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El Niño-Related Thermal Stress Coupled With Upwelling-Related Ocean Acidification Negatively Impacts Cellular to Population-Level Responses in Pteropods Along the California Current System With Implications for Increased Bioenergetic Costs
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Understanding the interactive effects of multiple stressors on pelagic mollusks associated with global climate change is especially important in highly productive coastal ecosystems of the upwelling regime, such as the California Current System (CCS). Due to temporal overlap between a marine heatwave, an El Niño event, and springtime intensification of the upwelling, pteropods of the CCS were exposed to co-occurring increased temperature, low Ωar and pH, and deoxygenation. The variability in the natural gradients during NOAA’s WCOA 2016 cruise provided a unique opportunity for synoptic study of chemical and biological interactions. We investigated the effects of in situ multiple drivers and their interactions across cellular, physiological, and population levels. Oxidative stress biomarkers were used to assess pteropods’ cellular status and antioxidant defenses. Low aragonite saturation state (Ωar) is associated with significant activation of oxidative stress biomarkers, as indicated by increased levels of lipid peroxidation (LPX), but the antioxidative activity defense might be insufficient against cellular stress. Thermal stress in combination with low Ωar additively increases the level of LPX toxicity, while food availability can mediate the negative effect. On the physiological level, we found synergistic interaction between low Ωar and deoxygenation and thermal stress (Ωar:T, O2:T). On the population level, temperature was the main driver of abundance distribution, with low Ωar being a strong driver of secondary importance. The additive effects of thermal stress and low Ωar on abundance suggest a negative effect of El Niño at the population level. Our study clearly demonstrates Ωar and temperature are master variables in explaining biological responses, cautioning the use of a single parameter in the statistical analyses. High quantities of polyunsaturated fatty acids are susceptible to oxidative stress because of LPX, resulting in the loss of lipid reserves and structural damage to cell membranes, a potential mechanism explaining extreme pteropod sensitivity to low Ωar. Accumulation of oxidative damage requires metabolic compensation, implying energetic trade-offs under combined thermal and low Ωar and pH stress. Oxidative stress biomarkers can be used as early-warning signal of multiple stressors on the cellular level, thereby providing important new insights into factors that set limits to species’ tolerance to in situ multiple drivers.
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INTRODUCTION

The consequences of the release of anthropogenic CO2 emissions into the atmosphere result in increasing warming, ocean acidification, and deoxygenation in global ocean. Physiological tolerances for temperature, pH, and dissolved oxygen define a natural envelope of suitable habitat within organismal tolerance limits. Independently or synergistically, once these drivers exceed the natural envelope of physiological tolerance, suitable habitat for some organisms becomes limiting, ultimately controlling the distribution and interaction among species, and overall ecosystem productivity. These combined impacts are dependent on how the effects of the drivers amplify (i.e., synergistic) or counter (i.e., antagonistic) one another. The multiple driver interactions may potentially trigger biological impairments that can carry across different levels of biological organization. We refer to environmental drivers as stressors when they exceed physiological tolerance limits and result in negative biological impacts leading to non-linear outcomes, such that the combined effects can be more severe than expected. As demonstrated for a wide range of ecosystems, non-linear relationships between environmental variables can result in a loss of ecosystem services and reduction in biodiversity (Kelly et al., 2015).

Understanding the interactive effects of global environmental stressors is especially important within Eastern Boundary Upwelling Systems (EBUS) that are among the most productive ecosystems in the world, providing significant economic, cultural, and recreational services to large populations living near the coast (Halpern et al., 2009). The California Current System (CCS) is one of the EBUS for which some of the highest rates of climate-related changes have already been demonstrated (Feely et al., 2008, 2016; Gruber et al., 2012; Hauri et al., 2013; Bakun et al., 2015; Turi et al., 2016). However, the predictive abilities required to accurately assess biological responses to interactive effects of multiple drivers are still limited. The challenge remains to establish the linkages from cellular to physiological up to population-level effects that occur over different temporal and spatial scales. These interactive conditions are not easily replicated within experimental laboratory settings, making it difficult to reproduce realistic in situ exposure to multiple stressors. Here, we use the conditions of a strong El Niño with a preceding heat wave and concurrent upwelling event to study the responses of pteropods exposed to combinations of thermal stress, high CO2, low pH, low aragonite saturation state (Ωar), and deoxygenation (low oxygen concentrations). The combination of various environmental parameters provided multifaceted settings with different multiple drivers and their in situ interactions against which the biological responses of pelagic mollusks were studied.

