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Environment imposes physiological constraints which are life-stage specific as growth-maintenance and/or growth-reproduction energetic requirements are size and volume-dependent. The scallop Argopecten purpuratus, one of the most important bivalve species subjected to fishery and aquaculture along the Humboldt Current System, inhabits spaces affected by continuous changes in temperature, pH, oxygen, and food availability driven by remote and local oceanographic processes. Specifically, in Chile, this species is mainly cultured in central-north Chile where is permanently affected by upwelling events of dissimilar intensity and duration which generate local conditions of acidification, deoxygenation, and cooling with different magnitudes. However, to date, it remains unknown how this economic valuable resource is physiologically affected throughout its life cycle by the continuous environmental changes driven by upwelling events of different intensities and duration along the year. Here, for the first time, A. purpuratus life-stage physiological sensitivity was assessed at a seasonal scale through a year-field experiment where growth, calcification, and survivorship were evaluated. Our study shows how seasonal differences in the upwelling phenology (here measured as changes in temperature, dissolved oxygen, pH, and primary productivity, but also as the number, duration, and intensity of cooling and de-oxygenation events) notably impacted the A. purpuratus physiological performance from juvenile to adult life-stages. This was especially noticeable during the spring season which showed the most intense cooling and deoxygenation events driven by stronger favorable-upwelling winds and the lowest growth and gross calcification rates (the highest decalcification rates) where adult stages showed the lowest performance. On the other hand, A. purpuratus survivorship was not significantly affected by upwelling intensity which would be providing evidence of the high physiological flexibility and well-locally adapted is this species to fluctuating and occasional stressful environmental conditions. Our results are significantly relevant in the climate change context as some upwelling systems are at risk to change shortly (i.e., an upwelling intensification in frequency and intensity) as a consequence of changes in the atmospheric pressures that modulate favourable-upwelling winds. These changes may certainly increase the climate related-risks of the entire socio-ecological systems related to the fishery and aquaculture of A. purpuratus along the Humboldt Current System.
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1  Introduction


Physiological performance is highly dependent on environmental conditions (Thomsen et al., 2015; Byrne, 2012). Elevated temperatures increase organism’s metabolic rates accelerating growth and sexual maturity, while when habitat temperatures exceed the organism tolerance thresholds can promote the rapid deterioration of cellular processes (Pörtner, 2008). Also, low seawater pH values can cause hypercapnia with cascading effects on multiple physiological responses of diverse taxa, being specifically detrimental in calcifiers as shell precipitation and shell integrity are highly dependent on pH and carbonate concentration conditions (e.g., Kroeker et al., 2013; Ramajo et al., 2016; Ramajo et al., 2020). Indeed, lower pH levels result in lower calcification rates, increasing shell malformations (Waldbusser et al., 2015) and shell mechanical changes (e.g., weaker shells) (Zhao et al., 2020; Lagos et al., 2021) which also may increase the vulnerability to predation, parasitism, and/or stress by wave action (Gazeau et al., 2013; MacLeod and Poulin, 2015; Gaylord et al., 2015). Likewise, critical physiological processes such as respiration are dependent on the flux of oxygen (Seibel, 2011) where low oxygen availability is usually related to reduced growth and low reproduction success, altered behavior patterns, and increased risk of predation with resulting lower survivorship for many marine species (Breitburg et al., 2018).


Moreover, physiological sensitivity to environmental changes is life-stage specific (Talmage and Gobler, 2010; Baumann et al., 2012). Early life-stages such as larvae or juveniles usually show lower energy reserves and smaller tolerance limits making them more sensitive than adults to higher temperatures (e.g., Truebano et al., 2018), decreasing pH levels (e.g., Kroeker et al., 2013; Wessel et al., 2018), and hypoxic conditions (e.g., Clark and Gobler, 2016). Also, growth-maintenance and/or growth-reproduction trade-offs are more evident when organisms get older as maintenance, growth, and reproduction related-costs are size and volume-dependent (Bayne and Newell, 1983; Kooijman, 2000; Thompson and MacDonald, 2006; Chauvaud et al., 2012). In particular, for calcifying organisms, some physiological trade-offs emerge as a consequence of the higher energetic requirements needed for biomineralization and calcification processes including carbonate precipitation and shell organic and periostracum production (Palmer, 1981; Trussell and Smith, 2000; Clark et al., 2020; Ramajo et al., 2019; Ramajo et al., 2020) which could represent up to 75-410% of the energy invested for growth and reproduction (Palmer, 1981).


The scallop Argopecten purpuratus is one of the most important bivalve species subjected to fishery and aquaculture along the Peruvian and Chilean Humboldt Current System (Yáñez et al., 2017). Historical A. purpuratus landings show an important variability as a consequence of changes in environmental conditions (Lagos et al., 2016; Yáñez et al., 2017) with significant impacts on Chilean and Peruvian markets (von Brand et al., 2016). Previous experimental and field studies on this resource show significant sensitivity to changes in temperature, pH, oxygen, and food availability (Lagos et al., 2016; Ramajo et al., 2016; Lardies et al., 2017; Ramajo et al., 2019; Ramajo et al., 2020; Avendaño and Cantillánez, 2022) which is particularly important in Chile as this scallop species is mostly cultured (i.e., Tongoy Bay) under the effects of one of the most active upwelling centers on the Chilean coast (Figueroa and Moffat, 2000; Rutllant and Montecino, 2002; Aravena et al., 2014; Rahn and Garreaud, 2014). Environmental conditions at Tongoy Bay have important physiological impacts on A. purpuratus juveniles (Ramajo et al., 2020), especially during the upwelling season (spring-summer) when the intensity and duration of upwelling events are higher (Moraga-Opazo et al., 2011; Bravo et al., 2016). However, to date, remains unknown which is the life-stage A. purpuratus sensitivity to changes in the environmental conditions driven by the seasonal upwelling cycle. This missing information is significantly relevant in the climate change context as some Eastern Boundary Upwelling Systems (EBUS) are at risk to change shortly (i.e., an upwelling intensification as a consequence of changes in the frequency and intensity) which could also favor local ocean acidification and deoxygenation (see Garreaud and Muñoz, 2005; Aravena et al., 2014; Sydeman et al., 2014; Rykaczewski et al., 2015; IPCC, 2021). Certainly, potential changes in the upwelling phenology may threaten the fishery and aquaculture scallop industry and the related-socioecological system along the Humboldt Current System (Lluch-Cota et al., 2014; Bakun et al., 2015; Ramajo et al., 2020; IPCC, 2021).


