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• It is necessary to understand how organ-
isms respond to environmental changes.

• Transitional coastal areas are greatmodel
systems.

• Mussels behaviour was monitored
long-term and in continuous in three
sites.

• It followed the tidal rhythm particu-
larly in more internal site and in sum-
mer.

• Responses to small scale changes are
important for management and for
predictions.
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Transitional coastal zones are subject to high degrees of temporal fluctuation in environmental conditions, with
these patterns varying in space. Gaining an in depth understanding of how sessile organisms cope with and re-
spond to such environmental changes at multiple scales is needed to i) advance fundamental knowledge, ii) pre-
dict how organismsmay react to stressors and iii) support themanagement of halieutic resources in transitional
coastal areas.We addressed this question usingmussels (Mytilus galloprovincialis) asmodel system. Valve-gaping
sensor were deployed at multiple sites within the southern Venice Lagoon over a period of 6 months, to investi-
gate the existence of periodicity in valve-gaping and its relationship with environmental variables, such as tem-
perature and chlorophyll-a.
Gaping behaviour was found to have periodic rhythms, of ~12 h and ~ 24 h, which were most pronounced in the
inner part of lagoon part and were strongest during summer months. In autumn, the dual periodicity became
weaker andmostly the 12 h remained. Gapingwas closely linkedwith tide, but the relationship in terms of phas-
ing varied upon location. Surprisingly, no clear direct relationships were found with chlorophyll-a, but food de-
livery may be mediated by tide itself. The results highlight the heterogeneity of behaviour and the endogenic
nature of circadian rhythms in space and time. These findings have important implications for management of
transitional areas where tidal alteration may have impacts on key behaviours, and emphasize the importance
of characterizing their rhythms before using these as stress indicator. Moreover, the described tidal relationships
should be included in growth models of bivalves in these systems.
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1. Introduction

Coastal habitats such as deltas and lagoons, are critical transition
zones at the interface between terrestrial, freshwater and marine habi-
tats. The interaction of temporal highly variable rain fall and river dis-
charges with the much more regular tides, drives a high degree of
variability in both abiotic (temperature, salinity, dissolved oxygen,
speed of currents, Falcao, 2003) and biotic factors (e.g. plankton compo-
sition, Bianchi et al., 2003). In river deltas and coastal lagoons, the extent
of temporal fluctuations in environmental conditions may also be spa-
tially variable. For example, lower temperature fluctuations are ex-
pected in sites closer to lagoon inlets, relative to those located near
the lagoon edges, which are often shallower and characterized by a
higher residence time (Alvarez-Borrego and Alvarez-Borrego, 1982;
Pivato et al., 2020). These spatial gradients can vary in time, due to
both seasons and tidal cycles (Alvarez-Borrego and Alvarez-Borrego,
1982; Falcao, 2003). Such spatio-temporal variability can have conse-
quences for the biology and ecology of these coastal ecosystems, due
to individual physiology and interspecific interactions (predation, graz-
ing, competition). Behavioural adaptations may enable, especially ses-
sile and highly sedentary, organisms to deal with such spatiotemporal
variable conditions, but may, however, come at a possible cost for indi-
viduals fitness (Helmuth et al., 2010; Monaco andMcQuaid, 2018). As it
is expected that these kinds offluctuationswill be exacerbated in the fu-
ture due to climate change (Pesce et al., 2019), this raises the question to
which extent sessile organisms can cope with future conditions.

Bivalves offer an ideal model system to study environmental drivers
of behavioural responses, due to their highly sedentary nature and be-
cause valve-gaping behaviour can be investigated in non-invasive way
using low cost sensors (Andrade et al., 2016; Andrewartha et al., 2015;
Ballesta-Artero et al., 2017). Valve-gaping, the opening and closing
movement of the two valves, is linked to both feeding and respiration,
and hence thought to be a physiological process, which could be regu-
lated to respond to changes in the environmental conditions (Ballesta-
Artero et al., 2017; Nicastro et al., 2012). Riisgård and Larsen (2014)
state that valve-closing should be interpreted as ‘an energy-saving ad-
aptation or as an exaptation’ and that a ‘starvation opening-closing be-
haviour’ could be amechanism tomaintain low oxygen uptake avoiding
less efficient anaerobic metabolism (Nicastro et al., 2010). Feeding and
associated activities can account for as much as 38% of standard meta-
bolic demands (Hawkins and Bayne, 1985). A regulation of activity
based on food availability may be an advantage, as seenwith a decrease
in feeding activity over winter forMytilus edulis, but this may be an en-
dogenously regulated mechanism indicative of time-average rather
than immediate optimization (Hawkins and Bayne, 1985).While gaping
cannot be interpreted as a synonymous of clearance rate, it is deemed as
a useful method to provide a continuous measurement that can reveal
general trends in feeding behaviour (Cranford et al., 2011). Bivalve gap-
ing can be disrupted by environmental stressors such as metal contam-
ination (Curtis et al., 2000), low salinity (Addis et al., 2020; Davenport,
1981) and lowoxygen (Porter and Breitburg, 2016) and it can be related
to thermal experience andhistory of an individual (Gleason et al., 2017).

Both circadian and lunar rhythms can affect behaviour of many or-
ganisms (e.g. plants, Ruts et al. (2012); insects, Tomioka et al. (2012)),
to which a circatidal rhythm is added for those organisms living in the
intertidal zone (Morgan, 1991; Neumann, 1981). External inputs are
found to synchronize these biological rhythms, and relationships with
various parameters in experimental situations seem straightforward.
However, results from in situ studies have so far defied simple interpre-
tation of these rhythms (Glass, 2001), and some mechanisms behind
the functioning of these clocks were found to be elusive, missing simple
explanations (Hirschie Johnson and Hastings, 1986). Bivalve gaping
shows some periodicity for most species (Crassostrea gigas (Tran et al.,
2011), Pinna nobilis (Garcia-March et al., 2016), mytilid mussels
(Ameyaw-Akumfi and Naylor, 1987)) suggesting they have an internal
clock. For mytilid mussels, a circadian rhythm is often found where
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mussels tend to spend more time closed in daylight conditions
(Ameyaw-Akumfi and Naylor, 1987; Comeau et al., 2018; Gnyubkin,
2010). However, whether this is of endogenic or exogenic origin is
still debated. Mussels located at greater depths, for example, were
found to lose this pattern (Comeau et al., 2018). Laboratory studies
seem to show that such circadian pattern is linked to food, either its
timing (Robson et al., 2010a, 2010b) or previous feeding conditions
(Riisgård et al., 2006). Saurel et al. (2007) suggested a linkage between
tide and food availability driving this pattern. The link to tidal patterns
for both M. edulis and M. californianus was first found by Rao (1954),
who demonstrated not only that it was an endogenous rhythm, but
also showed that the rhythm was more marked when environmental
fluctuations were bigger. Miller and Dowd (2017) found a similar tidal
‘learnt’ behaviour that depended in intensity upon their original posi-
tion on the shore (becoming less from upper, medium, low) but
remained as it was if they were immersed on a rockpool and remained
submerged.