The convergence of the 2013–2015 ocean heat wave coupled with the strong 2015–2016 El Niño (Bond et al., 2015; Di Lorenzo and Mantua, 2016; Jacox et al., 2016) caused one of the lowest phytoplankton abundances since 2013 (Gómez-Ocampo et al., 2018) and a complete restructuring of pelagic populations (Peterson et al., 2017). Prior to the May-June 2016 West Coast Ocean Acidification (WCOA16) cruise, the northeast Pacific was under the influence of a marine heat wave (MHW) that began in late 2013 and ended in the spring of 2016, with surface temperature anomalies ranging from 1.5 to 6.2°C (Bond et al., 2015; Di Lorenzo and Mantua, 2016). The MHW overlapped with the 2015–2016 El Niño (Gentemann et al., 2017; Hu et al., 2017). By the spring and early summer of 2016, extremely high sea surface temperature anomalies had dissipated but surface waters generally remained warmer than normal by 1–1.5°C (Gentemann et al., 2017). Upwelling of low-oxygen, low-aragonite-saturation waters was strong just prior to the WCOA16 cruise, and corrosive waters approached the surface near the coast (Figures 1–3). This confluence of oceanographic phenomena led to lower overall productivity of plankton and higher abundances of warm-water zooplankton species relative to cold-water species (Peterson et al., 2017). When El Niño came abruptly to an end around May 2016 (Jacox et al., 2016; Frischknecht et al., 2017), spring transition had already induced an upwelling, simultaneously creating a temporal window where El Niño and increased upwelling overlapped. Although milder in the beginning, wind stress quickly intensified and resulted in intense upwelling by the end of May 2016, bringing subsurface high-CO2, low pH waters with low Ωar from the combined effects of the uptake and deep mixing of anthropogenic CO2 as well as in situ respiration processes (hereafter described as ocean acidification) to the shallow depths in the near-coastal region (Feely et al., 2008, 2016; Alin et al., 2012; Harris et al., 2013).
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FIGURE 1. Large-scale gradients of temperature (50 m), depth of aragonite saturation (Ωar = 1) and oxygen concentration (100 m) along the United States West Coast in May–June 2016.
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FIGURE 2. Stations in the CCS at which physical–chemical data matched variety of different biological parameters measured in pteropods, including shell dissolution, oxidative stress, length measurements, and abundance. We investigated the responses along 11 of 17 transect lines that comprised the entire cruise. Individual station numbers are aligned with characteristic biological measurements. CTD measurements were taken on all stations where biological data were collected.
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FIGURE 3. Sections of (A) temperature; (B) oxygen; (C) aragonite saturation state (Ωar) off the British Columbia coast (Line 16) and (D) temperature; (E) oxygen; (F) aragonite saturation off the Oregon–Washington coast due west of the Columbia River (Line 12).



The temporal dynamics of concurrent time events created large-scale temperature and low pH and Ωar gradients along the US West Coast (Figure 1), with pronounced coastal-offshore dynamics in the northern part of the CCS, where we conducted our studies (Figure 2, 3). The space-for-time approach along the temperature and low Ωar natural gradients were used to study the exposure effects of the pelagic communities at cellular, physiological, and population levels (Bednaršek and Ohman, 2015).

Pteropods are pelagic mollusks that are one of the most sensitive and best studied indicator species for ocean acidification, in particular for Ωar (Bednaršek et al., 2017a). The most dominant species in the CCS, i.e., Limacina helicina, has demonstrated increased susceptibility that is further exacerbated under thermal stress (Lischka et al., 2011; Lischka and Riebesell, 2012; Gardner et al., 2018). This susceptibility is demonstrated through increased shell dissolution and reduced metabolic activity, calcification, growth, and survival (Lischka and Riebesell, 2012; Maas et al., 2015; Bednaršek et al., 2016a, 2017b; Moya et al., 2016; Gardner et al., 2018). Given the importance of pteropods as a food resource for a variety of ecologically and commercially important marine species in the CCS (Aydin et al., 2005; Karpenko et al., 2007; Armstrong et al., 2008), it is an imperative to understand their sustainability under global environmental change scenarios.