Based on that, here was assessed, for the first time, the level of physiological sensitivity of different life-stages of A. purpuratus at a seasonal scale in the context of upwelling. To do that, a year-field experiment was performed in Tongoy Bay where physiological responses (growth, calcification, and survivorship) were evaluated in a large range of scallop sizes (from the juvenile to adult stages) aiming to capture how seasonal changes in the upwelling phenology (number of events, duration, and intensity) could be modulating the physiological performance and fitness of this economical valuable resource for the fishery and shellfish aquaculture along the Humboldt Current System.





2  Material and methods




2.1  Study site


Tongoy Bay, in north-central Chile, is a key place for the culture of the scallop Argopecten purpuratus. This bay is located just north of Punta Lengua de Vaca (PLV), one of the most important and active upwelling centers that modulate environmental conditions on the central-north Chilean coast (Figueroa and Moffat, 2000; Rutllant and Montecino, 2002; Rahn and Garreaud, 2014) (
Figure 1A). Previous studies have determined that Tongoy Bay shows a semi-permanent upwelling regime with higher upwelling intensities during the austral spring-summer seasons (Moraga-Opazo et al., 2011; Bravo et al., 2016). By the year, seasonal differences in the upwelling phenology provoke important oceanographic, biogeochemical, and environmental heterogeneity in the nearby coastal areas (Torres et al., 1999; Torres and Ampuero, 2009; Ramajo et al., 2020). As a consequence of this seasonal pattern and upwelling, Tongoy Bay shows along the year high fluctuations in terms of temperature (10.6°C - 19.7°C), pH (7.6 - 8.1), oxygen concentrations (1.45 - 4.17 ml L-1) (Ramajo et al., 2019; Ramajo et al., 2020), and primary productivity (ranging from 2.40 to 10.45 mg m-3) (Rutllant and Montecino, 2002; Ramajo et al., 2020).





Figure 1 | 
Study site and wind conditions. (A) Tongoy Bay coastal area with positions of the experiment (green) (culture line L95) and the location of the automatic weather station (AWS) placed close to the upwelling centre Punta Lengua de Vaca (PLV) (orange). (B) Validation of ERA5 reanalysis alongshore wind component with the in situ PLV-AWS data from 2018 to 2019. (C) Least-square linear regression between ERA5 reanalysis and AWS alongshore wind data.









2.2  Organismal collection and experimental design


Wild scallops from Tongoy Bay (30°16’S; 71°35’W), with no shell damage and parasite presence (Basilio et al., 1995), were provided by the scallop aquaculture company OSTIMAR S.A. The experimental design consisted of four analogous field experiments (hereafter, seasonal experiments) that aimed to determine how seasonal environmental changes are modulated by upwelling phenological changes (i.e. a semi-permanent upwelling regime with lower intensity during the autumn and winter months, and higher intensity during spring-summer seasons, Thiel et al., 2007; Torres and Ampuero, 2009; Rahn and Garreaud, 2014) and may be affecting different life-stages (from juveniles to adults) of the scallop A. purpuratus at Tongoy Bay. To do that, around 180 scallops were used in each seasonal experiment with a body-size range between 10 to 90 mm (Figure S1). After collection, experimental scallops were transported under-insulated conditions to the laboratory and labeled with numbered tags glued onto the shells allowing their identification during the experiment. After that, between 100 - 120 scallops (hereafter, alive scallops) were maintained in aquaria under controlled conditions (14°C, pHNBS near 8.0, and >90% of oxygen saturation). In addition, ~ 60 scallops were sacrificed and their soft parts were removed, and shells were kept for the experiment (hereafter, empty shells). For both, alive scallops and empty shells, the maximum shell size (length and width), and the shell buoyant weight were recorded at the initial time (Figure S1). After that, alive scallops and empty shells were randomly distributed in 4 pearl nets (i.e. common culture structures used by the aquaculture industry to avoid denso-dependency issues). Each pearl net was composed of 2 different nets separated by less than 25 cm between them. Each pearl net contained 30 alive scallops and 30 empty shells (see 
Figure 2). The four experimental pearl nets were located in the culture line number L95 belonging to OSTIMAR S.A (30°16’49.4′′S; 71°34’03.7′′W) (
Figure 1A) at 9 m depth. Each alive scallop and each empty shell were considered independent replicates. The four seasonal experiments followed similar experimental protocols. The Summer experiment was carried out between January to March 2019, the Autumn experiment between March to July 2019, Winter from July to October 2019, and the Spring experiment from October 2019 to January 2020 (see 
Figure 2). At the end of each seasonal experiment, pearl nets with alive scallops and empty shells were removed from the L95 and transported to the laboratory where shell size (maximum length and width) and buoyant weight were measured. At the end of each seasonal experiment, all alive scallops were sacrificed (not returned to the field).





