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Understanding how allometric exponents vary in the different biologically determined patterns turns out to be fundamental for the development of a unifying hypothesis that intends to explain most of the variation among taxa and physiological states. The aims of this study were (i) to analyze the scaling exponents of oxygen consumption at different metabolic rates in Mytilus galloprovincialis according to different seasons, habitat, and acclimation to laboratory conditions and (ii) to examine the variation in shell morphology depending on habitat or seasonal environmental hazards. The allometric exponent for standard metabolic rate (b value) did not vary across seasons or tide level, presenting a consistent value of 0.644. However, the mass-specific standard oxygen consumption (a value), i.e. metabolic level, was lower in intertidal mussels (subtidal mussels: a = - 1.364; intertidal mussels: a = - 1.634). The allometric exponent for routine metabolic rate changed significantly with tide level: lower allometric exponents for intertidal mussels (b = 0.673) than for subtidal mussels (b = 0.871). This differential response did not change for at least two months after the environmental cue was removed. We suggest that this is the result of intertidal mussels investing fundamentally in surface-dependent organs (gill and shell), with the exception of the slightly higher values obtained in May as a likely consequence of gonadal tissue development. Subtidal mussels, on the contrary, are probably in constant demand for volume-related resources, which makes them consistently obtain an allometric exponent of around 0.87.
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1 Introduction

Studying the factors that influence respiratory metabolism is essential because it can affect a wide range of activities and their interpretation at different levels of the biological hierarchy. One of the most important physiological factors affecting metabolism is body size. Within specific taxonomic groups, R –metabolic rate– often varies closely with M –body mass–, following a power function that can be described as:

	

where a is the scaling coefficient (or proportionality constant) and b is the scaling exponent (or logarithmic slope). This relationship has been a source of discussion considering that even though a reasonable variation both within and among taxa is acknowledged for b value, it is unknown if these variations are deviations from a general law, or whether there is no such law (Agutter and Wheatley, 2004). The so-called ‘3/4-power law’, was proposed by Kleiber (1932), who noted a value of 0.75 for the scaling exponent of birds and mammals. Hemmingsen (1960) also revealed a value of around 0.75 for a heterogeneous bunch of poikilotherms. Since then, a scaling exponent of 0.75 has been assumed for virtually all organisms (e.g., Brown et al., 2004), despite the activity or metabolic level, giving the impression of a common underlying mechanistic origin (Savage et al., 2004). However, due to the broad assumptions of the law and the ample amount of examples in which the b value deviates from 0.75 (see Glazier, 2005), it has suffered harsh criticism (e.g., Bokma, 2004; Suarez et al., 2004; Glazier, 2005; Muller-Landau et al., 2006; White et al., 2006; Glazier, 2008; Glazier, 2009; Glazier, 2010; White, 2011; Carey et al., 2013), and it seems to be no longer acceptable (Glazier, 2022b).

In the face of controversy, alternative models have been proposed to explain the variety of metabolic scaling relationships observed (reviewed in da Silva et al., 2006; O’Connor et al., 2007) often evolving towards covering theoretical models that embrace not only physical factors, but also the influence of biological regulation, various abiotic and biotic ecological factors, and evolutionary optimization (Glazier, 2022b). Although some theoretical approaches include the effects of body shape, (e.g. Hirst et al., 2014; Glazier, 2015) and cellular model of growth (e.g. Kozlowski et al., 2003; Kozlowski et al., 2020; Glazier, 2022a), to date, only the metabolic-level boundaries (MLB) hypothesis proposed by Glazier (2005; 2010, 2014) seems to explain not only most of the variation among taxa but also amongst physiological states. The MLB hypothesis describes how the observed values of b often fall between the theorized boundary values of 0.667 and 1. It explains how b varies when supply exceeds metabolic demand and when metabolic demand exceeds supply. The fluctuation of the scaling exponent between those end values might depend on metabolic rate, activity and ecological factors (Glazier, 2010). Therefore, testing is still required for some answers to be cleared up. For instance, it would be necessary to analyze which ecological factors affect not only the overall metabolic level but also the metabolic scaling exponent.