The commonality behind the multiple stressor effects is the production of reactive oxygen species (ROS) and cellular stress that result in increased energy expenditure and compensatory energetic trade-offs on a physiological level, which may carry over effects to the population level (Tomanek, 2011; Sokolova et al., 2012). To capture the linkages across different levels of biological organization, the biomarkers on one level need to be related to the responses on the higher level. For example, cellular biomarkers need to be related to physiological responses to establish the connection between the cellular and physiological levels. Oxidative stress occurs as a consequence of an imbalance between ROS production and the available antioxidative defense that enables scavenging and neutralization of generated radicals (Table 1), such as superoxide anions (O2-), hydrogen peroxide (H2O2), and hydroxyl radical. While thermal stress seems to be one of the most potent stressors of ROS production, low pH and Ωar along with deoxygenation can also result in elevated oxidative stress (Zenebe et al., 2007; Murphy, 2009), especially in their co-occurring interaction (Sokolova et al., 2012). ROS are capable of unrestricted oxidation of various cellular components that lead to non-specific modifications of lipids, proteins, and nucleic acids, causing disruption of cellular homeostasis and enhanced cellular stress. From the bioenergetic perspective, the results of oxidative stress can induce increased energy expenditure and negatively affect the efficiency of generating aerobic energy (ATP), which can ultimately result in compensatory energetic trade-offs and compromised health (Wood et al., 2008; Belhadj Slimen et al., 2014).

TABLE 1. Definition, justification, and interpretation of used biomarkers with zooplankton examples from literature.
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To our knowledge, there is no previous study to date using oxidative stress to assess cellular stress levels and antioxidant defenses in these pelagic mollusks under multiple environmental drivers, including low pH, low Ωar, thermal stress, and deoxygenation. Currently, there is a lack of comprehensive understanding to link cellular to physiological and population-level responses in pteropods in the natural environment that with its diverse gradients create natural analogs of multiple stress for studying biological responses. The objective of this study is therefore to (1) examine the interaction effects of co-occurring multiple stressors; (2) assess their impact and understand the relative role of drivers and their magnitudes behind the stress response; (3) delineate the interaction effects that can determine non-additive responses; and (4) link cellular to physiological and population-level effects on Limacina helicina.

MATERIALS AND METHODS

During the WCOA2016 cruise, which encompassed 17 cross-shelf transects, we obtained measurements of conductivity-temperature-depth (CTD) and oxygen. At each station, water samples were collected in modified Niskin-type bottles, poisoned with HgCl2 and analyzed onboard the ship for dissolved inorganic carbon (DIC), total alkalinity (TA), pH, fluorescence, and oxygen using the methods described in Feely et al. (2016). From these data we calculated pCO2 and Ωar (Figure 2). On 11 of the 17 transects, spanning the region from Central California to Oregon, Washington, and British Columbia (Figure 3), we conducted biological sampling for pteropods. Limacina helicina were collected at the biological subset of 37 stations using 200μm mesh Bongo nets, with integrated sampling over the upper 100μm and combined with counts of Limacina helicina for overall abundance (Figure 2). Depending on the subsequent analyses, the samples were stored in 100% non-denatured ethanol or flash-frozen at -80°C. Complete physical–chemical characterization of pteropod habitat was provided to link the environmental conditions with biological responses, including cellular, physiological, and pteropod population-level responses assessed through oxidative biomarkers, shell dissolution and growth, and abundance counts, respectively.