Figure 2 | 
Experimental design. General scheme of the experimental design used where alive scallops and empty shells were exposed to four different seasonal experiments (Summer, Autumn, Winter, and Spring) from January 2019 to January 2020. Four pearl nets composed of 2 nets containing between 100-120 alive scallops and empty shells were used by seasonal experiment. At the end of each experiment, growth, net calcification, decalcification, and gross calcification rates were determined, and mortality was recorded. The intensity of the upwelling is based on the environmental data monitored during the experiments (i.e. higher intensity is shown as orange).









2.3  Environmental conditions at Tongoy Bay


Tongoy Bay environmental conditions, at high and low frequencies, were monitored during the four seasonal experiments. High-frequency (each 15 min) temperature and dissolved oxygen (DO) conditions were registered by using HOBO U26 Dissolved Oxygen Data Loggers (ONSET®) which were attached to the experimental pearl nets. According to the manufacturer’s instructions, every six months the oxygen logger membranes were replaced with new ones. Anti-fouling sensor maintenance, as well as, data downloading from each sensor were performed at the end of each seasonal experiment. At low frequency (weekly), pHNBS conditions were determined by collecting water samples through a NISKIN bottle (5L vol). Three water samples per depth were analyzed within 60 min after water collection using a Metrohm 780 Meter (Metrohm®) connected to a combined electrode (Aquatrode Plus with Pt1000, Metrohm®). The electrode was calibrated using three NBS buffers (Metrohm®) at 25°C before each measurement. In addition, surface chlorophyll-a (Chl-a) by each seasonal experiment was obtained through 8-day composites of Moderate Resolution Imaging Spectroradiometer (MODIS-Aqua) 4km products retrieved from NASA (http://oceancolor.gsfc.nasa.gov) comprising an area limited by 30.6° - 30°S and 71.9°W to the coast. MODIS Chl-a data were averaged at a monthly scale and then averaged for each seasonal experiment. Finally, the intensity and variability of wind-driven coastal upwelling were obtained from ERA5 reanalysis (https://rda.ucar.edu/datasets/ds633.0/) at PLV during the experiment. PLV is representative of the environmental conditions occurring at Tongoy Bay as it was recently observed by Ramajo et al. (2020) (see also 
Figure 1A). Reanalysis dataset was validated against available continuous 10m wind data from an Automatic Weather Station (AWS) at the same geographic location between December 2018 to September 2019 (see 
Figure 1B). Daily alongshore wind magnitude measured by the AWS at PLV and ERA5 reanalysis showed a high and significant correlation (Pearson correlation: R2 = 0.68, P-value = 0.000) (see 
Figure 1C).





2.4  Growth, calcification, and mortality


Growth rates (GR), net calcification rates (NCRs), decalcification rates (DCRs), and gross calcification rates (GCR) were estimated for all seasonal experiments. GRs estimations correspond to the difference in the total area of alive scallops (estimated as an ellipsoid from shell maximum length and width measurements) divided by the number of days that the experiment lasted. Empty shells were used to estimate size differences in DCRs for each seasonal experiment (see Figure S2). Previous studies have found that low pH conditions generate corrosive and undersaturated carbonate conditions which are responsible for shell layers dissolution and higher decalcification rates (i.e., Waldbusser et al., 2011; Langer et al., 2014). Both NCRs and DCRs were estimated by using the buoyant weight technique (Davies, 1989). Buoyant weight data was converted into shell dry weight (DW) using the seawater density (average conditions at Tongoy Bay, salinity = 34‰, temperature = 14°C), and the density of calcite (2.71 g cm-3) (see Ramajo et al., 2019). Finally, NCRs and DCRs were computed as the change in the shell dry (DW) weight goes by between two different periods (i.e. duration of each seasonal experiment). Lastly, GCRs for each alive scallop and seasonal experiment were determined by subtracting DCRs from the NCRs. All physiological rates (i.e. GRs, NCR, DCRs, and GCRs) are shown as non-normalized and body-size normalized. Dead organisms were counted at the end of each seasonal experiment, and mortality rates were estimated as the percentage of dead organisms per day (% d-1).





2.5  Data analyses


Environmental and biogeochemical seawater properties (i.e. pHNBS, temperature and DO), based on the mean state (± standard error, SE) and their variability (coefficient of variation, CV) were established for the four seasonal experiments.



Upwelling was characterized by calculating alongshore wind stress (τalongshore) after rotating ERA5 daily wind vectors to align them approximately with the direction of the coast (Equation 1).




where ρair is air density (assumed constant at 1.22 kg m-3), Cd is the drag coefficient varying with ν, and ν is the meridional alongshore wind component.


Further, across-shelf Ekman transport (M, units = m2 s-1 per meter of the coast) was computed following:




where ρw is the water density (assumed constant at 1024 kg m-3), f is the Coriolis parameter (s-1), and τ is the alongshore wind stress. Positive values of M indicate onshore transport due to downwelling favorable winds, while negative values imply offshore transport caused by upwelling favorable winds (Bakun, 1975). Posteriorly, following Tapia et al. (2009) and Ramajo et al. (2020) methodologies, the impact of upwelling on temperature changes (i.e. cooling) and DO conditions (i.e. deoxygenation) at Tongoy Bay were estimated. The present study spans one entire year in a semi-permanent upwelling region encompassing upwelling, downwelling favorable winds, and relaxation periods (Rahn and Garreaud, 2014), some extra methodological modifications to Ramajo et al. (2020) were implemented to properly attribute cooling and de-oxygenating events to upwelling. To do that, first, we defined a threshold of alongshore wind stress of 5m s-1 in the equatorward direction (see Cury and Roy, 1989; García-Reyes et al., 2014). Secondly, to highlight the synoptic variability dominance in upwelling systems (Renault et al., 2009), a 30-day running mean was subtracted from the daily average time series of seawater temperature and DO. Daily anomalies in temperature and DO time series were used to quantify the number, duration, and intensity of the different cooling and de-oxygenations episodes recorded during each seasonal experiment (Figure 5A) (for further details, see Ramajo et al., 2020).