Most work on periodic responses in mussels comes from laboratory
studies or short-term in-situ studies. Therefore, the effect of spatiotem-
poral variability in external drivers on behaviour are not accounted,
which makes it difficult to use these results for predicting behaviour
under climate change. For the purpose of understanding stress re-
sponses in face of environmental changes that organisms may experi-
ence, it is essential to establish a baseline describing the behaviour of
the species studied under non-stressful conditions (Hartmann et al.,
2016). Gaining insight into which are the behavioural patterns and
how they relate to environmental conditions, requires long-term in
situmeasurements (Cheng et al., 2015).Moreover, such long-termmea-
surements may also reveal if there are biological rhythms driving be-
haviour. To address this knowledge gap, we carried out an in-situ,
long-term (6 months) and high frequency (minutes) monitoring, to
gain insight into how the gaping behaviour of M. galloprovincialis on
suspended farms in a transitional coastal zone is affected by spatiotem-
poral variability of the environment. This study specifically aimed to
(i) identify the presence of periodicity in gaping behaviour, and (ii) un-
derstand the relationships between valve-gaping and environmental
variables, in order to disentangle potential drivers of valve-gaping
behaviour.

2. Material and methods

2.1. Study site

The study was conducted in the Venice lagoon, which is the largest
Mediterranean lagoon and present a microtidal regime with mean
tidal excursion from 50 cm on neap tides to 100 cm on spring tides
(see Cucco and Umgiesser, 2006) Themeanwater volume of the lagoon
is around 632·106m3 and the exchange ofwater through its three inlets
in each tidal cycle is about a third of the total volume of the lagoon.
Three mussel farms (Mytilus galloprovincialis) in the southern part of
the lagoon, where the near totality of aquaculture practices take place,
and located on a gradient from the sea inlet to a more internal area
were chosen for this study (S1: 45° 14′ 00.77″ N, 12° 16′ 54.82″ E; S2:
45° 13′49.08″ N, 12° 16′ 03.09″ E; S3: 45° 13′ 48.83″ N, 12° 15′ 13.03″
E; Fig. 1). The farms are small scale (occupying 0.5± 0.3 ha), suspended
cultures located at the edges of channels in areas of approximately
3–5 m depth. Mussels are farmed starting from naturally recruited
seed collected directly on site on the farm poles, ropes and on older cul-
tivated mussels.

Average water residence time (Cucco and Umgiesser, 2006) was ex-
tracted from Atlante della laguna (http://www.atlantedellalaguna.it/?
q=maps#tema-4-titolo), and were for S1: 5.9 days, S2: 8.74 days,
S3: 11.38 days. Areas closer to the lagoon inlet tend to have lower
turbidity values, compared to inner areas: a comparison between
two multiparametric buoys located one at the Malamocco inlet (ve-
3 in Fig. 1) and one in the inner area near Valle Averto (ve-9 in
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Fig. 1. Study site location.
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Fig. 1) for the same time period as the experiment shows turbidity
values in the inner area reaching up to 6 fold the values in the inlet
(see Table 1). This heterogeneity of the lagoon sites can also be seen
when comparing total suspended solids, particulate carbon and partic-
ulate nitrogen taken fromopen access data collected by ARPAV (https://
www.arpa.veneto.it/dati-ambientali/open-data/file-e-allegati/soaml/
laguna-di-venezia/tss-nutr-acqua), at two siteswhich are also higher
moving from the inlet (station ENC1_2 in Fig. 1) to the inner area (sta-
tion ENC1_3 in Fig. 1) of the southern lagoon (see Table 1).

2.2. Biophys monitoring sensors

Biophys sensors (Fig. 2E) have been developed at the Royal
Netherlands Institute for Sea Research (NIOZ) as long-term standalone
data logging instrument that can be used for measuring valve-gaping
Table 1
Medians and standard deviations of turbidity, total suspended matter (TSM), particulate
organic carbon (POC), particulate total nitrogen (PTN) comparing outer area of the lagoon
to inner areas.

Variable Outer Inner

Turbidity (2019) July: 3.9 ± 3.7 July: 22.9 ± 75.4
August: 9.2 ± 9.3 August: 14.6 ± 46.2
December: 6.6 ± 0.13 December: 7.04 ± 39.1
(ve-3 in map) (ve-9 in map)

TSM (2016–2018) 2.8 ± 1.8 4.1 ± 3.3
(ENC1_2) (ENC1_3)

POC (2016–2018) 0.31 ± 0.13 0.43 ± 0.25
(ENC1_2) (ENC1_3)

PTN (2016–2018) 0.05 ± 0.02 0.07 ± 0.04
(ENC1_2) (ENC1_3)
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orhydrodynamics (usingmagnetism/hall sensor -DRV5053VAQLPGM),
air/water pressure (pressure sensor - MS580314BA01-00) and temper-
ature (temperature sensor - TSIC506F). The valve-gapingmeasurement
is based on the principle described in Ballesta-Artero et al. (2017), but
adjusted to measure a single bivalve per sensor, thus working with a
magnet and a hall-sensor (see Fig. 2E). All sensors are located in the
head of the Biophys sensors. The minimum sampling frequency is
0.1 s. In our experiment, the sampling frequencywas set at 1 s for all pa-
rameters to avoid unnecessary battery usage, while still obtaining high
frequency samples (Robson et al., 2009). In order for the hall sensor to
be used for shell gaping, a small magnet was glued on the mussel
shell, placed between inhalant siphon andmantle (Fig. 2D). Preliminary
studies revealed this was the location where the best opening signal
was obtained. Magnet size (Ø = 3 mm) was chosen to be the smallest
possible to limit behavioural interference but large enough to give a sig-
nal which could be distinguished from Earth magnetism.

2.3. Experimental design

Six sensors were available for use during this project. Two adult
mussel specimens (>5 cm) were collected at each farm, glued each
into one sensor (Fig. 2) and redeployed. The sensors (see Fig. 2)were at-
tached to the rope just above the farmedmussels, in order for the mus-
sel on the sensor to experience conditions as similar as possible to that
of the farmed mussels. Mussels in each farm were oriented in the same
direction and all approximately towards the channel.