Altogether, there were 37 different stations at which biological parameters were measured. While the abundance data were collected on the entire set of 37 stations, the data with measured length frequency, shell dissolution, and oxidative stress were collected on a subset of the stations, i.e., 11 stations for each parameter (Supplementary Table S1 and Figure 2). Although stations were collected at different latitudes, we have excluded the latitudinal parameter from the RDA analyses for the variety of reasons. First, the unique variation explained by latitude that was not associated with the OA carbonate parameters. The loadings on the PC axes (Supplementary Figure S1) show a distinct separation of latitude on the second axis and the OA parameters on the first. Therefore, latitude does not confound the interpretation of pteropod responses to carbonate chemistry parameters. Second, all the latitude-related impact is mostly driven by temperature, and not OA (Supplementary Figure S1), and as such, latitude does not add anything to the interpretation of our correlations. In fact, there is a complete lack of mechanistic interpretation related to pteropod responses, mostly because of the third argument, i.e., compilation of all different parameters with indistinguishable nature of what they represent.

Length Measurements

We recorded the diameter of the Limacina helicina organisms across the largest body length (Bednaršek et al., 2012b). Depending on the location, we recorded the lengths of a different number of organisms (N = 11 stations with 26 organisms on average) and calculated the average length based on all organisms measured per station (Figure 2).

Biomineralization Assessment

To measure the impact on biomineralization, i.e., shell dissolution, all Limacina helicina individuals (N = 11 stations with 8 individuals on average) were examined for mechanical damage first, with only intact and actively swimming individuals considered for the analyses (Table 1). Following the protocol of Bednaršek et al. (2017a), the percentage of dissolution across the shell was determined and Type II and III damages were differentiated based on the classification scheme from Bednaršek et al. (2017a). Type II shell damage is related to the dissolution of the upper prismatic layer, while Type III is related to deeper-protruding dissolution of the crossed-lamellar layer. We also examined scarring on the shell; a pattern that visually resembles shell etchings and relates to the dissolution of the upper prismatic layer (Bednaršek et al., 2017a).

Determination of Oxidative Stress Biomarkers

Immediately after sample collection, pteropods were flash-frozen with liquid nitrogen before being stored on dry ice (for transportation); they remained frozen at -80°C until we resumed the biomarker analysis. Samples from 11 stations were analyzed for oxidative stress (Figure 2). Each sample corresponded to approximately 20 organisms. At some locations with higher numbers of individuals in the sample, more replicates were taken (Table 1 and Supplementary Material).

For the determination of antioxidant defense and oxidative stress biomarkers, pteropod samples were homogenized in 0.1 M K2HPO4 + 0.15 M KCl buffer (pH 7.4) using a Tissue Lyser II bead mill (Qiagen). An aliquot of 25 μL of raw homogenate was immediately frozen in liquid nitrogen and stored at -80°C for analyses of lipid peroxidation (LPX). The rest of the sample homogenate was centrifuged for 15 min at 4°C and the supernatant was divided into aliquots for glutathione S-transferase (GST), glutathione reductase (GR), catalase (CAT), and superoxide dismutase (SOD) enzyme activity determination, oxygen radical absorbance capacity (ORAC) assay. For the latter, the sample was deproteinized by adding 5% sulfosalicylic acid, incubated on ice for 10 min and centrifuged for 10 min at 4°C. The supernatant was divided into two different tubes for reduced (GSH) and oxidized glutathione (GSSG), and 33 mM M2VP (1-methyl-2-vinylpyridinium trifluoromethanesulfonate, Sigma Chemicals) in 0.1 M HCl (a scavenger of GSH) was added to the GSSG sample in 1:10 proportion. The sample homogenate aliquots and glutathione samples were frozen in liquid nitrogen and stored at -80°C until further analysis.

The lipid hydroperoxides were measured by using the FOXII method described in Eymard and Genot (2003) and Bou et al. (2008) with slight modifications (cf. Vuori et al., 2015). The raw homogenates were mixed with methanol and centrifuged for 5 min at room temperature. 450 μL of the reaction mix (ferrous oxidation-xylenol orange) reagent was added to the samples (50 μL) and absorbance measured after 2 h of incubation. GST and GR activities were determined as described in Vuori et al. (2015). The SOD inhibition rate was measured using a SOD determination kit (Sigma Chemicals). The CAT activity was modified to microplate from the Catalase Assay kits’ colorimetric assay (Sigma Chemicals) (Vuori et al., 2012). The amount of GSH and GSSG was analyzed with Glutathione 384-well plate Fluorescent Detection Kit (Arbor Assays) and intracellular soluble antioxidant capacity with OxiSelectTM ORAC Activity Assay (Cell Biolabs) following the manufacturers’ instructions, except for adjusting the reaction volumes for 384-well plate when needed. The enzyme activities, lipid hydroperoxides, and total GSH were normalized to the protein content of the samples, which was determined with PierceTM BCA Protein Assay (Thermo Scientific) with bovine serum albumin (Sigma) as the standard.

