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Responses to salinity stress in 
bivalves: Evidence of ontogenetic 
changes in energetic physiology on 
Cerastoderma edule
Laura G. Peteiro  1,2, Sarah A. Woodin3, David S. Wethey3, Damian Costas-Costas2,  
Arantxa Martínez-Casal2, Celia Olabarria1,2 & Elsa Vázquez1,2

Estuarine bivalves are especially susceptible to salinity fluctuations. Stage-specific sensibilities may 
influence the structure and spatial distribution of the populations. Here we investigate differences on 
the energetic strategy of thread drifters (3–4 mm) and sedentary settlers (9–10 mm) of Cerastoderma 
edule over a wide range of salinities. Several physiological indicators (clearance, respiration and 
excretion rates, O:N) were measured during acute (2 days) and acclimated responses (7 days of 
exposure) for both size classes. Our results revealed a common lethal limit for both developmental 
stages (Salinity 15) but a larger physiological plasticity of thread drifters than sedentary settlers. 
Acclimation processes in drifters were initiated after 2 days of exposure and they achieved complete 
acclimation by day 7. Sedentary settlers delay acclimation and at day 7 feeding activity had not 
resumed and energetic losses through respiration and excretion were higher at the lowest salinity 
treatment. Different responses facing salinity stress might be related to differences in habitat of 
each stage. For sedentary settlers which occupy relatively stable niches, energy optimisation include 
delaying the initiation of the energetically expensive acclimation processes while drifters which 
occupy less stable environments require a more flexible process which allow them to optimize energy 
acquisition as fast as possible.

Bivalves are critical to estuarine function in terms of stimulation of microphytobenthic productivity through 
their release of ammonium and carbon dioxide as well as pelletization of fine particulate matter in addition to 
their importance as a critical link in energy conversion between primary producers and a variety of predators 
such as fish, birds, and crabs as well as humans1. One of the predicted consequences of global climate change is 
an increase in the occurrence of extreme climatological events such as droughts or extreme rainfalls that modify 
coastal salinity2. Estuaries, as transitional zones, will experience greatly those salinity fluctuations3. For bivalves, 
salinity is particularly problematic because it drives a reduction in activity and energy acquisition while also 
increases energy demand for maintaining cell volume and avoiding osmotic shock4–7. The maintenance of cell 
volume is achieved mainly by regulation of the nitrogen metabolism, which also increases oxydative metabolism 
demands and therefore mobilization of reserves resulting in elevated oxygen consumption rates4–7. Given the 
pairing of this higher metabolic demand with reductions of energy input from food because of reduced feeding 
activity4–7, the net effect of energy trade-offs at the individual level can be severe and translate to mass mortal-
ity events8,9 or indirectly affect population dynamics by altering growth performance, reproductive output or 
immune function4–7,10.

The cockle Cerastoderma edule is one of the most abundant bivalve species in tidal flats where it can com-
prise 60% of benthos biomass11 being critical to ecosystem function in addition to supporting several traditional 
fisheries12–15. This short-lived species is known to have high spatial and temporal variability10 but during the last 
decades cockle stocks have shown a progressive declining trend12,13,16–19. Declines of stocks are mostly due to mass 
mortality episodes and recruitment failures; both provoked by climate-related events8,9,12,16,17,19–24. The literature 
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suggests that mass mortality events in cockles are often linked to torrential rains8,9,17,19,21,22 with the magnitude 
of a mortality event depending on the intensity and duration of the flooding episodes maintaining salinity levels 
below the lethal physiological threshold of the species (10–12.5)4,5,7,8,25,26. In fact, an increase in the frequency of 
flooding events in estuaries has been related to decrements in biomass of C. edule and to reductions in the fish-
ery yields8,19,21,22. Timing of torrential rains can also be critical. The decrease of recruitment observed in cockles 
associated with delays on settlement through spring and summer has been related mostly to impairments with 
food sources (phytoplankton blooms) and seasonal peaks of predator abundance10,16,20,27, but sudden drops of 
salinity during the settlement season could also cause recruitment failure driven perhaps by differing physiolog-
ical thresholds of early developmental stages. Ontogenetic changes of environmental requirements are common 
in species, especially for those which occupy distinct habitats during developmental stages28–37. A critical aspect 
of the life history of C. edule is that initial settlement occurs in the high intertidal apparently to minimize compe-
tition with adults and reduce predation risk38–40. After a period of growth the juveniles undergo a post-settlement 
migration via byssal thread drifting into the lower intertidal where environmental conditions are more stable41,42. 
C. edule lose their drifting and climbing abilities when they reach sizes ≈6 mm,which has been associated with the 
degeneration of the byssal glands43. Morphological and habitat differences of thread drifters support their con-
sideration as a distinct developmental stage, which may have specific physiological requirements. Stage-specific 
requirements may contribute to episodic recruitment failures, as well as the spatial distribution of the species in 
different estuaries13,44. In order to reverse the decline of the stocks, management strategies (delimiting nursery 
areas, seeding and fishing grounds, etc) need to identify the spatio-temporal availability of suitable habitats for 
each developmental stage, which will be highly determined by their particular environmental constrictions13,45.

This study aims to identify stage-specific salinity requirements related to the loss of drifting capability after 
settlement and how that affects their physiological response to stress episodes of different duration. With that 
purpose, we designed a laboratory experiment where thread drifters and sedentary settlers were exposed to a wide 
range of salinities with reference to the following question while measuring the components of scope for growth 
(respiration, excretion and clearance rate):

Do the thread drifters and sedentary settlers differ in their response to acute (2 days of exposure) and accli-
mated (7 days of exposure) response to saline stress? One might expect thread drifters to be less susceptible to 
acute stress because they need to cope with a highly variable environment at the high-intertidal. On the other 
hand, one might expect the sedentary settlers to have a better acclimated response because they have lost their 
migratory capability so they need to develop better acclimated responses.

Material and Methods
Experimental setup. Laboratory spawns of adult cockles yielded larvae, which were raised until metamor-
phosis. Spat were maintained at salinity 35 ± 0.5 for 2–3 months and then divided into two size classes according 
to their drifting capability (<6 mm)43: thread drifters (D; L: 3.74 ± 0.67 mm; n = 224) and sedentary settlers (S; L: 
9.66 ± 1.31 mm; n = 84) before transferring to the salinity treatments to simulate a sudden drop in salinity caused 
by a torrential rain.