In order to retrieve the data, the sensors had to be collected and
brought into the laboratory. This was done approximately every
month, to avoid data loss. The sensors were first deployed on July
16th 2019, where after data were retrieved (sensors collected and

https://www.arpa.veneto.it/dati-ambientali/open-data/file-e-allegati/soaml/laguna-di-venezia/tss-nutr-acqua
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Fig. 2. Processingmethods for the gaping data. (A) identification of themomentwheremussel was attached to the sensor, jumping occurs because of the presence of themagnet attached
to the shell and located directly above the sensor (D, E). Red line in (E) shows the distance being measured to quantify gaping. (B) and (C) represent data series processing descripted in
methodology.
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then redeployed) on August 20th, September 24th, October 24th and
December 18th. For the first deployment, mussels were collected in
the morning (between 8 am and 9 am), brought to the laboratory
and glued to the sensor using aquarium silicone. Theywere then sub-
mersed in a seawater tank before deployment. The sensors were
then deployed around 13:00. For the in-between sampling, sensors
and mussels were retrieved between 8:00 and 9:00 and brought to
the laboratory where mussels were detached from sensor and left
in a seawater tank while sensors were cleaned of fouling, opened,
data retrieved, redeployed. Mussels were then reattached to the
same sensors and redeployed (around 14:00). From July to October
the same specimen was used for each sensor. In October new mus-
sels were used for the October–December deployment, these were
collected in the morning and attached following the same procedure
used in July.

2.4. Sensor data processing

Rawdatawere plotted using Phyton 3.6 (Spyder 3.1.4, Anaconda), in
order to identify the point inwhich themussel with themagnetwas po-
sitioned (Fig. 2A), and the direction of hall number changes (dependent
upon magnet direction, Fig. 2B). Time series were then cut, based on
dates of deployment and retrieval, setting the start at 15:00 (circa 1 h
4

after deployment) and ended at 07:00 (circa 1 h before retrieval).
Only in two occasions (S44 in July–August period and S40 in August–
September period), we found that the mussels detached themselves
and moved from their position: therefore, the series were cut shorter
(S44 to 27th July and S40 to 10th September). To avoid spikes of
noise, which were rare but present, interfering with gape angle calcula-
tions, outlierswere removed based on lower and upper quantiles (5 and
95%). The gape ‘angle’ (thus the proportion of valve opened) at each
sample was calculated as:

Gape ¼ abs hall−max hallð Þð Þ= max hallð Þ−min hallð Þð Þð

(if the hall number decreased with opening)

Or

Gape ¼ abs hall−min hallð Þð Þ= max hallð Þ−min hallð Þð Þð

(if the hall number increased with opening) (Fig. 2C).
The data set was then averaged over a minute to remove potential

noise and obtain a manageable time series.



Table 2
Time spent closed in the deployment periods.

Deployment Time (%) closed
S3

Time (%) closed
S2

Time (%) closed
S1

J-A 11 2 14
16 10 23

A-S 12 2 15
24 7 2

S-O 42 1 36
11 5 8

O-D 33 5 13
5 5
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2.5. Environmental data

Temperature at the three locations was measured by the Biophys
sensors with the same sampling frequency as the gaping (1 Hz). Data
were averaged over a minute to obtain a manageable time series that
could be compared to that of gaping.

Themodel SHYFEMhas been used for the characterization of the hy-
drodynamic variables, i.e. surface elevation (ζ), current speed and direc-
tion. This state-of-the art hydrodynamic model was applied to the
Venice lagoon and was used in many studies (e.g. Umgiesser et al.,
2004). The model was forced using weather data for the same temporal
window in which the sensors were deployed (July–December 2019).

Chlorophyll and Turbidity time series, used as proxies for food quan-
tity and quality, were estimated from the data collected hourly by a self-
cleaning chlorophyll sensor (Tecnos S.a.S., Chioggia, Italy) within a
multiparametric buoy (measuring temperature, oxygen, salinity, pH,
chlorophyll and turbidity) deployed as part of the same sampling cam-
paign at the S2: gaps in data frommalfunctioning periods were filled in
with data retrieved from the multiparametric buoy from the SAMANET
network, also recording hourly (Provveditorato, ve-3; 45° 7′ 11.566″ N;
20° 17’ 20.292″ E; square Fig. 1). Other environmental parameters, such
as oxygen, salinity, pH thatmay influence gapingwere retrieved from the
same multiparametric buoys and averaged over each month (Table 4).

2.6. Descriptive analyses

R was used for descriptive and statistical analyses described below.
Descriptive statistics (medians, standard deviations) were estimated
on gaping, time spent open or closed, considering as a ‘closed threshold’
a level of opening of 20% following Comeau et al. (2018) andMiller and
Dowd (2017), and environmental parameters (i.e. irradiance, oxygen,
pH, temperature, chlorophyll and turbidity) for all deployment periods.
Themedian valve opening by hour was also calculated and used as a re-
sponse variable in a Generalised Additive Model (GAM in package
mgcv) to identify if gaping changed through the day in a predictable
manner by individual and deployment period. GAM fit was checked
by looking at residual plots for homoscedasticity and normality of resid-
uals. The consecutive number of hours in which each individual was
closed was also calculated. The longest closure for each day was used
in analyses. This value was used to draw empirical cumulative distribu-
tion function curves, and following (Dowd and Somero, 2013) their
shapes were compared using Anderson-Darling test with pairwise ad-
justments (in the package PMCMRplus) to see effects of site and deploy-
ment time. Cross correlation analysis was performed on sea surface
elevation (ζ) simulated from the three sites in order to quantify the
tidal delays in the three locations.

2.7. Spectral analysis methods

Advanced spectral analysis methods have been applied in order to
detect the main periodic components characterizing the gape time se-
ries and to study their relationship to environmental conditions. These
techniques rely on wavelet methods: since they require a constant
time sampling Δt, the gaping series was resampled to a Δt = 5 min,
equal to that of the output of the SHYFEM model. When multivariate
techniques were applied between gape and chlorophyll and between
gape and turbidity, hourly-mean gape values have been considered.
The spectral content of each series was studied using the univariate
Continuous Wavelet Transform (CWT; Torrence and Compo, 1998).
The significance level has been estimated comparing the GWS with
the power spectrum of an lag-1 autoregressivemodel (AR1). Significant
spectral components detected with this method were reconstructed
through the Inverse CWT (Alessio, 2016; Torrence and Compo, 1998).