All samples, standards, and blanks were analyzed in triplicate. For all assays performed in this study, the mean coefficient of variation percentage (CV%) of technical replicates ranged between 2.91 and 5.48%. Plate-to-plate variation was normalized with control samples, and it ranged between 3.97 and 14.73%. Only four biomarkers were modeled for synergistic effects based on significant correlations with environmental variables and to minimize the number of multiple comparisons. All biomarkers were evaluated for exploratory analysis, as explained below.

Statistical Analyses

The selected approach for this analysis was to identify relationships among variables as potentially additive (positive or negative) or synergistic (interactions) by evaluating pairwise effects of stressors on each response measure. Several of the environmental variables were correlated, which presented a challenge for inferring causal relationships with pteropod response measures. To address this issue, the analysis was conducted in two stages, where the first was exploratory, and the second was a formal approach using a subset of the environmental variables to directly infer causation. The first set of analyses included all variables to demonstrate the complexity of the environmental dataset (Figures 4, 5) and provide the insights into multiple variables that co-vary, such as pH, pCO2, Ωar, and O2. To demonstrate the collinearity issues, we conducted first principal component axis of a PCA of all environmental variables (Supplementary Figure S1). Nearly 100% of the variance was described by the first three axes: axis one explained the following parameters pCO2, pH, O2, and Ωar, while axis 2 explained temperature and latitude, and axis 3 explained fluorescence. RDA also directly informed the second set of analyses, whereby variables associated with the response measures were further screened to reduce collinearity in subsequent models (see details below).
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FIGURE 4. Redundancy analyses (RDAs) for environmental variables with pteropod (A) cellular and (B) physiological and population endpoints. Points are site locations in multivariate space with the size proportional to latitude. Separate RDAs were created for cellular and physiological endpoints because not all data were available across all stations. Ara, aragonite saturation state (Ωar). For abbreviations of oxidative biomarkers refer to Table 1.
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FIGURE 5. Correlation matrix of environmental variables, with cellular, physiological, and population response endpoints for pteropods. Darker red values are strong positive correlations and darker purple values are strong negative correlations. Significance values at alpha = 0.05 are shown by stars (p < 0.05∗, p < 0.01∗∗). For oxidative biomarker abbreviations refer to Table 1.



Pearson correlations of environmental parameters (carbonate chemistry related, temperature, and fluorescence) with cellular, physiological, and population responses were first evaluated to identify potential associations with individual variables. Correlations between cellular and physiological responses were also evaluated to identify links between the two levels of biological organization. Non-continuous or skewed variables were transformed to better satisfy assumptions of parametric tests (e.g., abundances were logarithmically transformed, proportions were arcsine transformed). All analyses were performed with the R statistical programming language (R Core Team, 2017).

Multivariate comparisons of all cellular response measures and environmental variables were assessed using redundancy analysis (RDA) to jointly characterize relationships between sampling stations. This analysis is conceptually similar to principal components analysis with an additional constraint on the environmental matrix, where the relationships are further partitioned based on covariance among response measures at each site in addition to the covariance between environmental variables. The final triplot (two biplots of environmental and response matrices) can be used to evaluate which environmental variables are correlated, as well as their relationships to the cellular response measures at each site. Prior to RDA, the environmental and response matrices were standardized to range from zero to one using the following equation:

[image: image]

where zi is the standardized variable for observation i, xi is the raw variable for observation i, and min(x) and max(x) are the minimum and maximum values for the variable x. The vegan package for R was used for standardization and RDA (Oksanen et al., 2017).