Two replicated beakers (1 L) per Salinity treatment (8 levels: 3, 5, 10, 15, 20, 25, 30 and 35), Size (2 levels: D 
and S) and time of exposure (2 and 7 days) were maintained in an orthogonal design in a controlled temperature 
room at 14 °C. No sand was included in the beakers since preliminary studies reported no differences in survival 
or pumping rates with/without sediment in laboratory experiments25,46. Density per beaker was adjusted to those 
determined in preliminary experiments to give replicable results for rate measurements (250 and 45 indiv/beaker 
for D and S, respectively). Water was changed daily before feeding (1% of dry weight of microalgae per cockle 
live weight) with a mixture of Isochrysis galbana (TISO), Tetraselmis suecica, Chaetoceros gracilis and Rodomonas 
lens (1:1:1:1).

Physiological performance metrics (respiration, ammonium excretion and clearance rates) were measured on 
day 2 and 7 of the experiment, considering day 2 as acute stress response and day 7 as acclimated stress response.

Physiological measurements. Each replicate was divided into two pseudo-replicates to measure physio-
logical performance of the individuals during acute and acclimation response to salinity treatments.

Clearance Rate. Clearance rate (CR; Lh−1) was calculated on pools of cockles (40 and 15 ind. for D and 
S Size treatments, respectively) in a static system. Two plastic beakers of 100 ml with filtered seawater (50 µm) 
were used per replicate. A pool of individuals was placed in each beaker and after 30 minutes of acclimation, 
≈400000 cells ml−1 of I. galbana were added while aeration was kept high to maintain suspension of the microal-
gae. During basal measurements at salinity 35 a sample of 10 ml was taken from the centre of the beaker with a 
pipette, every 5 minutes during 30 minutes to establish the period of time with maximum CRs for each size class 
(15 and 10 minutes for D and S, respectively). These periods of time were used to take CR samples throughout 
the rest of the experiment. Two beakers without cockles, but with the same microalgal density were also sampled 
at the beginning and at the end of each run of measurements to subtract the difference on particles caused by 
sedimentation of microalgae to the concentration obtained at the experimental beakers. Samples were fixed with 
lugol to avoid degradation until processing with a counter coulter (Beckman Coulter Multisizer 3) to calculate 
particle concentration.

CR was calculated with the following equation47:

= −CR v(lnc lnc )/t0 1

where v is the volume of seawater in the beaker and c0 and c1 are the cell concentrations at the beginning and at 
the end of the time interval (t). CR was also corrected by the number of individuals in the pool.
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Respiration Rate. Oxygen consumption rate (R; mgO2 h−1) was calculated on pools of cockles (75 and 15 
individuals for D and S, respectively) using closed respirometers attached to dissolved oxygen probes (Hach 
Lange LDO101). Two cylindrical respirometers of 150 ml filled with aerated 50 µm-filtered seawater at 14 °C were 
used per replicate. A pool of individuals was placed in the respirometer while seawater was carefully moved with a 
magnetic stirrer. Dissolved oxygen concentration was recorded every 30 seconds until it declined ≈20% from the 
initial value. R was calculated using the slope of the relationship between oxygen concentration and time elapsed, 
and corrected by the chamber volume and the number of individuals in the pool. Two empty respirometers were 
monitored simultaneously with each run to subtract the difference on oxygen concentration caused by electrode 
drift, bacterial respiration, etc. from the values obtained at the experimental respirometers.

Ammonium Excretion. Ammonium excretion rate (ER; mg NH4-N h−1) was calculated on pools of cock-
les (40 and 5 individuals for D and S, respectively) after CR measurements. One chamber of 20 ml filled with 
50 µm filtered seawater was used per replicate. A pool of individuals was placed in the chamber and, after 1.5–
2.5 hours, a sample of 10 ml was collected and ammonium concentration calculated by the phenolhypochlorite 
method48. Two empty chambers were used per run as controls to subtract other ammonium sources from the 
values obtained at the experimental chambers and correct ERs which were also divided by the number of indi-
viduals in the pool.

O:N index. O:N index was calculated as the ratio between oxygen atoms consumed per atom of nitrogen 
excreted, using their atomic equivalents over the R and ER values previously calculated. O:N represents the bal-
ance between carbohydrates and lipids versus protein catabolism. Balanced catabolism would oscillate between 
50 and 6049 while values below 30–20 are indicative of stress6,26,49 and pure protein catabolism will reach values 
between 3 and 1349.

Standardization of physiological rates. All the physiological rates were standardised to 0.1 g DWtissue 
(DWs = 0.1) using the formula:

= ∗Y Y (DW/DW )s ob s ob
b

where Ys is the standardized rate for a selected weight (DWs), Yob is the observed physiological rate for an animal 
of a particular weight (DWob), and b is the weight exponent for the physiological rate to weight allometry. We 
employed b = 0.49 for CR and b = 0.77 for R and ER50.

Pools of organisms used for the physiological measurements for the sedentary size class were dissected to 
calculate the tissue dry weight (DWtissue). After dissecting the tissue from the shell, both were dried separately 
at 60 °C for 48 h and then weighed. Because of the small size of the thread drifters, dissections of animals from 
that age class were made under the microscope only on a subsample of 10 individuals covering a wide range of 
sizes from each replicate. Tissue and shell were dried separately and weighed to calculate allometric relation-
ships between DWtotal and DWtissue per replicate using regression models on log-transformed weights. The rest 
of the pool was dried without dissecting to calculate DWtotal, and regressions calculated per each replicate were 
employed to extrapolate DWtissue for each pool.

Data Analysis. Generalized additive models (GAMs), as implemented in the mgcv library of R 3.3.2, were 
used to investigate the effect of Size and Salinity on the standardized physiological rates (R, CR and ER) and O:N 
index on day 2 (Acute stress) and day 7 (Acclimation). This analysis type is useful when the form of the response 
can be complex and it is difficult to pre-judge the various parametric options51. The significance of the interac-
tion between Size and Salinity was evaluated by a likelihood-ratio test comparing Akaike Information Criterion 
of the model with and without interaction. Size was included as a factor (D and S) and Salinity was included as 
a smoothed term in the model, using thin plate regression splines and estimating for each size level when the 
interaction was significant. Model validation included the verification of homogeneity (lack of structure of the 
residuals) and normality (quantile−quantile plot of the residuals)52.