Sessile organisms, such as mussels, that inhabit temperate zones with tidal regimes may turn out to be suitable for the analysis of the aforementioned hypothesis, since although they belong to the same species, they live under different biological realities (Nicastro et al., 2010). Descendant mussels of the same spawning event can end up inhabiting either the subtidal zone or different zones along the intertidal. This vertical zonation of the mussel communities is especially relevant not only due to the different set of challenges that each zone subdues the mussels to; but also because, as long as they are sessile, they cannot move to evade the environmental stresses. In fact, high intertidal organisms are regularly exposed to large variations and steep gradients of environmental factors, such as temperature, food availability, humidity and salinity, besides the short-term and severe decrease in available oxygen that becomes more extreme higher up the shore (Mandic and Regan, 2018; McArley et al., 2019). So much so, that life in the intertidal for bivalves involves a wide range of adaptation responses such as reduced water loss, increased thermal resistance, etc. (see Leeuwis and Gamperl, 2022 for a comprehensive review).

Those same mussels affected by tide regimes are also influenced by seasons, which could also have an effect on the scaling values. Indeed, Mytilus ssp. have developed physiological regulations that modify its metabolism to cope with these ecological fluctuations (Bayne et al., 1988). Moreover, most of the measurements that aim to understand these variations are performed in the laboratory, creating the need to understand to what extent the scaling values vary when working under laboratory conditions. In addition, understanding how allometric exponents vary in those biologically determined patterns turns out to be fundamental for the standardization of growth models in bioenergetics. For the Mytilus genre, few studies have analyzed the metabolic size scaling variation (Winter, 1978; Bayne and Newell, 1983; Sprung, 1984; Hawkins et al., 1990; Arranz et al., 2016; Ibarrola et al., 2022) and even less have differentiated between standard and routine metabolic rates. This is especially relevant for M. galloprovincialis, the size standardization of which is based on values reported for related species of the same genre, mostly M. edulis (Anestis et al., 2010; Tamayo et al., 2016; Prieto et al., 2020) and occasionally M. chilensis (Sarà and Pusceddu, 2008). It has never been accomplished to our knowledge a systematic study of the metabolic size scaling of M. galloprovincialis that analyses the variation of the scaling exponents according to not only activity level but also to variable outside environmental factors.

When thorough analysis of allometric scaling is pursued in mussels, the shell dimensions need to be examined, since they are known to vary with regard to environmental factors and specific life-habitats (e.g. Steffani and Branch, 2003; Babarro and Carrington, 2011). Moreover, because the integrity of the shell determines survival, shell-form is subject to strong selection pressure, making it a fundamental evolutionary driving force. Although shells protect mussels against abiotic and biotic factors (Burnett and Belk, 2018), shell traits can also shift with body size, an endogenous parameter analyzed for some mollusks (e.g. Franz, 1993; Tokeshi et al., 2000; Alunno-Bruscia et al., 2001; Cordero-Rivera et al., 2022), but seldom considered specifically for M. galloprovincialis. Shells can also be used to explore intraspecific variations in different environments, as shell shape may also have an effect on shell performance (Fitzer et al., 2015).

In the present investigation, we analyzed the growth allometry of oxygen consumption at different metabolic rates in Mytilus galloprovincialis according to different seasons, habitat and acclimation to laboratory conditions. The influence of season and habitat on the condition index, shell density and the scaling relationship of shell dimensions was also examined. It was hypothesized that (1) scaling exponents of oxygen consumption at different metabolic rates are modified by season, habitat and acclimation time, and (2) shell-morphology differs in a way that reduces the different environmental hazards imposed by habitat or season. The findings are not only useful for mussel energetics, but provide insight into the scaling relationships of Mytilus galloprovincialis in the light of ecology, lifestyle and other extrinsic factors with reference to recent literature.




2 Materials and methods



2.1 Mussel collection and experimental setup



2.1.1 Season and tidal-regime experiment

Two samplings were made to collect M. galloprovincialis mussels from the sheltered rocky shore of Plentzia (Biscay, Spain, 43° 24’ N; 2° 56’ W) (Figure 1), coinciding with the fall (November 2021) and spring (May 2022) seasons. Water temperature was around 15.5 °C in both seasons and the phytoplankton concentration similar (Bilbao et al., 2021) In each sampling, mussels were collected at low tide (spring tides) from the intertidal (n = 30) and subtidal (n = 30) tide zones, covering the broadest size-range possible: 21.6 – 67.0 mm and 22.4 – 65 mm for the intertidal and subtidal tide regimes in November; 20.6 – 68.3 mm and 21.8 – 66.0 mm for the intertidal and subtidal mussels in May. Therefore, four different experimental groups emerge from the combination of the tidal regime (subtidal –S– vs. intertidal –I–) and sampling date (November –N– vs. May –M–): SN, IN, SM and IM.