Average specific differences in GRs, NCRs, DRs, and GCRs (non- and body-size normalized), as well as, the size distribution of alive and dead scallops after each seasonal experiment were evaluated by using Kruskal Wallis and Dunn tests. The role of the tested factors (Size and Season) for all physiological rates was addressed by using hierarchical linear mixed-effects models (e.g., Ramajo et al., 2020). Size and Season and the two-way interaction between these were modeled as fixed effects. Random effects at the individual level were employed to control for potential organismal effects. Restricted maximum likelihood (REML) was used to fit the model for each physiological rate (GRs, NCRs, DRs, and GCRs), as well as, to calculate unbiased estimates of parameter variance and standard error according to the general model:


	

where y is the vector of the observations (i.e., physiological rates), b and 0 is the vector of fixed effects (i.e., Size and Season), a is the vector of random effects (i.e., individuals), e represents the residual effects, and X and Z are the corresponding incidence matrices. Linear mixed-effects models were estimated by using the lme4 package. The AFEX package was used to obtain parameter P-values for the linear mixed-effects models using the Kenward-Roger approximation for degrees of freedom. Optimal models were identified as those yielding the greatest number of significant (P< 0.05) fixed effects. Variance and standard deviation of the random effect (individual) are also reported. Differences in mortality (i.e. number of dead scallops) were determined by using Poisson regressions. Finally, to identify potential associations between environmental variables and physiological rates measured, Pearson correlation analyses were carried out, and multivariate comparisons between all physiological rates and environmental variables were assessed using redundancy analysis (RDA). Before RDA analyses, environmental variables and physiological rates were standardized (from zero to one). RDA analysis was carried out using the vegan package. All these analyses were carried out on R software (version 3.5.0).






3  Results




3.1  Seasonal environmental variability at Tongoy Bay


During 2019 at Tongoy Bay, coastal upwelling conditions (i.e. negative Ekman transport, M) dominated the year-round experimental study showing an increasing intensity from summer towards the spring season (observed in mean and minimum values) exhibiting a maximum mean of -0.43 m2 s-1 in the winter season. On the other hand, downwelling favorable conditions (i.e., positive Ekman transport, M) were mostly observed during the autumn season. Regarding upwelling relaxation events (i.e., Ekman transport close to zero), these were observed throughout the year on a synoptic time scale (~1 to 16 days) (
Figure 3A
; 
Table 1).





Figure 3 | 
Field Conditions. (A) Daily averaged and high-pass filtered time series of Ekman transport at PLV, in segmented and continuous lines, respectively. Daily and weekly time series of (B) seawater temperature, (C) dissolved oxygen (DO), and (D) pHNBS at Tongoy Bay (9 m depth). Vertical segmented lines separate the four seasonal experiments.







Table 1 | 
Tongoy Bay environmental conditions.






Surface Chl-a at Tongoy Bay presented maximum values during the spring and the lowest concentrations during the autumn and winter months (
Figure 4
; Figure S3).





Figure 4 | 
Chlorophyll-a variability. Seasonally-averaged Chl-a fields derived from MODIS-Aqua 8-day composites for each seasonal experiment.. (A) Summer, (B) Autumn, (C) Winter, and (D) Spring season.






In terms of variability (here measured as CV, %), temperature and pH exhibited a decline towards winter with a subsequent rise in spring. Maximum variability in temperature and pH was found during spring and summer, with temperature CV peaking in spring and pH CV in summer (
Figures 3B, D
; 
Table 1). DO variability increased from summer to spring, with a maximum in winter (
Figure 3C
; 
Table 1).


The number and duration of cooling and de-oxygenation events showed differences among seasonal experiments and were highly correlated with Ekman transport magnitude (
(Figures 5B–D)) revealing a negative relationship between M and temperature and DO conditions (
Figures 3A–D). A slight increase in the number and duration of cooling and de-oxygenation events was observed from summer to winter then showing a little reduction during the spring season. Winter presented the highest number of cooling and de-oxygenation events, as well as, the longest duration compared with the rest of the seasons. However, spring and summer exhibited the highest intensity and cooling and de-oxygenation rates (
Figures 5E–H).





Figure 5 | 

Cooling and de-oxygenation at Tongoy Bay. (A) Scheme of the methodology used to determine the upwelling impact on cooling and de-oxygenation events based on thermal and dissolved oxygen anomalies (see section 2.1 for further details). Number (B); accumulated (C) and mean (D) duration; accumulated (E) and mean (F) intensity (as an integrated anomaly); accumulated (G) and mean (H) rate (as integrated cooling/deoxygenation) of events registered each seasonal experiment. Data in D, F, and H are means ± SE.