Moreover, the Cross-Wavelet Transform (XWT) and the Wavelet
Coherence (WTC; Grinsted et al. (2004)) were used in order to detect
spectral features common between gape and ζ and chlorophyll/
5

turbidity. XWTwas used to detect regions in time-frequency domain
in which the two records have common power and relative phase.
WTC allows one to identify significant coherence also at low levels
of common power, as this methodology estimates also the confi-
dence levels against red noise backgrounds. Full description of the
wavelet methods is reported in Supplementary Material.

Low-frequency modes were removed using a smoothing procedure
based on local linear regression over different time intervals(loess
method; Cleveland (1979)) before applying the spectral analysis.
Since significant long-term trends could affect the results, concerning
in particular the estimate of high-frequency oscillations (Alessio,
2016). In more detail, short time span (1 day) was used to remove
sharp changes in the gape record (as in the case shown in Fig. 1A),
while longer time spans (about 5 days)were occasionally applied for re-
moving long-term components with periods of weeks or longer if their
associated variance could affect the detection of high-frequency peaks
in the power spectrum.

CWT, XWT and WTC methods were performed using the MatLab
(Mathworks, 2020) software package (Grinsted et al., 2004), available
at https://github.com/grinsted/wavelet-coherence. Signal reconstruc-
tions through Inverse CWT were obtained using the MatLab code
reported in Alessio (2016).

3. Results

3.1. Descriptive analyses

3.1.1. Gaping behaviour
The amount of time mussel spent with their valve closed (< 20%)

varied amongst specimen and deployment periods and was as little as
1% of the time in the S2 and as much as 42% in the S3 in September–
October (Table 2). Most closures events (75%) lasted for less than 5 h /
day, with some exception in September–October at both S2 and S3
and October–December at S3 (Fig. 3, Table 3).

When looking at the timing of gapingwith respect to the hour of the
day the GAMmodel described only 5.5% of the variability. Overall, there
were constant patterns at the S3, with the two individuals following the
same pattern with the greatest periodicity in both summer deploy-
ments (July–August and August–September), where mussels tended
to bemore open in the latemorning (circa 10:00), and only one individ-
ual keeping some rhythm in autumn and winter (with the maximum
opening occurring circa at 5:00 and 18:00). At the S2, patterns were
not consistent between the two individuals in July–August, with no
rhythm found in August–September and again only one individual
keeping some rhythm in autumn and winter (more open around
13:00). In the S1, there were weak oscillations in autumn-winter (10%
of mean hourly gaping angle).

3.1.2. Environmental variables
The semidiurnal tidal cycle showed a delay of circa 15 min between

site 1 and 2 and 25min between site 1 and 3. Water velocities diminish
progressively moving from the inlet where velocities of more than
20 cm/s up to 40 cm/s are common compared to 10 cm/s in the more

https://github.com/grinsted/wavelet-coherence


Fig. 3. Cumulative empirical distribution curve of the number of consecutive hours spent closed every day during the four deployment periods at the three locations. Each line represents
one mussel.
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internal site.Water velocities are higherwhen tides are going on awest-
erly direction, thus going out (Fig. 4), and these aremore defined by tidal
dynamics, with velocities being greater during spring tides compared to
neap tides (Fig. 5). Temperature fluctuations associated with the tide
were greater in S2 and S3, compared to S1, and resulted in higher tem-
peratures recorded during low tides in summer and lower temperatures
recorded during low tides in winter in S2 and S3 (Fig. 6). A summary of
all environmental variables is presented in Table 4.

3.2. Time series spectral analyses

The main period common to most mussels and time intervals (all
aside from S1 in July–August) and all deployments was 12.3 ± 0.3.
The 24.2 ± 0.6 h periodic cycle was also present for 5 out of 6 mussels
(i.e., with 1 mussel at the ‘S1’ site non showing this periodicity) from
July until September and up to 2 individuals also displayed a cycle of
about 6 h. Chlorophyll always showed 12 and 24 h periodicities but in
July–August their associated power was not significant at the 95% c.l.
The results of all univariate wavelet analysis for gaping and zeta (tide)
are shown in Fig. 7, inwhich the global wavelet spectra (GWSs) are rep-
resented. Results of the analysis of chlorophyll and turbidity time series
are also included for the only one site available. In each panel the spectra
of a variable referred to the same site are shown for the four periods
available. Periods significant at least at 95% confidence level (c.l.) are
reported in Table 5.

The results of the cross-wavelet transforms (XWT) presented in the
fourth and fifth column of Table 5 showed two main frequency bands,
Table 3
Statistical results from the Anderson-Darling test with pairwise adjustments for
(a) comparisons between sites and (b) comparisons between deployment periods.

(a)

Sites comparisons p-Value

S1–S2 <0.0001
S1–S3 <0.0001
S2–S3 <0.0001

(b)

Deployment comparisons p-Value

JA-AS <0.05
JA-SO <0.001
JA-OD <0.0001
AS-SO N.S
AS-OD <0.0001
SO-OD <0.0001
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corresponding to periods of about 12 and 24 h (full figures in Supple-
mentary 2). The phase relationship between gaping and the other pa-
rameters did not show clear patterns but appears to be site specific,
with a tendency for mussels in the ‘S3’ to be in phase with the tide
(opening when tide comes in and closing when it goes out) in summer
(until September), with some delays on the tide. Time lags between
gaping and zeta, chlorophyll and turbidity are presented in Table 5.
Phase examples between gaping and zeta in summer and winter for
in-phase (S3) and anti-phase (S2) are shown in the reconstruction of
the signals presented in Figs. 8 and 9. For Chlorophyll at S2, XWT does
not provide evidence of a clear phase relationship, since the spectra
show only patchy areas of signal sharing (Supplementary figures).
When XWT is significant, antiphase dominates; nevertheless the aver-
age phase lag value over the entire period covered by the series has
values of few hours maximum (see Table 5).

WTC analysis between gape and zeta showed coherence located in
both the 12 and 24 h spectral bands more well-defined at S3 and S2.
The significance of these coherence bands decreased from summer to
winter as expected from previous analyses (Supplementary figures).
No clear coherence bandswere obtained between gape and chlorophyll.

4. Discussion

With an in-situ, long-term (6months) and high frequency monitor-
ing, this study found evidence for the presence of an endogenous circa-
dian rhythm associated with tides. The rhythm was present at all
locations and predominant in the summer months, but appeared to be
more marked in the site subject to larger environmental fluctuations
linked to tidal oscillations. During winter, the relation with environ-
mental drivers was reduced.