All the analysis were performed on R.3.3.2.53.

Data availability. Raw data has been made available through PANGAEA data repository (https://doi.pan-
gaea.de/10.1594/PANGAEA.889440). The authors also compromise to make materials, other data and associated 
protocols available to the Editorial Board Members of Scientific Reports, referees contacted by the journal or 
readers without undue qualifications in material transfer agreements.

Results
Acute Response. After 2 days of exposure, both size levels (thread drifters and sedentary settlers) showed a 
marked reduction in activity at salinities below 15, with continuous valve closure and almost complete inhibition 
of R and ER (Fig. 1). At salinities >15 physiological rates progressively increased, although thread drifters and 
sedentary settlers showed some differences (Fig. 1).

For thread drifters CR was resumed at salinity 15 and it increased almost linearly with salinity until it reached 
a plateau at salinity 25 (Fig. 1A). Sedentary settlers reached higher CR values than drifters once pumping was 
resumed (Table 1; Fig. 1A,B), but the relationship between CR and salinity showed an on/off response with a feed-
ing activation threshold at salinity 20 (Fig. 1B). Both size and salinity were significant but so was the interaction 
term, probably due to the differences in the shapes of the response curves.

With regard to R, the interaction term was not significant but the size and salinity terms were (Table 1; 
Fig. 1C,D), indicating higher metabolic rates for thread drifters. Oxygen consumption progressively increased 

https://doi.pangaea.de/10.1594/PANGAEA.889440
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with salinity attaining maximum R for both size classes at salinities 20–25 to slightly decrease again at higher 
salinity treatments (Table 1; Fig. 1C,D).

ER relationship with salinity also differed between size classes (Table 1: significant interaction term as well 
as size and salinity terms) peaking at different salinities for thread drifters and sedentary settlers with maximum 
ammonium excretion at salinity 15 and 25, respectively (Fig. 1E,F).

Thread drifters showed higher O:N values than sedentary settlers according with the higher R and lower ER 
observed (Table 1). For both size classes, a linear relationship was observed between O:N and salinity, reaching 
maximum values at the highest salinities (30–35; Fig. 1G,H).

Figure 1. Generalized additive model results showing the partial effect of Salinity on clearance (A,B) 
respiration (C,D) and excretion rates (E,F) as well as O:N ratios (G,H) during acute response (2 days of 
exposure) for thread drifters (top row) and sedentary settlers (bottom row). Dotted lines indicate 95% 
confidence intervals, and tick marks along the x-axis below each curve represent effect values where 
observations occurred.

Acute 
response

Parametric Coefficient Smooth terms (non parametrics)

R2 adj.
% Deviance 
explained

Log-likelihood Interaction

Parameter Estimate S.E. t P Parameter e.d.f. F P
Dif. Res. 
d.f.

Dif. Res. 
Dev. P

CR
Intercept 0.132 0.008 24.48 <2 × 10−16 Salinity: Drifters 3.52 15.89 3.84 × 10−7

0.94 96.10% 6.63 0.0890 8.42 × 10−15

Size (Sedentary) 0.073 0.012 −6.17 4.74 × 10−6 Salinity: Sedentary 6.27 56.47  < 2 × 10−16

ER
Intercept 0.004 0 19.83 2.41 × 10−13 Salinity: Drifters 5.84 11.21 8.61 × 10−6

0.91 94.60% 6.07 0.0001  < 2 × 10−16

Size (Sedentary) 0.001 0 −2.72 0.014 Salinity: Sedentary 5.85 37.59  < 2 × 10−16

R
Intercept 0.14 0.006 16.74 1.06 × 10−14

Salinity 3.73 49.48  < 2 × 10−16 0.87 89.00% 3.78 0.003 0.222
Size (Sedentary) −0.037 0.008 4.23 2.52 × 10−4

O:N
Intercept 28.936 2.166 7.71 2.7 × 10−8

Salinity: 1 20.77 8.5 × 10−5 0.55 58.00% 3.14 484.44 0.051
Size (Sedentary) −12.233 3.063 3.99 4.49 × 10−4

CR
Intercept 0.255 0.014 19.94 1.03 × 10−11 Salinity: Drifters 1 2.37 0.146

0.77 83.30% 1.03 0.0430 2.65 × 10−6

Size (Sedentary) 0.023 0.02 −1.15 0.269 Salinity:Sedentary 2.93 22.47 1.75 × 10−6

ER
Intercept 0.003 0 19.58 1.95 × 10−12 Salinity: Drifters 1.33 0.36 0.537

0.87 89.00% 1.59 2.86 × 10−5 3.08 × 10−6

Size (Sedentary) 0.004 0 −8.16 4.96 × 10−7 Salinity:Sedentary 1 58.37 1.05 × 10−7

R
Intercept 0.177 0.005 25.57 5.01 × 10−13 Salinity: Drifters 2.17 3.15 0.05

0.72 79.50% 2.96 0.004 0.004
Size (Sedentary) −0.037 0.008 4.75 3.25 × 10−4 Salinity: Sedentary 2.02 7.79 3.75 × 10−3

O:N
Intercept 53.79 3.401 6.62 7.84 × 10−6

Salinity 1.87 5.8 0.01 0.72 76.50% 1.69 94.62 0.593
Size (Sedentary) −31.289 4.956 6.31 1.33 × 10−5

Table 1. Structure of the General Additive Models selected to describe the effect of Salinity, Size and Salinity 
x Size when their interaction was significant on CR, ER, R and ON during acute (2 days) and acclimated (7 
days) response. edf: estimated degrees of freedom for the smooth terms. Dif Res. d.f.: Difference on the residual 
degrees of freedom between models with/without interaction. Dif. Res. Dev.: Difference on the residual 
deviance between models with/without interaction. Values in bold indicate statistical significance.
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Acclimated Response. Four days after the beginning of the experiment, all the treatments at salinities 
below 15 suffered 100% mortality in both size levels (thread drifters and sedentary settlers). Therefore, acclimated 
response (7th day of the experiment) was only measured for salinities >15.