3.2  Growth and calcification


Both, average non-body-size normalized and body-size normalized GRs showed significant differences among the different seasonal experiments (Kruskal-Wallis test: χ
2 = 24.86, P-value< 0.001, and χ
2 = 50.58, P-value = 0.000, respectively). Average GRs (non-body-size normalized) showed similar values between the summer, autumn, and winter seasons (Dunn’s test: P-value = 1.000), however a significant reduction in the GRs was detected during the spring in comparison with summer (Dunn’s test: P-value = 0.000), autumn (Dunn’s test: P-value = 0.000) and winter (Dunn’s test: P-value< 0.001) (see 
Figure 6A). On the other hand, average normalized body-size GRs showed a different trend with a visible decreasing trend from the summer to the spring. Normalized body-size GRs were significantly higher during the summer in comparison with the winter (Dunn’s test: P-value = 0.001) and spring seasons (P-value = 0.000). No significant differences were found between summer and autumn (P-value = 0.080), as well as between autumn and winter (Dunn’s test: P-value = 0.844) (see 
Figure 6B). Linear mixed models controlled for the random effects of individuals confirmed that the scallops’ size (P-value< 0.001), season (i.e., the environmental conditions occurring during each seasonal experiment) (P-value< 0.037), and the interaction between size and season (P-value = 0.030) predicted significantly the GRs observed (
Figure 7A
; 
Table 2).





Figure 6 | 

A. purpuratus physiological rates. Average non-normalized and normalized body-size growth (A, B), net calcification (C, D), decalcification (E, F), and gross calcification rates (G, H) were recorded during the four seasonal experiments. Data shown are mean ± SE.









Figure 7 | 

Size-related physiological performance. Growth (A), net calcification(B), decalcification (C), and gross calcification rates (D) rates by shell maximum large (SL) were recorded during the four seasonal experiments. Regression P-values are shown for each season and physiological trait. * = P-value< 0.05; NS = Not significant.







Table 2 | 
Growth and Calcification.






Both average NCR (non-normalized and normalized body-size) showed significant differences among the different seasonal experiments (Kruskal-Wallis’s test: χ2 = 13.17, P-value = 0.004, and χ2 = 29.77, P-value = 0.000, respectively). Non-normalized body-size NCRs did not show a clear pattern along the year-round experiment showing similar values during the autumn (Dunn test: P-value = 1.000), winter (Dunn’s test: P-value = 1.000), and spring (Dunn’s test: P-value = 1.000) However, non-normalized body-size NCRs were significantly lower in summer in comparison with autumn (Dunn’s test: P-value = 0.011), and winter (Dunn’s test: P-value = 0.0120) (see 
Figure 6C). On the other hand, normalized body-size NCRs showed a clear pattern with decreasing values from summer to spring (
Figure 6D), presenting significant lower values during spring in comparison with autumn (Dunn’s test: P-value< 0.001) and winter (Dunn’s test: P-value< 0.001). Normalized body-size NCRs were also higher during summer in comparison with winter (Dunn’s test: P-value = 0.016). No significant differences were found between autumn and summer (Dunn test: P-value = 1.000) and winter (Dunn’s test: P-value = 0.330), as well as between winter and spring (Dunn’s test: P-value = 0.054) (see 
Figure 6D).


Linear mixed models controlled for the random effects of individuals confirmed that both seasons (i.e., environmental conditions occurring at each seasonal experiment) and size factors predicted significantly the NCRs observed (Size x Season; P-value= 0.002) (
Figure 7
; 
Table 2).


DRs in alive scallops (non-body-size and normalized body-size) showed significant differences among the seasonal experiments (Kruskal-Wallis’s test: χ2 = 211.58, P-value = 0.000, and χ2 = 211.11, P-value = 0.000, respectively), being significantly higher during the spring (see 
Figures 6E, F). Linear mixed models controlled for the random effects of individuals confirmed that the interaction between size and season factors predicted significantly the DRs observed (P-value< 0.011) (see 
Figure 7
; 
Table 2).


Both, non- and normalized body-size GCRs were significantly different among the different seasonal experiments (Kruskal-Wallis’s test: χ2 = 102.07, P-value = 0.000, and χ2 = 93.96, P-value = 0.000, respectively). Spring season showed the lowest GCRs in comparison with summer, autumn, and winter seasons in both non-normalized (Dunn test: P-value = 0.000) and normalized body-size GCRs (Dunn`s test: P-value = 0.000) (
Figures 6G, H). GCRs (non-normalized and normalized body-size) did not show significant differences between the autumn, winter, and summer seasons (Dunn`s tests: P-value< 0.05 for all combinations). Linear mixed models controlled for the random effects of individuals confirmed that size (P-value< 0.001), season (i.e., the environmental conditions occurring during each seasonal experiment) (P-value = 0.023), and the interaction between size and season factors (P-value = 0.001) predicted significantly the GCRs observed (
Figure 7
; 
Table 2).





3.3  Mortality


Higher mortality rates were found during the spring and summer seasons which corresponded to the 57% and 35% of initial experimental scallops used for each seasonal experiment, respectively. On average, dead scallops in summer and spring seasons mortalities occurred in those organisms with larger sizes (88.65 and 92.97 mm maximum shell length, respectively) (see 
Figure 8A). However, mortality rates (Poisson regression: χ2 = 4.3825, P-value = 0.223) and size of the dead scallops (Kruskal-Wallis test: χ2 = 7.6931, P-value = 0.053) did not show any significant difference among the seasonal experiments (
Figure 8B).





Figure 8 | 
Mortality. (A) Mortality rates (% d−1) and percentage of dead scallops recorded, and (B) size of dead scallop A. purpuratus recorded at the end of each seasonal experiment.









3.4  Interaction between environmental conditions and scallop physiology


High collinearity between environmental conditions recorded at each seasonal experiment and physiological A. purpuratus performance was corroborated by the RDA analyses (
Figure 9A). The two main components explained, in total, more than 99% of the observed variance (89.8% of Component RDA1 and 9.96% of Component RDA2). Ekman transport, pH, DO and temperature were all highly correlated (RDA2), while Chl-a showed a higher load along the RDA1 axis, and thus, a lower correlation with the variables previously mentioned (
Figure 9A).