4.1. The periodicity of the rhythm and potential drivers

Semidiurnal (~12.4 h) and diurnal (~24.7 h) cycles were identified as
dominant periodicities in the gape records for M. galloprovincialis. This
result describes the same patterns seen by Miller and Dowd (2017) for
M. californianus in the intertidal shores (12.4 h and 24.8 h). According
to the definition by Tran et al. (2020), the combination of these two pe-
riods follow what is the ‘circadian rhythm’, instead of the ‘circalunidian’
which iswhen two antiphase 24.8 h cyclesmeet (Palmer, 1995, 2000) or
the circatidal, which is simply a unimodal 12.4 h clock. This same bi-
modal rhythm was found for the oyster Crassostrea gigas (Tran et al.,
2020). Itwas suggested that tidal cues are integratedwith daily cues giv-
ing rise to a single clock giving either bimodal or unimodal oscillation ac-
cording to the balance between the two cues in each specific location



Fig. 4. Rose plot of direction and speed of flow at the three sites.

C. Bertolini, S. Rubinetti, G. Umgiesser et al. Science of the Total Environment 768 (2021) 145085
(Tranet al., 2020). Thiswas also the case in our study,where bimodal os-
cillations were present in summer months, shifting towards a circatidal,
unimodal clock of 12.4 h towards the winter months. These findings in-
dicate that the tidal relationship wasmodulating the gaping throughout
the observation period and appeared to be the driving one, similar as to
what reported for C. gigas (Tran et al., 2011, 2020).

The circadian cycle (24 h) was the only one found in a study of
M. galloprovincialis in aquaculture farm off the coast of Spain during a
ten days deployment in December, where there was a consistent effect
of closures during the daytime (Comeau et al., 2018). In the present
study, however, there was no such clear relationship with hour of the
day per se. The 24.7 h that occurred more prominently in the summer
months could be supportive of a light dependency in these months
were solar irradiance is stronger (Table 4), however only three out of
six mussels showed predominant closures in the early hours of the
morning (3–4 am, Fig. 4). The ‘labile’ nature of the circadian rhythm
vs the circatidal rhythm was already highlighted for C. gigas (Tran
et al., 2020) and the pattern is here confirmed, where the circatidal
12.4 h is maintained throughout and the amplitude of gaping follows
the tidal amplitudes, suggestive of a ubiquitous relationship with tidal
patterns in bivalves. This tidal relationship was found even if mussels
were continuously submersed, suggesting that this is not only a reaction
or adaptation to being exposed to air during low tides.

Summer gaping is mostly dual, whereas in autumn and winter the
24.7 disappeared. Chlorophyll also peaks at 12 h and 24 h becoming
more evident from the end of summer, although the oscillations are
less marked than for the other variable considered. Since the critical
algal concentration belowwhich themussel closes its valves is between
0.5 (Riisgård et al., 2006) and 0.9 μg Chl-a l−1 (Pascoe et al., 2009), and
Fig. 5. Example of relationship between zeta and velocity during (a) spring and
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these values were seen in July, it may seem that mussels are more likely
to display periodic gaping to be open only when food is available. This
would be in line with the starvation regulation of gaping proposed by
Riisgård and Larsen (2014) and by Tang and Riisgård (2016). However,
in July–August, when chlorophyll levels were the lowest, and with no
periodicity, mussels showed the strongest signal, suggesting that the
driving mechanism may be food pdelivery rather than concentration,
and thus an interaction between chlorophyll and local hydrodynamic
could be considered as a possible driver. In the other deployment pe-
riods, where chlorophyll showed periodicity, gaping and chlorophyll
measured at site S2 were found to be mostly in anti-phase, meaning
mussels tended to close as chlorophyll increased and vice versa, in the
sitewhere chlorophyll wasmeasured. In this period, chlorophyll levels
were never below the threshold, but it may be that mussels become
food saturated with increasing levels, closing their valves, as seen for
example with Mytilus edulis filtration rate diminishing in periods of
high concentration (Riisgård et al., 2013) or with abrupt changes in
M. galloprovincialis clearance when exposed to high chlorophyll
diets (Filgueira et al., 2009), although the values of chlorophyll re-
quired for shutting of valves reported in the latter (26 μg/l) were
not recorded here.

It should be considered that chlorophyll, while often used as a proxy
for food, is not the only ‘trophic’ indicator, and plankton cells and spe-
cies may be highly variable. For example, while for most of the year
the phytoplankton charge is higher atflood tide sometimes the opposite
occurswhenmore plankton is found during ebb tides, due to high abun-
dances of a few species, enhanced by the favourable environmental con-
ditions of inner areas (Bernardi Aubry and Acri, 2004), and due to
resuspension of microphytobenthos (Facca et al., 2002). Secondly, the
(b) neap tides, in July at the three sites (S1:black, S2:dark grey, S3: grey).



Fig. 6. Pressure and temperature recorded by the biophys sensors during 25–26 July 2019 (a, b) and during 29–30 October 2019 (c, d) at the three sites (S1:black, S2:dark grey, S3: grey).
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composition of suspended particulates influence food quality, as the
higher the fraction of inorganic particles, which may be related to sedi-
ment resuspension, the higher the sorting time, which leads to a lower
efficiency in converting bioavailable organicmatter into energy. As a re-
sult, the SPM:Chl-a ratio can influence clearance rate and frequency of
gaping (Filgueira et al., 2010), due to the need of excreting more parti-
cles as seen by an increasedproduction of pseudofaeces during high tur-
bidity seasons (Zúñiga et al., 2014). Food quality, here intended as the
amount of bioavailable organic material in the suspended particles
and its seasonal variability, influences the amount of energy ingested
by individuals (Fernández-reiriz et al., 2017) and thus site specific
data on other food proxies, such as biopolymeric organic carbon (C-
BPC) and their interactions with tidal fluxes could be relevant for im-
proving the understanding of the dynamic of gaping in relation to
food quality.

