Bivalves control their con-
tact with their surrounding environment by using valve movements to
respond to a variety of stimuli that range between active opening when

feeding and respiring (Riisgard et al., 2003) and complete closure when
threats are detected, such as predators or deteriorating water quality
conditions (Retailleau et al., 2023; Clements et al., 2021; Wilkens,
2008). Continuous measurement of valve gape status therefore provides
an opportunity to record the responses and recovery of these animals
when presented with a range of stressors.

The lack of any obvious endogenous rhythm linked with either
circadian or tidal influences in the preliminary investigation carried out
within the present study contrasts with research performed on another
oyster species, Crassostrea gigas, where extensive work has reported the
presence of rhythms linked to both circadian and tidal influences (Mat
et al., 2014; Perrigault and Tran, 2017; Tran et al., 2020). In a pre-
liminary experiment within the present study, freshly collected oysters
were left in free running mode under low intensity light conditions for 7
days and largely maintained a steady open valve gape extent
throughout, punctuated by short, apparently random, closure periods
with no overt indication of underlying rhythms. When run under arti-
ficial day length light conditions oysters showed a clear preference for
maximal valve opening during reduced light intensity periods. The close
association between increased valve gape width and periods of reduced
light intensity observed in the oysters suggested that light intensity was
acting as a direct exogenous cue driving the valve gaping behaviour. A
similar observation of direct response to light intensity has been re-
ported following laboratory studies with great scallops (Retailleau et al.,
2023). It is likely that the environment in which bivalves live will dictate
the development of their valve gaping behaviour (Tran et al., 2011),
with water depth and strength of tidal currents playing important roles.

European oysters showing maximal valve opening during reduced
light periods may possibly be related to vertical migration in plankton. It
is well established that many species of plankton have diurnal migration
patterns, rising to the surface waters under bright light conditions and
returning to deeper water when light intensity decreases (Gerbersdorf
and Schubert, 2011). This retreat of plankton towards the benthos will
enhance the food ration available to benthic organisms, including
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oysters, and may act as a driver for the establishment of the observed
behavioural trait, with oysters triggered by low light levels to increase
valve gape in anticipation of increased food. Similar nocturnal valve
gape width increases have been reported in the benthic great scallop
(Pectin maximus) (Retailleau et al., 2023). However, several other
studies on bivalve species did not find a direct correlation between valve
gape width and feeding (Newell et al., 2001; Maire et al., 2007),
including a recent study on O. edulis, although this laboratory study was
run under constant low light levels (Tonk et al., 2023). More focused
research will be required to establish if a link exists between valve gape
responses to light intensity variation and feeding activity in these
oysters.

As osmoconformers, bivalves will reach a point during progressive
reduction in salinity where cell volume adjustment (Hawkins and
Hilbish, 1992; Hosoi et al., 2003) is no longer able to adequately address
osmotic imbalance and the valves are closed, effectively isolating the
soft tissues of the bivalve from the external medium (Davenport, 1979).
O. edulis is a filter feeder and relies on water flow across its gills to act as
a conduit for respiratory gas exchange and excretion and to deliver food.
Suspension or reduction in these processes following complete or partial
valve closure therefore has a direct effect on growth and fitness of in-
dividuals and creates additional energetic costs (Hauton, 2016; Wang
and Widdows, 1993; Westerbom et al., 2002; Hutchinson and Hawkins,
1992; Poppeschi et al., 2021). Maintaining open valves in reduced
salinity conditions may also have additional consequences for European
oysters, with previous studies identifying increased susceptibility to
disease (Engelsma et al., 2010) and impairment to cellular processes
(Hauton et al., 1998) in these oysters.

It has been reported that O.edulis can tolerate salinities between 18
and 40, with an optimum salinity range between 24 and 34 (Nielsen
et al., 2017). Adaptation to local salinity conditions will influence levels
of tolerance and so geographical location will play a large role in placing
populations of oysters within these ranges. Oysters in the present study
were exposed to salinities ranging from 18.2 to 33.8 during the exposure

trial. Complete valve closure of all oysters occurred when salinity fell to
18.2, though the valve gape response to falling salinity was staggered
with an initial reduction in gape occurring at salinity 31.4, with a further
step reduction at around salinity 28. As salinity was increased once
more, all oysters had fully reopened valves at salinity 24. This indicates
that early during the falling salinity period oysters had commenced
reducing valve gape width well above the level of their re-opening
salinity threshold, and perhaps demonstrates a protective measure in
the face of rapidly declining salinity. In this way the behavioural
thresholds for closure come in advance of ecophysiological thresholds,
where greater physiological costs or damage could occur.