Figure 1 | Sampling point in the Bay of Plentzia in Biscay (North of Spain).



Mussels were transferred to the laboratory in air-exposed wet containers. On both occasions, the procedure followed identical protocols: intertidal and subtidal mussels were placed in two different tanks (50 L) at constant seawater salinity (33 PSU) and temperature (16 °C). The next day upon arrival, the routine oxygen consumption of each individual was measured, while the standard oxygen consumption was recorded after 7 days of fasting. This period was established to be sufficient for mussels to minimize any energy cost derived from digestion processes (Prieto et al., 2018).




2.1.2 Acclimation experiment

To understand the effects that acclimation to laboratory conditions might have on the metabolism of both tidal regimes, all mussels collected in November were kept in the laboratory for a period of 2 months individualized in independent chambers. Two tanks (50 L) were used for subtidal and intertidal mussels, respectively, maintained under constant seawater salinity (33 PSU) and temperature (16 °C). The seawater was pump directly from a 12 000 L reservoir of natural seawater that is filtered through a biological filter and three subsequent fiberglass filters (100, 10 and 1 µm) before going into the recirculating water system in the laboratory. Constant food was supplied in the form of a combination of own-cultured Isochrysis galbana strain BMCC1 microalgae (Basque Microalgae Culture Collection from University of the Basque Country), and a commercial mixture (Shellfish Diet 1800®) of five marine microalgae (Isochrysis sp., Pavlova sp., Tetraselmis sp., Thalassiosira weissflogii and Thalassiosira pseudonana) constantly dosed at 20000 part · mL−1. The concentration was kept stable by frequently checking with a Coulter Multisizer 3 and homogeneity ensured with air circulation. The tanks were cleaned and seawater renewed twice a week. No mortality events were recorded during the acclimation period. After the 2-month acclimation period to continuous immersion and feeding in the laboratory, routine and standard metabolic rates were again measured. For each tidal regime, two different data sets were obtained: an initial determination corresponding to the field conditions (F) and a final determination after maintenance in the laboratory (L). Consequently, four different experimental groups were obtained in this second experiment: SF, IF, SL, and IL.





2.2 Oxygen consumption



2.2.1 Routine oxygen consumption (VO2R: mL O2·h-1)

Mussels were introduced into chambers ranging from 50 to 250 ml (according to mussel size) sealed with LDO oxygen probes connected to oxymeters (HATCH HQ40d) for the determination of routine oxygen consumption. The oxygen consumption rates were calculated from the decrease in oxygen concentration in the chambers recorded during 3-4 h, or until the values decreased 20-30% of the initial baseline, every 5-10 minutes. A control chamber was used to check the stability of the oxygen concentration.




2.2.2 Standard oxygen consumption (VO2S: mL O2 · h-1)

Standard oxygen consumption was recorded likewise, except for the 7-day fasting period in which mussels were subdued before measurements were made.





2.3 Gill surface area (GA: mm2 · g-1)

Gill surface-area measurements were only recorded for the mussels collected in May, as the mussels collected in November may not reflect field values after two months of acclimation in the laboratory. After the physiological experiments were concluded, all individuals were carefully dissected. A photograph of the internal tissues was taken with a digital camera and the surface-area of the gills of each individual was calculated using ImageJ software (Abràmoff et al., 2004). A rule was placed next to the mussel when taking the photograph for size correction. The data shown correspond to one side of the demibranch.




2.4 Shell dimensions

Biometry and shell surface-area were calculated for all 30 mussels of each tidal regime in both experiments. In the case of the acclimation experiment, both measurements were taken on arrival in the laboratory and after 2 months of maintenance. The anterior-posterior (length), dorso-ventral (height) and lateral axis (width) of the shell were measured to the nearest 0.01 mm using digital dial calipers. The shell surface-area (mm2) was obtained applying a formula resembling an ellipsoid-like shape proposed by Reimer and Tedengren, 1996:

	

where L, H and W are respectively the length (mm), width (mm) and height (mm).