Further, while valve gaping was found to be mostly correlated with
other measurement of clearance (e.g. siphon area), it also showed
some inconsistencies in published literature (e.g. Maire et al., 2007).
This is likely due to the fact that gaping is necessary for other activities
besides feeding, such as gas exchange. For example, as organisms
adapted to intertidal living, mussels close their valve to retain water,
Table 4
Medians and standard deviations of environmental parameters for the 6 months of deploymen

Month Solar irradiance (MJ/m2/day) Chlorophyll (μg/L) Salinity

July 22 ± 5.8 0.79 ± 0.26 33.5 ± 0.9
August 19.3 ± 3.82 1.47 ± 0.64 34.24 ± 0.
September 15.3 ± 5.21 1.77 ± 0.56 35.81 ± 0.
October 10.7 ± 3.82 1.27 ± 0.38 35.8 ± 0.8
November 3.48 ± 2.94 2.18 ± 0.8 33.81 ± 2.
December 3.04 ± 2.6 1.87 ± 0.95 32.29 ± 2.
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but some species, such as Perna perna are also gaping while air exposed
resulting in cooler body temperatures (Nicastro et al., 2012). This versa-
tile behaviourmay therefore display a rhythm linked to rhythmof other
environmental variables (e.g. oxygen, temperature), as seen with oys-
ters closing during diel cycle hypoxia (Porter and Breitburg, 2016)
that while are showingmostly a diurnal pattern may also be influenced
on a local scale by more oxygenated seawater influx, particularly in the
more restricted ‘inner’ areas.

4.2. Spatiotemporal effects on rhythms

If the circadian rhythmwasfixed, then all siteswould be strongly pe-
riodic. However, in this study periodicity was variable not only over dif-
ferent seasons, as already observed for oysters (Tran et al., 2011, 2020),
but also across different locations. Miller and Dowd (2017), with a ma-
nipulative experiment where mussels were moved across the intertidal
area, found similar patterns where gaping ‘periodicity’ was related to
the origin of themussels, with a stronger signal arising from individuals
coming from the upper shore. In this study, whichwas subtidal, location
also was found to be important, suggestive of the idea that a gradient in
environmental signal strength could drive the strength of behavioural
t.

Oxygen (mg/L) Turbidity (NTU) pH Temp

4 8.05 ± 1.71 3.30 ± 1.55 8.53 ± 0.08 26.7 ± 1.63
75 7.77 ± 2.12 3.77 ± 2.35 8.64 ± 0.07 26.9 ± 1.53
65 6.96 ± 1.87 5.7 ± 3.83 8.67 ± 0.09 22.7 ± 2.44
6 7.49 ± 1.91 4.09 ± 3.12 8.29 ± 0.03 19.4 ± 1.43
63 7.46 ± 0.99 8.3 ± 7.09 8.27 ± 0.04 14.1 ± 1.34
5 9.02 ± 0.55 4.9 ± 4.22 8.3 ± 0.06 9.98 ± 1.89



Fig. 7. : Global wavelet spectra of gape (first column), ζ (second column), chlorophyll (third column) and turbidity (fourth column) for each considered site and time interval available (J-
A: red line, A-S; green line; S-O: blue line and O-D: black line). Dotted lines represent the 95% c.l. for each spectrum obtained considering a red noise background as null-hypothesis.
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signal (Rao, 1954). Tran et al. (2020) also suggested that that ‘integrating
the tidal cues with the daily cues might occur in a single clock that would
give bimodal or unimodal oscillation outputs according to the balance be-
tween tidal and daily cues in each specific location inhabited by oysters’.
The site which displayed the greater power in the periodicity of gaping,
was in fact also the site where environmental conditions, such as tem-
perature, were also the most variable and most tidally-dependent.
Since clearance rate, which clearly depends on gaping, is incorporated
in bioenergetic individual models and used to estimate shellfish growth
and ecosystem functioning such as carbon and nitrogen outputs (e.g.
Brigolin et al., 2009) and it is usually kept constant, including a tidal com-
ponent to the clearance rate may give more accurate ‘site specific’ pre-
dictions, which could be used for improving shellfish farmmanagement.

Organisms inhabiting a tidal environment can be exposed to high
levels of environmental fluctuations. Gudimov (2006) found that blue
mussels can respond to natural changes inwater temperature and salin-
ity as small as 0.1 °C and 0.1–0.3‰, respectively, and changes in seston
and phytoplankton concentrations of 0.1 mg/l and 100–300 cells/l, re-
spectively. These fluctuations in transitional coastal zones can be signif-
icant and can be linked to tidal and other periodic fluctuations (e.g. day/
night). Chlorophyll availability, for instance, may also depend on flow
velocity (found in a study by Dolmer, 2000). Therefore understanding
responses to ‘fluctuations’ driven by periodic cycles present in nature
is thefirst step tounderstand responses to environmental changes. Gap-
ing periods weremostly in phase with the tide in themost internal site,
9

and as seen by a greater amplitude during spring tides which are asso-
ciatedwith greater velocity (see example in Fig. 5 and time series recon-
struction in Figs. 8 and 9).

Speed was always lower in the most internal site and it may be that
flow brought in by the movement of the tide was the instigating mech-
anism for initial opening, since a unimodal response of siphon area and
valve gape was observed with an optimum at medium velocities
(Sénéchal et al., 2008) and at low flow velocities algal depletion is
maximised (Widdows et al., 2002). It can be that at maximum water
height mussels were fully open until algal depletion occurred and they
started to close again as tide was going out, suggestive of an interaction
with flow and productivity. This can be highly context dependent and in-
fluenced by the tide-plankton relationship. Plankton abundance and spe-
cies composition vary considerably between flood and ebb (Bernardi
Aubry andAcri, 2004), with a seasonal shift with spring and summer hav-
ing richerfloods and autumnandwinter richer ebbing. The location of the
sites along different channels may be therefore enough for different spe-
cies and dynamics to be present, but this can only be speculated here and
investigated further with a specific design.

Suspended matter can have impacts on gaping activity, as particles
rejection rate increases as its concentration increases (Hawkins et al.,
1998). Suspended matter dynamics are complex in the Venice lagoon
and their distribution is highly heterogeneous: their concentration
tend to be higher in the inner areas of the lagoon, with highly variable
spatial and temporal dynamics (Rolinski and Umgiesser, 2005). Mussels



Table 5
Results of thewavelet analysis performed on the gape, water height, chlorophyll and turbidity. The first three column refers to periods (in hours) of spectral components significant at 95%
c.l. In brackets the full width at half maximum (FWHM) for each peak of the power spectrum is reported. The fourth and fifth columns refer to the phase lags and relative standard errors,
expressed in hours, for the dominant shared periods (reported in bold) between Gape, Zeta, Chlorophyll and Turbidity. If ‘n.s.’ then no significant periods or no significant shared periods
were found. If ‘n.a.’ then data were not available.