The second set of analyses used linear models for pairwise combinations of environmental variables to evaluate additive and interactive effects on stressor response. To reduce the likelihood of false positive results from multiple comparisons, variables were chosen a priori that were considered most relevant for describing pteropod response to stressors using results from the exploratory comparisons above. Only LPX, ORAC, and SOD biomarkers were evaluated for cellular response, and only abundance, dissolution, and length were evaluated for biomineralization and physiological and population responses. Environmental variables were selected for analysis that were orthogonal in multivariate space to reduce collinearity and included Ωar, fluorescence, pCO2, and temperature. Oxygen and Ωar were evaluated for relationships with biomineralization and physiological and population response measures. Variance inflation factors (VIFs) were quantified for all pairwise combinations of environmental variables to estimate potential collinearity in each model, such that:
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where, VIF is the reciprocal of the unexplained variance (1 -R2) of the linear regression of variable j against all other explanatory variables. Zuur et al. (2007) suggest that VIF values less than 50 may be appropriate for analysis, but we chose a value of 5 for excluding combinations of environmental variables. We chose this conservative value to further reduce the potential for false positive results by reducing the number of combinations that were evaluated, in addition to reducing the likelihood of spurious results from collinear explanatory variables.

Linear models for the selected pairwise combinations of environmental variables and response measures included separate terms for the main effects of individual variables and a third term for the interaction of the pair. A model selection procedure was then used to compare every smaller subset of the global model (main and interactive effects) to identify the most parsimonious solution for each pair. The final model for each pairwise combination was chosen based on a minimization of corrected Akaike Information Criterion (Burnham and Anderson, 2002; Barton, 2018). Further, models with probability values greater than alpha of 0.05 for the overall model fit were excluded. These p-values were not adjusted for multiple comparisons due to the relatively small sample sizes of each model (N = 11 for all, except N = 37 for abundance).

Evidence for additive effects were based solely on the magnitude of the estimated parameter of the main effect for each variable, whereas synergistic or antagonistic effects were evaluated from the estimated parameter for the interaction, if demonstrated. A positive interaction was evidence of a synergistic effect and a negative interaction was evidence of an antagonistic effect. Results of the linear models were further evaluated using effects plots to characterize the relationship of a pteropod response measure to continuous values for one driver, given two different values for the second driver (constant at the minimum and maximum observed values).

RESULTS

Gradients Related to El Niño-Induced Thermal and Upwelling-Related Acidification Effects (pH, pCO2, Ωar) Define Pteropod Habitat

The MHW and the El Niño left a characteristic physical–chemical signature in the investigated region, with uniform increase in temperature across the large-scale region stretching from Queen Charlotte Sound in Canada to northern Oregon. The sea surface temperature anomaly of approximately 1–1.5°C from the usual baseline was observed in the upper 50–80 m, with surface temperatures ranging from 12 to 15°C off southern Oregon to 10 to 12°C off British Columbia at the time of the West Coast cruise in 2016. Pteropods were collected across strong temperature and Ωar, pH, and pCO2 gradients with differential degrees of interaction, depending on location. Near the end of El Niño, the onset of increased upwelling added a spatial complexity with respect to carbonate chemistry. The region off northern California and southern Oregon was under the strong influence of the combined stressors of warming, low Ωar, and deoxygenation (Figure 3). Associated with these events were higher than normal aragonite saturation values in Washington, Oregon, and British Columbia in near-surface waters, and normal to lower-than-normal aragonite saturation and low oxygen values in the subsurface waters near the coast off Washington and Oregon (but less so off the coast of British Columbia). Aragonite state saturation horizon (Ωar = 1) was positioned at shallow water depths of approximately 40–80 m at mid-shelf in northern California, Oregon, and Washington coastal regions and gradually deepened northward to about 120–150 m in Canadian waters (Figure 3). Although to a much lesser extent, upwelling induced a regionally specific decline in oxygen, with oxygen concentrations <100 μmol kg-1 occurring off the Oregon and Washington coasts but not as low farther north. With the general increase in temperature across the entire region, there were unique regional Ωar, pH, and pCO2 vertical gradients, with the most severe in the south (northern California, Oregon, and Washington) gradually decreasing to the north. These gradients were strong from deep water to shallow water depths within the upper 100 m, overlapping with pteropod vertical habitat and the depth of their collection.