During the acclimated response, thread drifters and sedentary settlers showed again different physiological 
responses with regard to salinity. For thread drifters no significant relationships between salinity and any of the 
physiological rates (CR, R and ER) were detected (Table 1; Fig. 2A,C,E), while the physiological responses of 
sedentary settlers were significant for CR, R and ER (Table 1; Fig. 2B,D,F). This contrasting response resulted in 
significant interaction terms for Salinity and Size for CR, R, and ER (Table 1).

CR of sedentary settlers was almost completely suppressed at salinity 15, while maximum values were 
recorded at intermediate salinities (20–25; Fig. 2B), reinforcing the presence of a feeding activation threshold 
at salinity 20. R and ER showed an inverse relationship with salinity (Fig. 2D,F), although oxygen consumption 
reached a plateau at salinity 25 while excretion continued decreasing following a linear relationship with salinity 
(e.d.f = 1; Table 1).

Thread drifters continued to maintain higher O:N values than sedentary settlers, according to the higher R 
and lower ER recorded (Table 1). Nonetheless, both size classes showed a similar pattern between O:N and salin-
ity with maximum values again at the higher salinity treatments (Table 1; Fig. 2G,H).

Discussion
Most bivalve post-larvae retain a functional byssal apparatus after settlement which contributes to migrations 
and habitat selection54,55. Nonetheless, thread drifters are not usually considered as a distinct developmental 
stage and their contribution to shaping the distribution and abundance of populations is often downplayed, 
even when drifters and sedentary settlers occupy different niches. Asymmetric competition processes (inter 
and intra-specific) between recently settled juveniles and adults can justify the use of different habitats, but 
stage-specific environmental requirements may also play a role56. Our results point out the different physiological 
responses to saline stress between thread drifters and sedentary settlers both during the acute and acclimated 
responses (Figs 1 and 2; Table 1) highlighting the loss of drifting capability as a key developmental step with 
physiological implications. Thread drifters showed a higher plasticity to adapt to salinity variations, with faster 
acclimation processes which allowed them to maintain a more balanced metabolism (O:N ratios) over a larger 
range of salinities than sedentary settlers (Fig. 1; Table 1). This happened not just during the acute response as 
we predicted, but also during the acclimated reaction to salinity perturbation (Fig. 2; Table 1). After 7 days of 
exposure thread drifters were acclimated to the different salinity treatments, showing no differences in CR, R 
or ER between treatments as well as a balanced metabolism between proteins and carbohydrates (O:N values 
≈50) for every salinity (Fig. 2). Conversely, sedentary settlers still did not resume feeding activity at salinity 15, 
and energy losses through respiration and excretion were larger for the lowest salinities with predomination of 
protein catabolism (O:N < 30) in all treatments but 35 (Fig. 2). Contrary to what we had predicted, the fact of 
occupying a more stable environment implies a delay of acclimation processes. Acclimation time varies between 
species according to their physiological limits and the degree of the salinity drop experienced6, but in many inver-
tebrates also according to the developmental stage exposed to the stress episode28,32–36. Our results suggest that 
C. edule narrows its salinity range as they grow according to their new habitat demands. C. edule shows a salinity 
optimum around 30–35 during their planktonic larval stage while they develop in the water column57, but adults 

Figure 2. Generalized additive model results showing the partial effect of Salinity on clearance (A,B) 
respiration (C,D) and excretion rates (E,F) as well as O:N ratios (G,H) during acclimated response (7 days of 
exposure) for thread drifters (top row) and sedentary settlers (bottom row). otted lines indicate 95% confidence 
intervals, and tick marks along the x-axis below each curve represent effect values where observations occurred.
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physiological performance maximizes at salinities 20–2525, consistent with the intermediate estuarine level they 
preferentially occupy44. Our results reinforce the idea of thread drifters acting as a transitional developmental 
stage with intermediate requirements adapted to the more variable environment they occupy. Recruitment areas 
are usually well defined and located towards the inner parts of the bays or estuaries at the high to mid-intertidal 
level while older individuals, the sedentary settlers, tend to be more abundant towards the low-intertidal and 
subtidal13,44,58. The differential distribution of age classes has been often associated with a lower predation pressure 
on the high-mid intertidal until spat reach certain size refuge both from adult cannibalism (≈0.9 mm39) and from 
other common predators which fed preferentially in small cockles (i.e. ≈2 mm for Crangon crangon59; 5–10 mm 
for Carcinus maenas38). Nonetheless, the lower predation pressure in the high intertidal is accompanied by higher 
variability in temperature, salinity and air exposure conditions which might explain the larger physiological plas-
ticity of thread drifters. Higher instability has higher energetic demands with their detrimental effects on growth 
and fitness6. Drifting capability of the small spat allows them to migrate towards the low intertidal, which will be 
a more favourable and stable environment as they grow12,38,60. Since habitat demands increase with age, migration 
of entire cohorts might happen almost simultaneously explaining the age-stratification observed in the intertidal 
for some bivalves41.

Nonetheless, the lethal threshold was the same for both developmental stages (100% mortality after 4 days 
at salinity <15) and after 2 days of exposure at salinities below 15 both size levels reacted by closing their valves 
and depressing physiological activity (Fig. 1). Similarly, broader ranges of salinities have been reported for 
other bivalves such as Mytilus charruana spat (3–19 mm) (2–40) versus those of larger size (50–54 mm) (2–23), 
although the lower salinity limit was the same for both sizes33. Valve closure is a common behavioural response of 
bivalves to sudden changes in salinity which allows them to reduce salt lost from the mantle cavity fluid4,5,25,61,62 
avoiding osmotic shock for short periods of time. During valve closure physiological activity is depressed (brad-
ycardia, reduced respiration, etc.) and anaerobic metabolism activated4–7, therefore longer exposures below their 
lethal tolerance result in mass mortality events as has been extensively documented for cockles at salinity below 
158,9,25. As the lethal threshold is exceeded, acclimation processes are triggered. Avoidance of osmotic shock 
and oxidative stress are energetically expensive, and are usually accompanied by reductions of feeding activity 
and energy acquisition4–7,5. Feeding activity was resumed for drifters after 2 days of exposure at salinity 15 and 
progressively increased with salinity (Fig. 1A) indicating the activation of the acclimation processes at day 2. 
However, sedentary settlers kept CR close to zero at salinity 15 even after 7 days of exposure (Figs 1B and 2B) 
sustaining an on/off response instead of acclimation. Reductions in feeding activity during acclimation to hypos-
motic environments have been reported for many bivalves species6,29,63–68 and might be ruled by the effect of 
salinity on the degree of shell gaping and siphon retraction62. On/off responses have been also reported in several 
studies on filter feeding bivalves exposed to stress conditions and described as an energy saving strategy6,69,70. 
Acclimation processes are energetically expensive, and sedentary settlers seem to be able to wait for longer before 
its activation.