JULY-AUGUST

Site Gape ζ Chlorophyll Turbidity Gape-ζ Gape-Chlorophyll Gape-Turb

S3
12.2(3.7), 24.7(7.6) 12.4(3.4), 24.(6.9)

n.a. n.a

12: 0.2±.6
24: 0.3±2.7

n.a n.a.
12.4(4.1), 24.(7.8) 12.4(3.4), 24.(6.9)

12:0.9±1.4
24: 2.5±2.2

S2

12.2(3.6), 24.7(8.2) 12.4(3.4), 24.(6.9)

n.s
7(4)
12 (5)

12: -4.3±.9
24: -11.8±4.7

n.s. 12: -2±1

12.2(3.6), 24.7(7.9) 12.4(3.4), 24.(6.9) 12: -4.7±1.1
24: -10.7±2.2

n.s. 12: 4 ± 1

S1
17.2(9.3), 24.4(11.8) 12.4(3.5), 24.(7.)

n.a. n.a.
24: 6.2±3.1

n.a n.a.
5.4(2.2), 7.9(3.2) 12.4(3.5), 23.7(7.1) n.s.

AUGUST-SEPTEMBER

Gape ζ Chlorophyll Gape-ζ Gape-Chlorophyll Gape-Turb

S3
12.4 (3.6), 24.4(8.) 6.3(1.6), 12.4(3.4), 24.4(7.2)

n.a. n.a.

12: 0.1±1.3
24: 0.2±1.8

n.a. n.a.
12.4(5.4), 24.(7.4), 50.2(34.5) 6.3(1.6), 12.4(3.4), 24.4(7.2)

12: 0.2±2.1
24: 1.4±1.6

S2
6.4(1.9), 8.5(2.8), 12.5(6.9), 24.4(9.6) 6.3(1.5), 12.4(3.4), 24.4(7.1)

12 (5), 24 (8.4)
3(3)
12 (5)

12: 2.1±2.5
24: .6±5.3

12: 5 ± 1
24: 5 ± 6

12: -4 ± 2

12.4(4.5), 24.4(9.8), 42.8(28.8) 6.3(1.5), 12.4(3.4), 24.4(7.1) 12: 4.9±2.6
24: -9.9±4.4

12: -5 ± 3
24: 1 ± 4

12: -4 ± 3

S1
12.4(4.2) 6.3(1.5), 12.4(3.4), 24.(7.)

n.a. n.a.
12: -2.7±2.

n.a. n.a.
12.7(4.3), 24.7(10.1), 59.7(45.1) 6.3(1.4), 12.4(3.4), 24.4(7.1)

12: 6.1±2.7
24: 10.9±4.3

SEPTEMBER-OCTOBER

Gape ζ Chlorophyll Turbidity Gape-ζ Gape-Chlorophyll Gape-Turb

S3
27.(15.4)

12.2(3.4),
24.(7.3)

n.a. n.a
n.s.

n.a n.a.
12.4(4.), 24.(8.6), 54.7(20.7)

12.2(3.4),
24.(7.3)

12: -2.9±1.3
24: -1.1±3.4

S2
6.3(2.4), 12.4(3.8), 24.7(9.7)

12.2(3.4),
24.(7.3) 12 (4),

24 (8)
n.a.

12: -3.1±1.
24: -4.3±4.8

n.s.
n.a.

6.2(2.7), 12.2(3.7), 23.7(14.6), 47.4(25.5) 12.2(3.4),
24.(7.3)

12: -3.8±.6
24: -7.5±2.8

n.s.

S1
12.4(5.9), 27.(16.1)

6.5(1.4), 12.2(3.4),
24.(7.4) n.a n.a

12: -1.3±2.1
n.a. n.a.

12.2(4.2) 6.5(1.4), 12.2(3.4), 24.(7.4) 12: 8.2±6.

OCTOBER-DECEMBER

Gape ζ Chlorophyll Turbidity Gape-ζ Gape-Chlorophyll Gape-Turb

S3
12.7(6.9), 35.5(28.9) 12.4(3.5), 23.7(7.6)

n.a. n.a
12: -6.1±2.6

n.a. n.a.
12.2(3.5) 12.4(3.5), 23.7(7.6), 54.(35.9) 12: 3.1±.6

S2
12.4(3.5) 12.4(3.5), 23.7(7.5), 54.(33.9)

13 (4),
24 (7)

12 (6)
12: -3.8±.5 12: 5 ± 2 12: 6 ± 3

6.3(2.4), 8.1(1.6), 12.4(4.6), 25.1(21.7) 12.4(3.5), 23.7(7.5), 54.(33.9) 12: -5.1±3.6
24: -11.4 ± 4.2

12: 5 ± 3
24: 2 ± 1

12: -2 ± 4

S1
n.a. n.a.

n.a. n.a
n.a.

n.a. n.a.
6.2(3.3), 12.2(4.2), 25.1(10.9), 37.1(11.5) 12.4(3.5), 23.7(7.5), 54.(33.4)

12: 2.3±2.3
24: 5.6±4.2
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may respond by closing at ebb if sediment is resuspended, when gills
clog and pseudofaeces are produced. For Crassostrea virginica, for exam-
ple, higher turbidity resulted in a greater amount ofmicromovements of
shell but themeangape opening tended to be lower (Suedel et al., 2014)
and for Pinna nobilis individuals did not open their valves in some events
of high turbidity (Garcia-March et al., 2016). In this study it was also ob-
served that turbidity, although not as strongly periodic as the other pa-
rameters, tends to have a 12 h period and to be out of phase with
mussels gape opening, peaking when they are closing. Resuspension
events show a stronger periodicity in the winter periods. A specifically
designed experiment, given the intrinsic link between speed and
other tidal aspects (i.e. spring, neap, flood, ebb…) should be designed
to investigate the interaction between flow speed and particles, and
may be an important aspect to understand especially in areas where
10
coastal engineering work may lead to changes in tidal amplitude and
speed.