Figure 9 | 

Environment and physiology. (A) Correlation matrix of environmental variables of Tongoy Bay with A. purpuratus physiological rates. Significance values at a = 0.05 are shown by asterisks (P-value< 0.05). (B) Redundancy analysis (RDA) for environmental variables (i.e. Ekman transport, temperature, DO, and pHNBS) with A. purpuratus physiological rates (i.e. GRs, NCRs, DCRs, and GCRs).






In particular, strong negative and significant correlations were found between Ekman transport and the temperature, DO, and pH levels of Tongoy Bay. On the other hand, pH and DO showed stronger positive and significant correlations. Weak correlation values were observed (positive and significant) between temperature and pH and DO. Chl-a showed a positive and significant correlation with Ekman transport, as well as a negative and significant correlation with DO and pH values.


Related to physiological responses, GRs showed a positive and significant correlation with NCR and GCRs, and a negative and significant correlation with DRs. NCRs showed a negative and significant correlation with DRs, and a positive and significant correlation with GCRs. GCRs and DCs showed a significant and strong negative correlation


Finally, strong correlations were found between the environmental variables (Ekman transport, temperature, DO, pH, and Chl-a) and A. purpuratus physiological responses (GRs, NCRs, DCs, and GCRs) (
Figure 9B). GRs and NCRs showed significant positive correlations with DO and pH, while this correlation was negative with Ekman transport and Chl-a, and null with temperature. DRs showed significant and positive correlations with temperature and Chl-a values, however, no significant correlations were observed between DRs with DO, pH, and Ekman transport. GCRs showed a negative significant correlation with Ekman transport, temperature, and Chl-a values, and positive with pH values.






4  Discussion


Marine environmental conditions are modulated by remote and local drivers that alter, at multiple spatiotemporal scales, several physical, chemical, biological and socio-ecological processes (e.g., Bakun et al., 2015; Sprogis et al., 2018). Environmental fluctuations have important effects on the physiological performance of marine organisms with significant consequences on the ecosystem structure and functioning, as well as, on the state of the socio-ecological systems (SES) related to fisheries or aquaculture (Sprogis et al., 2018; Bertrand et al., 2020). Our study shows the major role of upwelling shaping the annual physiological performance and fitness of the scallop A. purpuratus, one of the most important resources subjected to fishery and aquaculture along the Humboldt Current System.


Tongoy Bay, in central-north Chile, is the main location where the scallop A. purpuratus is cultured in Chile. This area is permanently affected by changes in seawater temperature, dissolved oxygen, pH, and primary productivity as a consequence of the upwelling transport forced by coastal wind patterns (e.g., Ramajo et al., 2020). The magnitude of environmental changes is modulated by the seasonal and intra-seasonal variability of the local atmospheric forcing controlling the phenological upwelling pattern (i.e., number, intensity, and duration of upwelling, relaxation, and downwelling events). Seasonal differences in upwelling phenology (here measured as changes in temperature, oxygen pH, and primary productivity, but also as the number, duration, and intensity of cooling and de-oxygenation events) affected the physiological performance and fitness of the different A. purpuratus life-stages tested. Spring and summer experimental periods showed higher intensities of cooling and deoxygenation events which, on average, produced lower growth and gross calcification rates (higher decalcification rates), especially in A. purpuratus adults. On the other hand, although higher mortalities were recorded under more intense upwelling periods (spring and summer), environmental conditions driven by upwelling did not significantly affect the A. purpuratus survivorship confirming the high physiological flexibility and well-locally-adaptation of this species to the fluctuating and stressful environmental conditions imposed by upwelling (Lagos et al., 2016; Ramajo et al., 2016; Ramajo et al., 2020).


It is known that upwelling, forced by the alongshore southerly favourable-winds, provokes a replacement of surface seawater by deeper water masses (Chapman, 1996; Bravo et al., 2016) which are colder, richer in nutrients and pCO2 (low pH), and poor in oxygen concentrations (Huyer, 1983; Garcia-Reyes et al., 2015, Ramajo et al., 2020; Kämpf and Chapman, 2016). Alongshore upwelling-favourable winds at PLV (nearest upwelling center to Tongoy Bay) had significant effects on Tongoy Bay’s environmental and biogeochemical conditions during the experiment, where the highest strength of upwelling (i.e., more negative Ekman transport values) occurred during the winter and spring months. Environmental conditions recorded during 2019-2020 partially agrees with previous studies that show year-round upwelling activity, peaking during the spring season at 30°S (Strub et al., 1998; Torres et al., 1999; Rutllant and Montecino, 2002; Torres and Ampuero, 2009; Aravena et al., 2014; Rahn and Garreaud, 2014). However, climate change is forcing shifts in major atmospheric high-pressure Hadley cells that trigger an intensification and a change of the intraseasonal variability of the alongshore favourable-upwelling winds (Lu et al., 2007; Rykaczewski et al., 2015; Schneider et al., 2017) particularly, in the poleward part of the Humbolt Current System (e.g., Aguirre et al., 2018; Aguirre et al., 2021; Belmadani et al., 2014) which may be explaining why intense upwelling events occurred during the winter season.