Following a 21 h period of complete closure of valves, when oysters
were held at salinity 18.2, oysters commenced reopening their valves
when salinity reached 22.8, with all 8 oysters showing open valves at
salinity 24.2. Valves remained open in all oysters, apart from periodic
short closure periods, for the 22 h salinity was held at 24, though the
average gape width was less than that observed in the oysters prior to
the salinity reduction. A similar threshold salinity value of 25 for
maintaining open valves in reduced salinity water conditions was found
in blue mussels (Mytilus edulis) (Bamber, 2018). With a further increase
in salinity to 27 came further valve width increase that took the average
gape extent close to where it stood at full seawater salinity, prior to the
reduction sequence. However, when salinity was then returned to 33.8
(full seawater) the average valve gape per hour during periods of low
light intensity were significantly reduced over the following 48 h when
compared against the control condition at the start of the sequence.
There was a significant increase in the period of total valve closure
during the second day of full salinity seawater delivery. On the third and
fourth days of full seawater the average valve gape width increased once
more, heading towards the pre-exposure values. This pattern of opening
and closure may reflect intracellular osmotic rebalancing, reversing the
adaptation to prolonged reduced salinity. Further studies would be
needed to confirm this, but intracellular rebalancing presumably re-
quires time to achieve correction. The persistence of maximal valve gape
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occurring during periods of low light intensity during the fall and rise in
salinity indicated a strong imperative for the oysters to maintain this
pattern of behaviour.

Global warming is an important factor in oceanic temperature
change (IPCC, 2022; Philippart et al., 2011). However, shallow coastal
waters with limited tidal flow can experience temperature fluctuations
on much shorter time scales and greater magnitude than open oceans
due to local climatic conditions (MacKenzie and Schiedek, 2007), with
these fluxes potentially resulting in negative effects on biota (Boutet
etal., 2022; Arribas et al., 2022; Engelsma et al., 2010). The focus of the
present study was to examine whether small step changes in tempera-
ture would affect valve gaping behaviour in European oysters. There was
relatively little change in behaviour during a stepped increase in tem-
perature from 15.8 to 20.1 °C (approximately 1 °C per day), with a
similar pattern produced each day, generally displaying a preference for
maximum valve opening coincident with reduced light intensity pe-
riods. However, as the temperature was reduced by approximately 1 °C
per day behaviour was disrupted, with a general reduction in average
gape extent recorded over the 5 days of temperature reduction. Only
when the temperature had returned and stabilised at the starting tem-
perature of 15.8 °C for 30 h did mean valve gape of the oysters return
towards its previous extent. The mean number of hours that valves were
completely closed for each 24 h period throughout the trial also reflected
a difference between rising and falling temperatures, with no statistical
difference between the control period and rising temperature steps, but
three periods of significant difference during the temperature reduction.
It appears that European oysters display a marked sensitivity to tem-
perature reduction not observed during temperature increase. The in-
crease in full valve closure period reflects a critical response intensity as
full cessation of water flow across the gills represents both loss of scope
for growth (Hutchinson and Hawkins, 1992) together with additional
metabolic costs associated with respiratory debt (Hauton, 2016). The
imperative to reduce valve gape width following small reductions in
seawater temperature, with the changes falling within the typical
environmental range for the oyster, is not clear. There may be a pro-
tective function behind this response in responding early to falling
temperature in the expectation of a continuing rapid reduction, from
perhaps freshwater influx or mass water movements, that could affect
internal tissues and physiological processes. It is worth noting that a
similar valve gape narrowing response was recorded when salinity was
reduced to a level above the normal range of tolerance in these oysters
within this study. Recovery of typical valve movement came relatively
quickly following stabilisation of the temperature, suggesting a dynamic
link between falling temperature and valve gape status. Most research
linking bivalves and falling temperature is focused on much larger
changes, that lie beyond the typical temperature range of the organisms
studied (Masanja et al., 2023). The author could find no studies in the
literature where small reductions in temperature within the normal
environmental range of bivalves has been investigated. Further studies
that combine small scale temperature reduction and valve movements
with physiological and biochemical investigations may provide more
information.

5. Conclusions

A clear preference for European oysters to increase valve gape widths
under reduced light intensity conditions was observed throughout the
trials. Although there is no published evidence describing photosensors
in European oysters similar to those observed in other bivalve species
such as Pecten maximus, their behavioural response to ambient light
changes clearly suggests that they possess some level of sensitivity.
Although able to tolerate fluxes in salinity and temperature to some
extent, increasing incidence and severity of such changes due to ongoing
climate change is likely to affect normal valve gaping behaviour in Eu-
ropean oysters, possibly disrupting feeding and respiration, leading to
reduced condition and fitness of populations. Such changes would create

Journal of Experimental Marine Biology and Ecology 568 (2023) 151943

an additional challenge to those they already face from disease and
competition from invasive species.
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