Behavioural variability appeared to be present within individuals in
each time period but alsomore strongly between time periods and loca-
tion. Despite a high variability within time periods, however, there ap-
peared to be some consistency with regards to average time lags
between series within locations, suggestive of some location dependent
effects of watermovements at a fine scalewhichwas not captured here.
It should be noted that sensors were oriented so that mussels at the
same sitewould point in the samedirection, approximated to be into in-
coming tide but this was not verified during the experiment, and orien-
tation could have had some influence on gaping activity (Newell et al.,
2001). Moreover, there may be local fine scale processes, such as the
structural presence of the farm, which may have an influence (Newell



Fig. 8. : Phase analysis between gaping and ζ at S3 (in phase) and S2 (anti- phase) sites for the July–August period. (a-b) cross-wavelet spectra. (c-d) wavelet coherence spectra. (e-h)
reconstruction of 12- and 24-h components from gape (red curve) and zeta (blue curve) times series through Inverse-CWT from S3 and S2. Reconstructions have been normalized
with respect the standard deviation of the original series in order to compare amplitude modulation. (j-k) Measured temperature (black curve) and simulated water speed (green
curve). The temperature long-term trend, obtained with a smoothing procedure (loess method, 4-day time span), is also shown superposed on the original record (heavy black curve).
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and Richardson, 2014). With respect to the variability observed within
time series, it may be related to the changes in the degrees offluctuation
towhich organismsmay responddifferently.Wong and Cheung (2001),
for example, found that green lipped mussels' clearance rate is anti-
phase from tide, but it varies from neap to spring tides, with a greater
clearance rate observed at low neap tides.

The site differences in the phasingwith tidal phasemaybedue to the
heterogeneity of lagoon. ‘S3’ is located in a channel that connects the la-
goon to a FW channel (see Fig. 1), and it is part of a ‘restricted euhaline’
water body as opposed to the other two sites which are considered
‘open euhaline’ (Ghezzo et al., 2011). This area is characterized by a
higher residence time: therefore, mussels may be more dependent
upon ‘fresh’ oxygenated seawater, particularly in summer months,
when oxygen fluctuations are larger and tend to reach lower ‘minimum’
values in the lagoon (Ciavatta et al., 2008). Some of the between-sites
effects may also be explained by the fact that the mussels used came
from the same site and may have been acclimated to the conditions,
showing some ‘endogenous’ behaviour (Rao, 1954; Miller and Dowd,
2017). Genetic analyses should be performed, as quantitative differ-
ences in feeding behaviour are strongly influenced by genotype
(Bayne, 2004), thus investment in this line of research can answer ques-
tions that can be harnessed to optimisemussel culture in heterogeneous
transitional areas. At each location, individuals tended to exhibit similar
patterns of behaviour, however, investigation of only two organismsper
site is a limitation of this study, since clearance behaviour has been
11
previously observed to have some great inter-individual variability
(e.g. Filgueira et al., 2010). This limitation should be taken into consid-
eration and prevents strong conclusions to be made. Methods that
would allow the monitoring of gaping on more individuals simulta-
neously could be beneficial to continue this line of research.

Overall the periodic closures tended to be longer in the autumn/win-
ter period, despite food concentration being sufficiently high in this pe-
riod (Table 4). Longperiods of closureswere also observed byDowd and
Somero (2013) for threeMytilus species when exposed to control 13 °C
waters, whichwere disrupted and shortened if mussels had been previ-
ously exposed to thermal stress. Moreover, M. galloprovincialis is less
cold tolerant than other congeners, and its heart rate drops at lower
temperatures, whichmay also explain the longer closures in this period.
M. galloprovincialis has also low metabolic capacity at high salinity
(around 35 ppm), low pH levels (7.3) (Freitas et al., 2017) while
M. edulis is sensitive to low oxygen levels, spending more time resting
when exposed to low saturation (Jakubowska and Normant, 2015). In
September and October, the periods with longest continuous valve clo-
sures, salinity was the highest around 35 PSU, pH the lowest although
still above 8, and average oxygenwas the lowest, thus a loweredmetab-
olism may explain the longer closure periods (Anestis et al., 2007), but
this deserves to be further investigated with specific analyses.

The relationship between gaping and environmental variables such
as temperature, salinity, oxygen and pH is especially important in the
context of climate change which is expected to alter some of these



Fig. 9. : Phase analysis between gaping and zeta at S3 and S2 for the October–December period. In this case the clear phase agreement pattern which characterized gape and ζ at S3 in
summer is not clear in this period. (a-b) XWT spectra. (c-d) WTC spectra. (e-h) reconstruction of 12- and 24-h components from gape (red curve) and zeta (blue curve) times series
through Inverse-CWT from S3 and S2. Reconstructions have been normalized with respect the standard deviation of the original series in order to compare amplitude modulation.
(j-k) Measured temperature (black curve) and simulated water speed (green curve). The temperature long-term trend, obtained with a smoothing procedure, is also shown
superposed on the original record (heavy black curve).
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environmental parameters. This is because gaping is a necessary behav-
iour, likely to influence the physiological status, growth and condition of
individuals The investigation of such relationshipswould require a com-
prehensive monitoring network across transitional areas to understand
how theywill change andwhether changeswill bemoremarked in par-
ticular areas such as the shallow internal sites. Stress responses would
then have to further be addressed after removing the basal behaviours
that, as shown here, can be site specific. Stress response may be investi-
gated by subsetting the longer time series on shorter time scales (e.g.
when a likely stressing time, such as heatwave, flash flood, storm oc-
curs) and investigating deviations from basal cycles, taking further
into consideration micro-closures (e.g. Robson et al., 2009) to further
address the suitability of using this parameter in earlywarningmonitor-
ing systems beyond pollutant stressors once it has been established that
location will have a non-negligible effect.

5. Conclusion

Gaping behaviour of Mytilus galloprovincialis in a lagoon ecosystem
has a strong periodic component, strictly linked with tides. The present
study shows the importance of long term studies inmultiple sites to ad-
dress behaviours that may be influenced by environmental conditions.
Circadian rhythm was found to be ‘weak’ (sensu Mat et al., 2012) and
of an endogenous nature. Location within a transient zone was found
to be a key aspect to consider when investigating behaviour linked to
12
physiology and leads to critical implications for management and fur-
ther research as detailed:

1) The link between gaping and tidal aspects should be taken into con-
sideration when considering optimal managing strategies for a la-
goon ecosystem, evaluating carefully the effects of coastal planning
on tidal alterations, especially if water velocity will be altered in
areas where organisms are reliant on it, to prevent limiting the suit-
able habitat area.

2) Culturing mussels in areas with different tidal conditions may result
in different growth rates due to different amount of time spent on
feeding, if organisms only feed when tide comes in, with the likely
consequence of a reduced metabolism. Thus the relationships found
in this study should be harnessed to develop improved growth
models for transitional coastal zones, which may be employed for
spatially explicit models that consider clearance rate and respiration
as a function of gaping-tide relationships.

3) The complex relationship between gaping and environment medi-
ated by tides should be taken into account when using changes to
gaping as an index of stress, considering site specificities.
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