2.5 Condition index

After both samplings, once physiological measurements were completed, the whole flesh of each animal was dissected and desiccated (24 hrs. 100 °C) to obtain the flesh dry weight (FDW). The dry weight of the shell (SDW: mg) was obtained after the flesh residues were carefully removed from the surface of the completely air-dried shell. The shells were weighed on a 0.01 mg accuracy balance, just as the live weight of the entire animal. Condition index was computed according to Davenport and Chen (1987):

	

where TDW represents the total dry weight of the mussel computed as FDW + SDW.




2.6 Statistical analysis

Data were evaluated for normality and homoscedasticity using Shapiro-Wilk and Levene tests, respectively, prior to data analysis. Normal distribution of the residuals was checked by Normal P-P plots and the independence of the observations tested by Durbin-Watson tests.

Linear ordinary least squares regression analyzes were performed to determine the values of the scaling exponents (b) and the coefficients (a) for each regression. Regressions were computed with log-transformed data of routine and standard oxygen consumption (VO2R and VO2S), live weight, gill surface area shell length, shell surface-area and shell dry weight. Not-logarithmically transformed data of shell width, shell height and shell length were also fitted to linear regressions. Significant differences in scaling exponents and coefficients between regressions corresponding to each experimental group were tested using covariance procedures (ANCOVA) described by Zar (1999); briefly, if the null hypothesis (H0: equal slopes b1 = b2 = b3… = bk) was rejected, multiple comparison t-test was performed to determine the significant differences between each pair of slopes. If H0 was accepted, a common slope (bc) was computed and the null hypothesis of equal intercepts (a1 = a2 = a3… = ak) was subsequently tested. If intercepts were not different, a common intercept (ac) and common regression were computed. Multiple comparison t-test was performed to determine the significant differences between each pair of elevations, in case they were different.

Data resulting from each experiment was also assessed by multiple regression analysis (after observation independence and normality of residuals were checked) to sequentially identify the explanatory variables that were most closely associated with routine oxygen consumption and standard oxygen consumption (dependent variables). For the seasonality experiment, the explanatory variables were live weight (numeric), season (dummy variable; May = 0, November = 1), tide (dummy variable; subtidal = 0, intertidal = 1), 2-way interactions (live weight x season; live weight x tide; season x tide) and 3-way interaction. For the acclimation experiment, the explanatory variables were live weight (numeric), time (dummy variable; Field = 0, Laboratory = 1), tide (dummy variable; subtidal = 0, intertidal = 1), 2-way interactions (live weight x time; live weight x tide; time x tide) and 3-way interaction.

The effect of season and tide factors on shell surface-area and condition index was analyzed with two-way factor ANOVA. Statistical analyzes were performed using IBM SPSS Statistics for Windows, Version 28.0 (IBM Corp, 2021).





3 Results



3.1 Season and tidal-regime experiment



3.1.1 Routine oxygen consumption (VO2R)

The data of routine oxygen consumption for each experimental group plotted as a function of their respective live weight can be found in Figure 2A. The resulting equations are summarized in Figure 2A on the top right. Statistical comparisons between the four regression lines showed that the slopes differed from each other (Figure 2A). The allometric exponent of the subtidal mussels was consistently higher than the allometric exponent of the intertidal ones, notwithstanding the month. However, the slope of the intertidal population in November was significantly the lowest compared to the other three. The general equation relating routine oxygen consumption with live weight (W) and tide in the multiple regression analysis was the following (mean value ± SD):




Figure 2 | Regression lines for the allometric relationships of the form Y = a · Xb. (A) log- transformed routine oxygen consumption vs. log-transformed weight; (B) log-transformed standard oxygen consumption vs. log-transformed weight. On the top right of each figure, the allometric relationship is shown according to the expression: Y = a · LWb, where LW is live weight. In case of a common b-value, the recomputed a-values are also shown. On the bottom right, ANCOVA and post hoc tests. Shared letters (a, b or c) indicate no significant differences (p < 0.05). Purple and orange symbols distinguish tide levels (subtidal, intertidal), circles and triangles seasons (November, May). SN: purple circles; IN: orange circles; SM: purple triangles; IM: orange triangles.



	

Replacing the dummy variables, the following regression models arose for subtidal (0) and intertidal (1) mussels taking together the values for November and May:

	

	

The regression analysis of the model obtained the highest statistical significance (R2 = 0.829, F = 186.426 and p < 0.001).