Major Ekman transport values (M) were significantly correlated with lower seawater temperatures, DO and pH values, and higher Chl-a concentrations similar to those recently observed at Tongoy Bay by Ramajo et al. (2020). Annual seawater temperature pattern followed the solar radiation annual cycle with higher mean values recorded in summer and spring, and lower in winter months. However, the summer and spring months presented higher temperature variability with values ranging between 12-13°C to 18°C. Higher temperature values can be explained by the higher solar radiation occurring during the summer and spring months, while lower temperatures can be attributed to the higher cooling rates associated with upwelling events of higher intensity observed at Tongoy Bay. The lowest dissolved oxygen and pH average values were recorded in the winter months when Ekman transport values were higher. Winter and spring months showed a high number of de-oxygenation events with higher duration and intensity. Moreover, the higher speed of loss of dissolved oxygen in the water column (i.e., upwelling rate) recorded in the winter and spring seasons may be explaining the higher variability in oxygen conditions. On average, seasonal pH values were also highly correlated with higher Ekman transport values. This agrees with previous studies that determine that multiple processes such as organic matter remineralization, high oxygen consumption, and dissolved inorganic carbon (DIC) production occur at deeper depths making upwelled waters poor in oxygen and rich pCO2 concentrations (low pH) (Umasangaji et al., 2021). Average seasonal surface Chl-a at Tongoy Bay also responded to the radiation and temperature annual cycle (highest values recorded in summer and spring seasons). However, during the winter months, when stronger upwelling-favourable winds were recorded at PLV, a peak of Chl-a (with values ranging between 0.6 and 18.6 mg m-3) was registered. This agrees with several studies across different upwelling systems showing how nearshore productivity is coupled to local upwelling conditions (e.g., Daneri et al., 2012; Du and Peterson, 2014; Aguirre et al., 2021).


Upwelling generates important coastal environmental fluctuations at local and larger scales as a consequence of deep upwelled waters properties (i.e., colder, hypoxic-anoxic, acidic) which, in many cases, can cause physiological constraints for marine biota. Paradoxically, these areas highlight by their high productivity, high biodiversity, and significant socio-economical contributions to humans (Carr et al., 2002; Chavez and Messié, 2009; Yáñez et al., 2017). In particular, the Humboldt Current System is recognized as one of the most productive areas on a global scale (300 gC/m2 per year, Kämpf and Chapman, 2016) holding one of the highest fisheries worldwide (Chavez et al., 2008). Only in Chile in 2018, 3.7 million tons of fish (including mollusks and crustaceans) were captured with a value of USD 11,544.1 million being aquaculture responsible for 91% of this value (OECD, 2021). In particular, scallop aquaculture in Chile is an important socioeconomic activity whose production reached 7,600 tones in 2018 (SERNAPESCA, 2019) being exported to multiple international target markets (e.g. Spain, France, Singapore, and Brazil), and contributing to more than US$5.5 million to the Chilean’s export basket (Yáñez et al., 2017). However, to date, the culture of A. purpuratus in Chile is completely carried out in the natural environment being highly vulnerable to environmental fluctuations and climate change impact-drivers.


Our study show how A. purpuratus physiology was significantly altered by seasonal environmental conditions which were modulated by the presence and intensity of favourable-upwelling winds. The lowest A. purpuratus performance (lowest GRs and GCRs) occurred during the spring season when upwelling generated an elevated number and intense cooling and de-oxygenation events resulting in rapid losses of temperature and oxygen in the water column. Environment imposes biological constraints (e.g., major energy requirement) which are especially notorious when habitat conditions reach values near (or out) of the physiological tolerance ranges of species (Pörtner, 2008). In particular, cold stress has significant consequences from molecular to major physiological scales affecting cellular processes, development, metabolism, growth, and swimming capacities, among others (Pernet et al., 2007; Boroda et al., 2020). In addition, oxygen levels below physiological thresholds impact the performance, fitness, and behavior of the majority of marine taxa (e.g., Vaquer-Sunyer and Duarte, 2008). Previous studies on A. purpuratus show higher survivorship and growth under higher temperatures (Arntz et al., 2006) in agreement with Waller (1969) who described this species as warmed-adapted due to its tropical/sub-tropical origin. Also, more recent studies show how A. purpuratus is also seriously affected by hypoxia (e.g., lower growth and net calcification rates), especially when low oxygen conditions are also accompanied by changes in temperature or pH conditions (i.e., see Aguirre-Velarde et al., 2016; Ramajo et al., 2019; Ramajo et al., 2020). Indeed, multiple studies warn that low pH values are physiologically stressful for the majority of calcifying biota (Kroeker et al., 2013) affecting particularly calcification and metabolic rates, shell growth, and larval development among others (Kroeker et al., 2013). However, A. purpuratus living at Tongoy Bay seems to be highly adapted to acidified conditions (i.e., higher growth and calcification rates, see Ramajo et al., 2016) which have been attributed to acclimatization and local adaptation processes (Ramajo et al., 2016; Ramajo et al., 2019). Still, the magnitude and direction of changes in physiological responses to pH fluctuations depend greatly on temperature, oxygen, or food availability conditions (Ramajo et al., 2016; Lagos et al., 2016; Ramajo et al., 2019; Ramajo et al., 2020) which could explain the lowest GCRs observed during spring months when pH did not show the lowest values of the year, but oxygen and temperature showed important reductions.


Nevertheless, A. purpuratus was not only exposed to the most intense cooling and de-oxygenation events during the spring season but also to the most rapid reductions in temperature (cooling rate) and oxygen concentrations (de-oxygenation rate). Certainly, this had serious consequences on the physiological performance of this species (lowest GR and GCRs, and higher DRCs). Coping responses to physiological stress in marine organisms can take many shapes as they depend on the direction, duration, magnitude, and velocity of the environmental changes (Kristensen et al., 2020). In particular, the velocity of environmental changes is extremely relevant from the point of view of evolutionary processes and the expression of biological mechanisms, but also in the current context of climate change where unprecedented rapid changes are occurring in all world oceans (i.e., climate velocities, e.g., Brito-Morales et al., 2018).