Another indicator of activation of acclimation processes to hypo-saline stress is the increase in ammonium 
excretion since cell volume regulation is mainly achieved by modulation of nitrogen metabolism5,6,26,61,71,72. 
Therefore, maximum ERs might be expected at those salinities that require higher osmorregulatory effort5,71,72. 
That is the case for thread drifters during acute response which recorded maximum ER at salinity 15 (Fig. 1E). 
Nonetheless, sedentary settlers presented maximum ER at salinity 25 (Fig. 1F) which is the optimum salinity 
reported for adults of the species25 and also the salinity treatment which recorded maximum values of oxygen 
uptake (Fig. 1D) suggesting again that acclimation processes were not initiated for sedentary settlers at the lower 
salinities until day 7 when ER peaked at salinity 15 (Fig. 2F). Nonetheless, sedentary settlers showed greater 
averaged ER values than thread drifters (Table 1) in concordance with the expected increment in protein catab-
olism with size73. Allometric coefficients also differ between developmental stages with regard to respiration74 
explaining why averaged R values were lower for sedentary settlers than thread drifters (Table 1). Higher R jointly 
with lower ER values explain the higher O:N ratios recorded for thread drifters (Table 1) and highlight the larger 
level of stress suffered by sedentary settlers to acute saline fluctuations and their lower capability for long-term 
acclimation.

Smaller individuals constitute the fastest-growing phase with larger demands of energy75,76 and therefore 
higher oxygen demand. Differences on metabolic activity between developmental stages might also contribute to 
explain their response to acclimation to saline fluctuations. Sedentary settlers might be able to slow down their 
metabolic activity for longer periods before the activation of the costly acclimation processes.

Physiological differences when facing saline stress might be closely related to the particular habitat occupied 
by each developmental stage. In more stable habitats, like the ones inhabited by sedentary settlers, where salinity 
drops are less common and do not last for long periods, holding physiological tuning for longer periods might 
compensate energetically the initiation of acclimation processes. On the other hand, highly variable habitats 
occupied by thread drifters might require a more plastic physiological response accompanied by a larger meta-
bolic activity to sustain the energetic demands of continuous acclimation to the environment.

Biotic and abiotic factors interact delimiting the environmental niches of each developmental stage (inter and 
intra-specific competition, hydrodynamics, submersion time etc.56) but salinity is one of the main drivers of the dis-
tribution of the cockle populations44,45. Our results, point out the relevance of the thread drifters as an intermediate 
phase between larvae and adults. Stage-specific requirements need to be taken into account to understand popu-
lation dynamics and develop integrative management strategies which integrate the spatio-temporal requirements 
of the species. For example, in the Schelde estuary, certain mesohaline areas are important for C. edule settlement 
during summer, but juveniles cannot survive the winter there because of the drop of salinity in that region77. Thus, 
timing of recruitment is also essential, since recently settled individuals need to grow and migrate to more suitable 
areas before the rainy season begins78. Increased variability of the climatology is already impacting the C. edule 
reproduction cycle by prolonging spawning periods and reducing resting times20. Recruitment timing has been 
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described as the most important variable determining recruitment success in C. edule populations27. Changes in 
the gametogenetic cycle may cause mismatches between the presence of larvae, thread drifters or juveniles and their 
specific environmental requirements20,78. Complex biotic and abiotic interactions determine the optimum repro-
ductive window of the species and the spatio-temporal habitat availability for each developmental stage. Introducing 
stage-specific physiological requirements on management policies is crucial to develop successful preservation strat-
egies for the stock and the fishery in order to face new climate challenges.

References
 1. Dumbauld, B. R., Ruesink, J. L. & Rumrill, S. S. The ecological role of bivalve shellfish aquaculture in the estuarine environment: A 

review with application to oyster and clam culture in West Coast (USA) estuaries. Aquaculture 290, 196–223 (2009).
 2. Philippart, C. J. M. et al. Impacts of climate change on European marine ecosystems: Observations, expectations and indicators. J. 

Exp. Mar. Biol. Ecol. 400, 52–69 (2011).
 3. Levinton, J., Doall, M., Ralston, D., Starke, A. & Allam, B. Climate Change, Precipitation and Impacts on an Estuarine Refuge from 

Disease. PLOS ONE 6, e18849 (2011).
 4. Berger, V. J. & Kharazova, A. D. Mechanisms of salinity adaptations in marine molluscs. Hydrobiologia 355, 115–126 (1997).
 5. Hauton, C. Physiological responses: Effects of salinity as a stressor to aquatic invertebrates. In Stressors in the marine environment: 

physiological and ecological responses; societal implications (eds. Solan, M. & Whiteley, N. M.) 3–24 (Oxford University Press, 2016).
 6. Widdows, J. Physiological Measurements. In The Effects of Stress and Pollution on Marine Animals (eds Bayne, B. L. et al.) 3–45 

(Praeger, 1985).
 7. Akberali, H. B. & Trueman, E. R. Effects of Environmental Stress on Marine Bivalve Molluscs. Adv. Mar. Biol. 22, 101–197 (1985).
 8. Parada, J. M., Molares, J. & Otero, X. Multispecies Mortality Patterns of Commercial Bivalves in Relation to Estuarine Salinity 

Fluctuation. Estuaries Coasts 35, 132–142 (2012).
 9. Burdon, D., Callaway, R., Elliott, M., Smith, T. & Wither, A. Mass mortalities in bivalve populations: A review of the edible cockle 