3.1.2 Standard oxygen consumption (VO2S)

Data on standard oxygen consumption for each experimental group plotted as a function of their respective live weight can be found in Figure 2B. On the top right of Figure 2B, the resulting equations of such regressions are shown. For VO2S, no significant differences were found between slopes, therefore a common mass exponent (bc = 0.644) was computed. However, mass-specific standard oxygen consumption was significantly lower in intertidal mussels and, therefore, ANCOVA showed significant differences in intercepts between tide levels (Figure 2B).




3.1.3 Shell dimensions

Width vs. length. The individual shell widths for each mussel group have been plotted in Figure 3A as a function of their respective shell lengths. The resulting equations are shown on the top right of Figure 3A. No significant differences were found among slopes and a common allometric exponent (bc) of 0.393 was obtained (Figure 3A, bottom right). Intercepts were significantly higher in intertidal mussels, regardless of the season (Figure 3A, bottom right).




Figure 3 | Regression lines for the allometric relationships of the form Y = bX - a (A) Shell width (mm) vs. Shell length (mm); (B) Shell height (mm) vs. Shell length (mm). On the top right of each figure, the allometric relationship for the shell dimension against individual length is shown. In case of a common b-value, the recomputed a-values are also shown (arecomp.). On the bottom right, ANCOVA and post hoc tests. Shared letters (a, b or c) indicate no significant differences (p< 0.05). Purple and orange symbols distinguish tide levels (Subtidal, Intertidal), circles and triangles seasons (November, May). SN: purple circles; IN: orange circles; SM: purple triangles; IM: orange triangles.



Height vs. length. The individual shell heights for each mussel group have been plotted in Figure 3B as a function of the respective shell length. No significant differences were found between slopes or intercepts, giving rise to a common regression (R2 = 0.959; p < 0.001; F = 2687.46) with an allometric exponent (bc) of 0.479 (± 0.009) and a common intercept (ac) of 4.539 (± 0.457). The common regression exponent values are shown on the bottom right table of Figure 3B.

SDW vs. length. The individual shell dry weights for each mussel group have been plotted in Figure 4A as a function of their respective shell lengths. The resulting equations are shown on the top right of Figure 4A. No significant differences were found among slopes and a common allometric exponent (bc) of 2.531 was obtained (Figure 4A, bottom right). Intercepts were significantly higher in intertidal mussels, regardless of the season (Figure 4A, bottom right).




Figure 4 | Regression lines for the allometric relationships of the form Y = a · Xb. (A) Log- transformed shell dry weight (SDW) vs. log-transformed shell length; (B) log-transformed shell dry weight (SDW) vs. log-transformed shell surface-area. On the top right of each figure, the allometric relationships are shown. On the bottom right, ANCOVA and post hoc tests. Shared letters (a, b or c) indicate no significant differences (p< 0.05). Purple and orange symbols distinguish tide levels (subtidal, intertidal), circles and triangles seasons (November, May). SN: purple circles; IN: orange circles; SM: purple triangles; IM: orange triangles.



SDW vs. surface-area. The individual shell dry weights for each mussel group have been plotted in Figure 4B as a function of their respective shell surface-areas. The b value corresponds to the effect that size exerts on the relationship between the two variables, whereas the a value represent what could be considered the density of the shell. The resulting equations are shown on the top right of Figure 4B. Each slope differed significantly from each other (Figure 4B, bottom right), being the differences between mussel groups smaller as the size increases. Also the intercepts indicate that the density of the shell is virtually the same in the intertidal mussels regardless of the season (for a common shell surface-area of 3.3: the a value for IM is 0.777 and for IN is 0.703). However, the shell density of subtidal individuals increases over a 30% in May compared to November (for a common shell surface-area of 3.3: the a value for SM is 0.916 and for SN is 0.636).




3.1.4 Condition index

Subtidal mussels from both seasons had around 30% higher CI (Figure 5), according to the Tukey test. The two-way ANOVA showed tide level as the only factor significantly affecting CI values (Figure 5, top right).




Figure 5 | CI of subtidal and intertidal mussels for November and May. Shared letters indicate absence of statistical differences. On the top, the two-way factor ANOVA testing significant effects of season and tide level.