Lower physiological performance during spring can be also explained by the annual environmental cycle as a continuous decrease in temperature, oxygen, and pH occurring from summer to winter, where winter also showed the lowest average temperatures, and oxygen and pH values. Continuous environmental changes and previous stressful conditions may have affected the total A. purpuratus energetic budget, and thus the ability to express physiological mechanisms to cope with rapid changes in temperature and oxygen during spring. Fluctuating and stressful environmental conditions foster the expression of biological mechanisms that require high consumption of energy (Hendriks et al., 2015; Ramajo et al., 2020) which also promote the energetic requirements re-allocation and the apparition of physiological trade-offs, lower physiological performance, and decreased fitness (e.g., Pan et al., 2015). This may be explaining the steady decay in GRs, NCRs and GCRs observed during the experiment. On the other hand, food supply could also explain why A. purpuratus fitness was not affected during the summer and spring months, as both seasons also presented the highest food availability conditions (i.e., higher Chl-a concentrations). Previous studies have observed and suggested that A. purpuratus can increase its feeding rates under low pH (Ramajo et al., 2016) and after intense upwelling events to recover from physiological stressful conditions (see Ramajo et al., 2020).


Energetic demands for maintenance and reproduction change across sizes and ages (Kooijman, 2000). Thus, it can be expected that not all life-stages cope equally with environmental fluctuations as different life-stages present different necessities in terms of food, oxygen availability, and calcium carbonate supply (Baumann et al., 2012). Our study shows how seasonal physiological responses of A. purpuratus were significantly modulated by the size (age) (
Table 1), especially when environmental conditions pose a physiologically stressful scenario with rapid cooling and deoxygenation/corrosive rates (i.e., Spring season, see 
Figure 7). Size seems to be a key factor explaining the thermal tolerances of A. purpuratus which may explain different results among previous studies. Meanwhile, Arntz et al. (2006) and Lagos et al. (2016) studies detected a higher tolerance of A. purpuratus under higher than lower temperatures, Ramajo et al. (2019) concluded that A. purpuratus seems to be a species better adapted to cold than warmer conditions. These differences among studies may be attributed to differences in the life-stages tested as Arntz et al. (2006) and Lagos et al. (2016) studies were performed on larvae or adult organisms, while Ramajo et al. (2019) experiment was accomplished on juveniles. A similar physiological pattern has been observed to compare the physiological performance of juveniles and adults to changes in pH (see Ramajo et al., 2016; Lagos et al., 2016). Unfortunately, to date, no studies addressing the oxygen availability impact among different A. purpuratus life-stages have been yet performed.


The lower physiological performance observed in A. purpuratus adult stages as a consequence of more intense upwelling conditions occurring during the spring season may have additional impacts on aquaculture production as the scallop industry in Tongoy Bay mainly relies on natural larvae captured from the natural environment. Although A. purpuratus gametes release can occur throughout the year, this is more active in the austral spring and summer seasons when higher food availability (Chl-a concentrations) is present due to nutrients supplied by upwelling (Avendaño et al., 2008). However, unusual intense upwelling events and related stressful conditions could have important impacts on the reproductive A. purpuratus conditions (i.e., gamete release, spawning time, as well as egg production and larval survivorship). Multiple studies in bivalve species show how temperature, pH, and oxygen conditions modulate multiple reproductive adult traits including larvae availability and their survivorship (i.e., Kroeker et al., 2013; Breitburg et al., 2018). In particular, for A. purpuratus, studies performed by Cantillánez et al. (2005, 2006, 2008) and Avendaño et al. (2005) show how dates of spawning events occur under higher water temperatures and food availability conditions. Here, although A. purpuratus reproductive-related traits were not addressed, our results (i.e., lower performance in older scallops) suggest that intense cooling and deoxygenation/corrosive conditions driven by intense upwelling events may constrain reproductive A. purpuratus cycle due to growth-maintenance-reproduction trade-offs which are more evident in older stages as energetic costs are size and volume-dependent (see the introduction for references).


In brief, our study concludes that physiological sensitivity to isolated environmental variables is not able to entirely explain the seasonal physiological performance of A. purpuratus. Upwelling imposes differential physiological pressures across A. purpuratus life-stages, where the combination of intensity and the velocity of the changes, as well as the food availability, modulated the performance and the energy available to cope with uninterrupted (and sometimes stressful) environmental conditions. This highlight the necessity of considering marine upwelling habitats as highly complex and heterogenous environmental entities where fluctuations ranges (and not only average values), the speed of changes, and the nature of the interaction (antagonist, synergistic, additive) among environmental variables need to be considered to make better projections about the future of fisheries and shell marine aquaculture (SMA) developed in EBUS (Henson et al., 2017; Kristensen et al., 2020). In particular, this is highly relevant along the Humboldt Current System, as the coastal invertebrates’ catches have shown sustained growth since 1950, and specifically, SMA is a growing productive activity with an elevated socio-economic impact on the region and worldwide (FAO 2005-2021; Gutiérrez et al., 2017). However, to date, understanding how SMA in this region will cope with future climate conditions driven by changes in upwelling, ocean acidification, or ocean deoxygenation as a consequence of climate change is not completely understood as it requires an adequate comprehension of the environmental dynamics of marine systems, as well as, better knowledge about the physiological tolerance of the species and their different life-stages to heterogeneous conditions.
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