Cerastoderma edule (L.). Estuar. Coast. Shelf Sci. 150, 271–280 (2014).
 10. Beukema, J., Dekker, R. & Philippart, C. Long-term variability in bivalve recruitment, mortality, and growth and their contribution 

to fluctuations in food stocks of shellfish-eating birds. Mar. Ecol. Prog. Ser. 414, 117–130 (2010).
 11. Ramón, M. Population dynamics and secondary production of the cockle Cerastoderma edule (L.) in a backbarrier tidal flat of the 

Wadden Sea. Sci. Mar. 67, 429–443 (2003).
 12. Dare, P. J., Bell, M. C., Walker, P. & Bannister, R. C. A. Historical and current status of cockle and mussel stocks in The Wash. (CEFAS, 

2004).
 13. Ponsero, A., Dabouineau, L. & Allain, J. Modelling of common European cockle Cerastoderma edule fishing grounds aimed at 

sustainable management of traditional harvesting. Fish. Sci. 75, 839–850 (2009).
 14. Malham, S. K., Hutchinson, T. H. & Longshaw, M. A review of the biology of European cockles (Cerastoderma spp.). J. Mar. Biol. 

Assoc. UK 92, 1563–1577 (2012).
 15. Cesar, C. P. & Frid, C. L. J. Effects of experimental small-scale cockle (Cerastoderma edule L.) fishing on ecosystem function. Mar. 

Ecol. 30, 123–137 (2009).
 16. Beukema, J. J. & Dekker, R. Decline of recruitment success in cockles and other bivalves in the Wadden Sea: possible role of climate 

change, predation on postlarvae and fisheries. Mar. Ecol. Prog. Ser. 287, 149–167 (2005).
 17. Parada, J. M. & Molares, J. Mortalidad natural del berberecho Cerastoderma edule (L.) en la zona intermareal de la ría de Arousa (NO 

de España). Rev. Biol. Mar. Oceanogr. 43, 501–511 (2008).
 18. Villalba, A. et al. Cockle Cerastoderma edule fishery collapse in the Ría de Arousa (Galicia, NW Spain) associated with the protistan 

parasite Marteilia cochillia. Dis. Aquat. Organ. 109, 55–80 (2014).
 19. Cardoso, P. G., Raffaelli, D., Lillebø, A. I., Verdelhos, T. & Pardal, M. A. The impact of extreme flooding events and anthropogenic 

stressors on the macrobenthic communities’ dynamics. Estuar. Coast. Shelf Sci. 76, 553–565 (2008).
 20. Morgan, E. O., Riordan, R. M. & Culloty, S. C. Climate change impacts on potential recruitment in an ecosystem engineer. Ecol. Evol. 

3, 581–594 (2013).
 21. Molares, J., Parada, J. M., Navarro-Pérez, E. & Fernández, A. Variabilidad interanual de las ventas de los principales recursos 

marisqueros de Galicia y su relación con las condiciones ambientales. Rev Gal Rec Mar Art Inf Tecn 2, 1–42 (2008).
 22. Grilo, T. F., Cardoso, P. G., Dolbeth, M., Bordalo, M. D. & Pardal, M. A. Effects of extreme climate events on the macrobenthic 

communities’ structure and functioning of a temperate estuary. Mar. Pollut. Bull. 62, 303–311 (2011).
 23. Strasser, M., Reinwald, T. & Reise, K. Differential effects of the severe winter of 1995/96 on the intertidal bivalves Mytilus edulis, 

Cerastoderma edule and Mya arenaria in the Northern Wadden Sea. Helgol. Mar. Res. 55, 190–197 (2001).
 24. Callaway, R., Burdon, D., Deasey, A., Mazik, K. & Elliott, M. The riddle of the sands: how population dynamics explains causes of 

high bivalve mortality. J. Appl. Ecol. 50, 1050–1059 (2013).
 25. Verdelhos, T., Marques, J. C. & Anastácio, P. The impact of estuarine salinity changes on the bivalves Scrobicularia plana and 

Cerastoderma edule, illustrated by behavioral and mortality responses on a laboratory assay. Ecol. Indic. 52, 96–104 (2015).
 26. Gosling, E. Circulation, respiration, excretion and osmoregulation. In Marine bivalve molluscs (John Wiley & Sons, 2015).
 27. Magalhães, L., Freitas, R. & de Montaudouin, X. Cockle population dynamics: recruitment predicts adult biomass, not the inverse. 

Mar. Biol. 163 (2016).
 28. Richmond, C. E. & Woodin, S. A. Short-term fluctuations in salinity: effects on planktonic invertebrate larvae. Mar. Ecol. Prog. Ser. 

167–177 (1996).
 29. Navarro, J. M. & Gonzalez, C. M. Physiological responses of the Chilean scallop Argopecten purpuratus to decreasing salinities. 

Aquaculture 167, 315–327 (1998).
 30. Przeslawski, R., Davis, A. R. & Benkendorff, K. Synergistic effects associated with climate change and the development of rocky 

shore molluscs. Glob. Change Biol. 11, 515–522 (2005).
 31. Soria, G., Merino, G. & von Brand, E. Effect of increasing salinity on physiological response in juvenile scallops Argopecten 

purpuratus at two rearing temperatures. Aquaculture 270, 451–463 (2007).
 32. Verween, A., Vincx, M. & Degraer, S. The effect of temperature and salinity on the survival of Mytilopsis leucophaeata larvae 

(Mollusca, Bivalvia): The search for environmental limits. J. Exp. Mar. Biol. Ecol. 348, 111–120 (2007).
 33. Yuan, W., Walters, L. J., Schneider, K. R. & Hoffman, E. A. Exploring the survival threshold: a study of salinity tolerance of the 

nonnative mussel Mytella charruana. J. Shellfish Res. 29, 415–422 (2010).
 34. Pineda, M. C. et al. Tough adults, frail babies: an analysis of stress sensitivity across early life-history stages of widely introduced 

marine invertebrates. PLoS ONE 7, e46672 (2012).
 35. Dunn, P., Zarulli, V. & Levitis, D. Beyond being eaten or swept away: ontogenetic transitions drive developmental mortality in 

marine barnacle larvae. Mar. Ecol. Prog. Ser. 559, 103–116 (2016).
 36. Yuan, W. S., Walters, L. J., Brodsky, S. A., Schneider, K. R. & Hoffman, E. A. Synergistic effects of salinity and temperature on the 

survival of two nonnative bivalve molluscs, Perna viridis (Linnaeus 1758) and Mytella charruana (d’Orbigny 1846). J. Mar. Biol. 
2016, 1–14 (2016).