3.1.5 Gill surface-area

Figure 6 shows the relationship between gill-surface area and shell length in subtidal and intertidal mussels. The ANCOVA analysis showed no differences between slopes (t = 0.103, df = 1, 54; p > 0.05), with a bc value of 1.955. However, the intercept of intertidal mussels was higher compared to the subtidal mussels (t = 3.125, df = 1, 54; p < 0.001).




Figure 6 | Regression lines for the allometric relationships of the form Y = a · Xb for gill-surface area against shell length. On the top right, the allometric relationship for the gill-surface area against individual length is shown. On the bottom right, ANCOVA and post hoc tests. Shared letters (a, b or c) indicate no significant differences (p< 0.05). Purple and orange symbols indicate values for subtidal and intertidal mussels, respectively.







3.2 Acclimation experiment



3.2.1 Routine oxygen consumption (VO2R)

Routine oxygen consumptions for each mussel group are plotted as a function of their respective live weight in Figure 7A and the resulting equations are summarized on the bottom right of the figure. The slopes of routine oxygen consumption and live weight differed from each other: intertidal mussels had lower allometric exponents, regardless of whether mussels were acclimated or not to laboratory conditions. Multiple regression analysis showed that live weight and tide explained 82% of the variation in routine oxygen consumption. The resulting general equation was the following (mean value ± SD):




Figure 7 | Regression lines for the allometric relationships of the form Y = a · Xb. (A) log- transformed routine oxygen consumption vs. log-transformed weight; (B) log-transformed standard oxygen consumption vs. log-transformed weight. Purple and orange rectangles distinguish tide levels (subtidal, intertidal); squares and diamonds distinguish acclimation time (field, lab). SF: purple diamonds; IF: orange diamonds; SL: purple squares; IL: orange squares.



	

Replacing the dummy variables, the following regression models arose for subtidal (0) and intertidal (1) mussels:

	

	

The regression analysis of the model obtained the highest statistical significance (R2 = 0.820, F = 171.944 and p < 0.001).




3.2.2 Standard oxygen consumption (VO2S)

The standard oxygen consumption data for each experimental group plotted as a function of their respective live weight can be found in Figure 7B. On the top right of Figure 7B, the resulting equations of such regressions are shown. For VO2S, the regression slopes were not significantly different (bc = 0.662), but the intercepts differed between the tide levels, with lower values for intertidal mussels (Figure 7B - bottom right).






4 Discussion

The broad intraspecific variability of the allometric mass-exponents of metabolic rate is a biological phenomenon not yet fully understood (e.g. Glazier, 2018; Hatton et al., 2019; Escala, 2022; White et al., 2022). The present experiment was designed to specifically analyze the range of variation of metabolic rate scaling values in a Mytilus galloprovincialis population covering a wide range of environmental conditions, including habitat differences (subtidal vs. intertidal) seasonal differences (May vs. November) and activity levels (standard vs. routine). The results reveal that the scaling values of the metabolic rate in mussels vary significantly from 0.56 to 0.88, with complex interactions of ecological and physiological factors.

The determination of individual values of standard and routine metabolic rates, a distinction hardly addressed for bivalve mollusks, has allowed us to confirm that the level of metabolic activity influences the value of the allometric exponent. That the activity development promotes higher b values has been suggested in the MLB hypothesis (Glazier, 2005; Glazier, 2008; Glazier, 2009; Glazier, 2010, Glazier, 2014) and reported in lobsters (Jensen et al., 2013) and chitons (Carey et al., 2013). When the activity level increases, the metabolic rate will become increasingly dominated by the energy demand of the tissues participating in the activity. For sessile organisms such as mussels, the activity refers primarily to the metabolic activity carried out by the organs participating in the food acquisition, digestion, assimilation and storage (Parry, 1983) as well as growth, development or reproduction (Glazier, 2005).