www.nature.com/scientificreports/

8Scientific REPORts |  (2018) 8:8329  | DOI:10.1038/s41598-018-26706-9

 37. La Peyre, M. K., Eberline, B. S., Soniat, T. M. & La Peyre, J. F. Differences in extreme low salinity timing and duration differentially 
affect eastern oyster (Crassostrea virginica) size class growth and mortality in Breton Sound, LA. Estuar. Coast. Shelf Sci. 135, 
146–157 (2013).

 38. Sanchez-Salazar, M. E., Griffiths, C. L. & Seed, R. The interactive roles of predation and tidal elevation in structuring populations of 
the edible cockle. Cerastoderma edule. Estuar. Coast. Shelf Sci. 25, 245–260 (1987).

 39. André, C. & Rosenberg, R. Adult-larval interactions in the suspension-feeding bivalves Cerastoderma edule and Mya arenaria. Mar. 
Ecol. Prog. Ser. 227–234 (1991).

 40. Whitton, T. A., Jenkins, S. R., Richardson, C. A. & Hiddink, J. G. Aggregated prey and predation rates: Juvenile shore crabs (Carcinus 
maenas) foraging on post-larval cockles (Cerastoderma edule). J. Exp. Mar. Biol. Ecol. 432–433, 29–36 (2012).

 41. Armonies, W. Changes in distribution patterns of 0-group bivalves in the Wadden Sea: byssus-drifting releases juveniles from the 
constraints of hydrography. J. Sea Res. 35, 323–334 (1996).

 42. Whitton, T. A., Jenkins, S. R., Richardson, C. A. & Hiddink, J. G. Changes in small scale spatial structure of cockle Cerastoderma 
edule (L.) post-larvae. J. Exp. Mar. Biol. Ecol. 468, 1–10 (2015).

 43. Yankson, K. Observations on byssus systems in the spat of Cerastoderma glaucum and C. edule. J. Mar. Biol. Assoc. UK 66, 277–292 
(1986).

 44. Ysebaert, T., Meire, P., Herman, P. M. & Verbeek, H. Macrobenthic species response surfaces along estuarine gradients: prediction 
by logistic regression. Mar. Ecol. Prog. Ser. 225, 79–95 (2002).

 45. Fujii, T. Spatial patterns of benthic macrofauna in relation to environmental variables in an intertidal habitat in the Humber estuary, 
UK: Developing a tool for estuarine shoreline management. Estuar. Coast. Shelf Sci. 75, 101–119 (2007).

 46. Sobral, P. & Widdows, J. Effects of elevated temperatures on the scope for growth and resistance to air exposure of the clam Ruditapes 
decussatus (L.), from southern Portugal. Sci. Mar. 61, 163–171 (1997).

 47. Coughlan, J. The estimation of filtering rate from the clearance of suspensions. Mar. Biol. 2, 356–358 (1969).
 48. Solórzano, L. Determination of ammonia in natural waters by the phenol hypochlorite method. Limnol. Oceanogr. 14, 799–801 (1969).
 49. Mayzaud, P. & Conover, R. J. O: N atomic ratio as a tool to describe zooplankton metabolism. Mar. Ecol. Prog. Ser. 289–302 (1988).
 50. Smaal, A. C., Vonck, A. & Bakker, M. Seasonal variation in physiological energetics of Mytilus edulis and Cerastoderma edule of 

different size classes. J. Mar. Biol. Assoc. UK 77, 817–838 (1997).
 51. Crawley, M. J. The R Book. (John Wiley & Sons, Ltd, 2007).
 52. Zuur, A., Ieno, E. N. & Smith, G. M. Analyzing Ecological Data. (Springer Science & Business Media, 2007).
 53. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. 

http://www.R-project.org/ (2016).
 54. Armonies, W. Drifting meio- and macrobenthic invertebrates on tidal flats in Knigshafen: a review. Helgolãnder Meeresunters 48, 

299–318 (1994).
 55. Armonies, W. Migratory rhythms of drifting juvenile molluscs in tidal waters of the Wadden Sea. Mar. Ecol. Prog. Ser. 197–206 

(1992).
 56. Demontaudouin, X. & Bachelet, G. Experimental evidence of complex interactions between biotic and abiotic factors in the 

dynamics of an intertidal population of the bivalve Cerastoderma edule. Oceanol. Acta 19, 449–463 (1996).
 57. Kingston, P. Some observations on the effects of temperature and salinity upon the growth of Cardium edule and Cardium glaucum 

larvae in the laboratory. J. Mar. Biol. Assoc. UK 54, 309–317 (1974).
 58. Boldina, I. & Beninger, P. G. Fine-scale spatial structure of the exploited infaunal bivalve Cerastoderma edule on the French Atlantic 

coast. J. Sea Res. 76, 193–200 (2013).
 59. Pihl, L. & Rosenberg, R. Food selection and consumption of the shrimp Crangon crangon in some shallow marine areas in western 

Sweden. Mar. Ecol. Prog. Ser. 159–168 (1984).
 60. Jensen, K. T. Dynamics and growth of the cockle, Cerastoderma edule, on an intertidal mud-flat in the Danish Wadden Sea: effects 

of submersion time and density. Neth. J. Sea Res. 28, 335–345 (1992).
 61. Shumway, S. E. Effect of Salinity Fluctuation on the Osmotic Pressure and Na+, Ca2+ and Mg2+ Ion Concentrations in the 

Hemolymph of Bivalve Molluscs. Mar. Biol. 41, 153–177 (1977).
 62. Nossier, M. A. Ecophysiological responses of Cerastoderma edule (L.) and C. glaucum (Bruguiere) to different salinity regimes and 

exposure to air. J. Molluscan Stud. 52, 110–119 (1986).
 63. Navarro, J. M. The effects of salinity on the physiological ecology of Choromytilus chorus (Molina, 1782)(Bivalvia: Mytilidae). J. Exp. 

Mar. Biol. Ecol. 122, 19–33 (1988).
 64. Rodstrom, E. M. & Jonsson, P. R. Survival and feeding activity of oyster spat (Ostrea edulis L.) as a function of temperature and 

slainity with implications for culture policies on the Swedish West Coast. J. Shellfish Res. 19, 799–808 (2000).
 65. Resgalla, C. Jr., Brasil, E., de, S. & Salomão, L. C. The effect of temperature and salinity on the physiological rates of the mussel Perna 

perna (Linnaeus 1758). Braz. Arch. Biol. Technol. 50, 543–556 (2007).
 66. Hutchinson, S. & Hawkins, L. E. Quantification of the physiological responses of the European flat oyster Ostrea edulis L. to 

temperature and salinity. J. Molluscan Stud. 58, 215–226 (1992).
 67. Wang, Y., Hu, M., Wong, W. H., Shin, P. K. S. & Cheung, S. G. The combined effects of oxygen availability and salinity on 

physiological responses and scope for growth in the green-lipped mussel Perna viridis. Mar. Pollut. Bull. 63, 255–261 (2011).
 68. Sarà, G., Romano, C., Widdows, J. & Staff, F. J. Effect of salinity and temperature on feeding physiology and scope for growth of an 

invasive species (Brachidontes pharaonis - MOLLUSCA: BIVALVIA) within the Mediterranean sea. J. Exp. Mar. Biol. Ecol. 363, 
130–136 (2008).

 69. Bayne, B. L. Feeding Physiology of Bivalves: Time-Dependence and Compensation for Changes In Food Availability. in Bivalve Filter 
Feeders 1–24 (Springer, Berlin, Heidelberg, 1993).

 70. Velasco, L. A. & Navarro, J. M. Feeding physiology of infaunal (Mulinia edulis) and epifaunal (Mytilus chilensis) bivalves under a 
wide range of concentrations and qualities of seston. Mar. Ecol. Prog. Ser. 240, 143–155 (2002).

 71. Bartberger, C. A. & Pierce, S. K. Jr. Relationship between ammonia excretion rates and hemolymph nitrogenous compounds of a 
euryhaline bivalve during low salinity acclimation. Biol. Bull. 150, 1–14 (1976).

 72. Livingstone, D. R., Widdows, J. & Fieth, P. Aspects of nitrogen metabolism of the common mussel Mytilus edulis: Adaptation to 
abrupt and fluctuating changes in salinity. Mar. Biol. 53, 41–55 (1979).

 73. Gabbott, P. A. & Bayne, B. L. Biochemical effects of temperature and nutritive stress on Mytilus edulis L. J. Mar. Biol. Assoc. UK 53, 
269–286 (1973).

 74. Kang, K. H., Park, H.-J., Kim, Y. H., Seon, S. C. & Zhou, B. Filtration and oxygen consumption rates on various growth stages of 
Scapharca broughtonii spat: Filtration and oxygen consumption of Scapharca broughtonii spat. Aquac. Res. 39, 195–199 (2007).

 75. Hamburger, K., Møhlenberg, F., Randløv, A. & Riisg\a ard, H. U. Size, oxygen consumption and growth in the mussel Mytilus edulis. 
Mar. Biol. 75, 303–306 (1983).

 76. Zotin, A. A. & Ozernyuk, N. D. Age-related changes in oxygen consumption in the edible mussel Mytilus edulis from the White Sea. 
Biol. Bull. 31, 465–468 (2004).

 77. Ysebaert, T., De Neve, L. & Meire, P. The subtidal macrobenthos in the mesohaline part of the Schelde Estuary (Belgium): influenced 
by man? J. Mar. Biol. Assoc. UK 80, 587–597 (2000).

 78. Philippart, C. J. et al. Climate-related changes in recruitment of the bivalve Macoma balthica. Limnol. Oceanogr. 48, 2171–2185 
(2003).

http://www.R-project.org/


www.nature.com/scientificreports/

9Scientific REPORts |  (2018) 8:8329  | DOI:10.1038/s41598-018-26706-9

Acknowledgements
This research was funded by the Spanish Government (Ministerio de Economia y Competitividad) through the 
project MARISCO (CTM2014–51935-R) by the Autonomous Galician Government (Xunta de Galicia) though 
the project SEMENTE (POS-B/2016/032) and by funds from the Xunta de Galicia-FEDER (GRC2013–004). We 
specially thank Esther Perez, Noelia Costoya, Rosana Rodriguez and Sergio Gonzalez for their technical support.

Author Contributions
L.G.P. planned the study, run the laboratory experiment, analyzed the results and wrote the manuscript. E.V. 
and C.O. contributed to the experimental design, laboratory analysis and data interpretation. S.W and D.W. 
contributed to the results interpretation. D.C. and A.G. contributed to organize and run the laboratory 
experiment. All authors read and contributed to writing the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Responses to salinity stress in bivalves: Evidence of ontogenetic changes in energetic physiology on Cerastoderma edule
	Material and Methods
	Experimental setup. 
	Physiological measurements. 
	Clearance Rate. 
	Respiration Rate. 
	Ammonium Excretion. 
	O:N index. 
	Standardization of physiological rates. 
	Data Analysis. 
	Data availability. 

	Results
	Acute Response. 
	Acclimated Response. 

	Discussion
	Acknowledgements
	Figure 1 Generalized additive model results showing the partial effect of Salinity on clearance (A,B) respiration (C,D) and excretion rates (E,F) as well as O:N ratios (G,H) during acute response (2 days of exposure) for thread drifters (top row) and sede
	Figure 2 Generalized additive model results showing the partial effect of Salinity on clearance (A,B) respiration (C,D) and excretion rates (E,F) as well as O:N ratios (G,H) during acclimated response (7 days of exposure) for thread drifters (top row) and
	Table 1 Structure of the General Additive Models selected to describe the effect of Salinity, Size and Salinity x Size when their interaction was significant on CR, ER, R and ON during acute (2 days) and acclimated (7 days) response.