Interestingly, however, the effect of the level of activity recorded in this study differs significantly between subtidal and intertidal mussels. In subtidal mussels, the shift from standard to routine state promotes a significant increase of the scaling exponent from 0.64 to values of around 0.87, whereas changes in activity level did not exert significant changes in the metabolic scaling exponents of intertidal mussels. In contrast to our findings, Arranz et al. (2016) found no significant differences between size-scaling exponents of standard and routine metabolic rates in M. galloprovincialis, recording a common scaling exponent of 0.715 for both subtidal and intertidal specimens. It is noteworthy that the value reported by Arranz et al. (2016) falls in the middle of the range established in the present study for standard metabolic rate (bcommon = 0.644) and for routine metabolic rate of subtidal mussels (b = 0.875). Although there is a methodological difference in the oxygen consumption measurement between these two studies (group measurements in Arranz et al. (2016), vs. individual measurements here), the divergence of results suggests that the impact that the habitat exerts can considerably differ between sites. In fact, tidal level effects were reported by Marsden et al. (2012) when metabolic scaling exponents of different gastropod species were compared, suggesting that the effects imposed by habitat might be more general, affecting more species than M. galloprovincialis. Adaptation to the intertidal habitat involves the development of physiological mechanisms to overcome the daily cyclic periods of air exposure that promote desiccation, thermal stress and severe restrictions in food and oxygen supply. Intertidal mussels differ from subtidal mussels in their ability to survive hypoxia (Tagliarolo et al., 2012), desiccation (Babarro and De Zwaan, 2008) and thermal stress (Williams and Somero, 1996). Cross-transplantation experiments have shown that despite the considerable plasticity of physiological processes, metabolic differences between mussels of different habitats persist even after long periods of transplantation (Freites et al., 2002; Connor and Gracey, 2012; Gracey and Connor, 2016; Toone et al., 2023). This suggests the existence of fixed genetic differences between mussels of both origins. The possible existence of a selection process for the genotypes best suited to survive in the intertidal has, in fact, been raised in limpets by Clark et al. (2018), who showed that intertidal individuals expressed a distinctive and persistent genetic profile even after 9 months of transplantation. These set of genuine differences between subtidal and intertidal animals is coherent with the differences found herein that allow us to stablish a cause-effect relationship between habitats and scaling exponents.

In the present set of experiments, we have found significant differences between subtidal and intertidal mussels in relevant physiological and metabolic parameters that may contribute to the differential scaling of metabolic rates:

	The level of standard metabolic rate depends on the origin of the mussels. Intertidal specimens consume approximately 26% less oxygen than subtidal mussels, regardless of the season or the acclimation. Furthermore, although intertidal mussels increased their standard oxygen consumption during acclimation to continuous immersion in the laboratory, habitat-linked differences persisted even after two months. Similar differences in Arranz et al. (2016) were attributed to an alleged higher gametogenic activity of subtidal mussels. This factor does not appear to contribute to the inter-habitat differences recorded here in metabolic rate, since in our study the differences were also reported in November, a season characterized by a resting gonadal phase in this mussel population (Azpeitia et al., 2017). Alternatively, lower standard metabolic rates in intertidal mussels could be related to daily oxygen deprivation during low tide. Although the anaerobic contribution cannot be overlooked (Gleason et al., 2017), hypometabolism is the usual strategy for coping with hypoxia in intertidal mollusks (Leeuwis and Gamperl, 2022), since the ATP amount supplied by anaerobic metabolism is rather small (Sokolova and Pörtner, 2001) and the “debt” accrued during low tide must be “paid” at high tide (Bayne, 1976).

	The condition index recorded for mussels of different origins indicates that intertidal specimens have approximately 23% less flesh content than subtidal mussels. The values and differences recorded are consistent with previous studies (Arranz et al., 2016; Clark et al., 2018) and probably reflects habitat-linked growth-rate differences: (i) longer feeding periods of subtidal mussels, (ii) the use that intertidal mussels often do of energy storage to make up for food-shortage (Freites et al., 2002) and even (iii) a greater investment in shell (the present study –see below– and Beadman et al., 2003).

	The energy investment of subtidal and intertidal mussels is allocated differently towards the different corporal fractions. The present experiment has shown that intertidal mussels have a larger gill-surface area for a given shell-length compared to their subtidal counterparts. Computation of the gill-surface area per flesh dry weight (mm2/mg dry flesh) shows that intertidal mussels have a 22% greater gill-surface area per FDW than subtidal mussels in November. In May, that difference increases up to a 29%. Thus, intertidal mussels selectively invest more in the production of the main organ involved in food acquisition, a worthy investment when faster growth is pursued (Pérez-Cebrecos et al., 2022). Despite habitat-linked differences, the gill-surface area increases proportionally to shell length in both cases with a scaling exponent of 1.955, which is very similar to that measured by Jones et al. (1992) for M. edulis (~ 2.06). Besides the gill, intertidal mussels also seem to invest specifically more in the shell-tissue, since the shell was systematically heavier notwithstanding the season when compared to subtidal mussels. Calculations from equations relating SDW with shell-length for subtidal and intertidal mussels show that for a common shell length of 40 mm, shell weight is 15 to 18% higher in intertidal mussels compared to subtidal individuals.

	The shape and density of the shells differ between habitats. Intertidal mussels had an almost 7% greater gap (i.e. width) within the shells compared to subtidal mussels, which exhibited flatter shells. These proportions did not change as the mussels grew larger or across seasons, suggesting that the shell phenotype is beneficial for small and large mussels, and at any time of the year. In mollusks, shell dimensions are affected by environmental conditions (Clark et al., 2020). Babarro and Carrington (2013) reported lower and wider shells for exposed sites as a mechanism against wave dislodgement. Steffani and Branch (2003) also found lower shells at the exposed site, but this time narrower. In the present study, mussels were sampled from the same sheltered area of the rocky shore, and yet the gap within the shells differs greatly. However, shell height (i.e. narrower or wider) did not vary between tide-levels, which was also reported for sheltered sites in Babarro et al. (2020). A greater gap within the shells could contribute to mitigate desiccation and heat stress in intertidal mussels as described for limpets (Harley et al., 2009; Nuñez et al., 2018), and even to avoid hypoxia. A larger gap enables the enlargement of the air-pocket reserve during low tide, a typical strategy for having a source of oxygen. In limpets, for instance, a taller-shell ecotype has been described as a better way to survive hypoxia (Weihe and Abele, 2008).

The shell density also varies depending on the habitat. A change in the mean shell density can be explained either as a variation in the shell composition and/or a change in the shell thickness. The shell density variation of 30% in subtidal mussels might reflect a change in those two factors, indeed. On the one hand, November 2021 was especially rainy, with massive precipitations (Euskalmet (Agencia Vasca de Metereología), 2021) that predictably lowered the salinity of the estuary. Low salinity leads to low pH, making the layers of calcite and aragonite increase and decrease, respectively (Fitzer et al., 2015), implying a decrease in shell density. On the other hand, shell-thickening is a protective strategy: a higher shell density here recorded for intertidal mussels in May suggest that intertidal individuals invest more energy in protective tissues, since a thicker shell not only allows for increased mechanical protection, but it has also been reported to avoid heat stress (Harley et al., 2009) and desiccation (Staikou, 1999). The advantages that a denser and more convex shell confers to intertidal mussels seem to justify the greater investment in shell tissue described above.



If a primary outcome is to be gathered from the discussion above is that environmental conditions imposed by the habitat (subtidal versus intertidal) significantly affect phenotypic traits that can affect the size-scaling of metabolic rate such as i) the level of metabolic activity, ii) the growth rates and iii) the pattern of energy investment in the different body fractions, modifying not only the relative proportions of certain tissues, but even the morphology, shape and thickness of the organisms. These physiologic and anatomic factors provide a frame to understand the differences in the metabolic scaling that we have recorded in this population between intertidal and subtidal specimens. Intertidal animals showed manifestly lower scaling exponents and metabolic levels than subtidal mussels (closer to 2/3), a response that remained unchanged for at least two months after the environmental cue was removed. Compared to subtidal mussels, intertidal mussels have a lower metabolic activity and higher mass-proportion of tissues growing in a two-dimensional matrix: the gill and the shell. Thus, the scaling of routine oxygen consumption is mainly limited by fluxes of resources across surfaces imposing a scaling exponent closer to 2/3. A more exhaustive analysis of the allometric tendencies of intertidal mussels reinforces that notion. Although not statistically significant, a tendency to increase the b-exponent towards values closer to 1 in May could stem from the increasing energetic demands imposed by gonadal production, which promotes the thickening of the mantle (volume related resource requirements). In fact, this tendency of b-shifting in intertidal mussels resembles the findings of Iglesias and Navarro (1991) in Cerastoderma edule, in which a multiple regression analysis relating routine oxygen consumption with body weight and reproductive condition showed that b value shifts from 0.646 in the periods of sexual inactivity to 0.746 during seasons of reproductive activity. In contrast, in subtidal mussels the significant increase in the scaling value of metabolic rate in the transition from standard to routine states arises from their relatively (i) higher growth rates and metabolic levels and (ii) lower proportions of surface-related resource requirements due to the relatively lower investment in two-dimensional tissues such as shell and gills.
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