The multiple stressor interactions in these environmental stresses are defined by high collinearity, as depicted on the RDA plot of the upper 100 m (Figures 4A,B). The two main components explained, in total, around ∼75% of the observed variance in the RDA, i.e., 53.6% of Component 1 and 29.2% of Component 2 for the cellular RDA; 48.4% of Component 1 and 25.6% of Component 2 of the physiological RDA. While carbonate chemistry parameters (pH, Ωar, pCO2) and oxygen are all highly correlated, as demonstrated by their loadings along the RDA1 axis, temperature shows higher loading along the RDA2 taxis, and thus less correlation with carbonate chemistry parameters (Figure 4A). Food availability (measured as fluorescence) was not correlated with any of the environmental parameters.

Pteropod Responses to Multiple Stressors Interacting Across Large Spatial Gradients

Biomarkers of pteropod organismal stress showed the highest cellular stress present in the south and a gradual decrease northward. LPX and GSH:GSSG (reduced oxidized glutathione ratio), both biomarkers related to cellular damage, showed significant association with latitude and the stress response (increase in LPX and GSH:GSSG) increasing southward (Table 1 and Figure 5). Additionally, the overall cumulative stress marker (ORAC/LPX; i.e., cellular toxicity compensated by antioxidative marker, with low ORAC/LPX indicating increased oxidative stress) was the highest under co-occurring conditions of Ωar, pH, and pCO2 stress in the south, while its significance decreased under less severe stressors in the north. Correspondingly, the highest antioxidative defense was observed through increased SOD levels, with values significantly higher in the south than in the north and negative correlations with LPX and ORAC/LPX.

Pteropod Cellular Response to Multiple Drivers

Increased temperature (i.e., thermal stress) is strongly associated with metabolic pathways related to increased antioxidative activity. The results demonstrated the highest positive correlation with ORAC (Figure 5), while the other antioxidative biomarkers showed positive, yet insignificant correlations. On the other hand, thermal stress does not activate the same biomarkers as carbonate chemistry stress, as shown by the lack of correlation between ORAC and pH. Based on the measured cellular toxicity parameters (i.e., LPX, ORAC/LPX, GSH:GSSG), temperature did not trigger oxidative stress but it was significantly important when it co-occurred with the other stressors (described below). Given that ORAC was not significantly correlated with latitude confirmed a uniform warming signal along the entire region related to the El Niño event.

Carbonate chemistry stress was associated with significant activation of oxidative stress biomarkers, as indicated by the increased levels of LPX (Figure 5) at low pH. This is indicative of cellular damage because LPX is the first line of evidence of cellular oxidative stress. Accordingly, the cumulative cellular stress level, as indicated by a low ORAC/LPX ratio, is also significantly correlated with carbonate chemistry stress (Figure 5). The only antioxidative pathway activated under low pH was the increased expression of the SOD biomarker. Low oxygen in combination with carbonate chemistry stress is also associated with oxidative stress, and in a cumulative manner activates cellular damage pathways (Figure 5), as indicated by a negative correlation with LPX and positive correlation with ORAC/LPX.

The effect of co-occurring stressors on the cellular responses is additive, with no demonstrated interactions between the drivers. The negative impact of carbonate chemistry parameters (low Ωar, low pH, and high pCO2) and deoxygenation can be mediated by temperature and fluorescence, where the direction of stressor effect might be different under multiple-stressor scenario.

There are several additive and mediating effects of multiple drivers on LPX. First, the combination of Ωar and thermal stress indicated a positive additive effect, with higher temperature (thermal stress) enhancing LPX toxicity as experienced under low Ωar (R2= 0.5; model 2; Table 2 and Figure 6A). Although the individual correlations of LPX with Ωar and temperature showed that LPX decreases with an increase in both, temperature has an inverse effect when modeled together with Ωar, with lower temperature reducing LPX toxicity. Temperature-mediated effects on cellular stress occurred even at slight temperature decreases of 2–3°C within the temperature range they experience in the natural environment. Second, fluorescence also demonstrated an additive effect with pCO2 and pH, with high fluorescence offsetting the LPX effect (R2= 0.72 and R2= 0.65, respectively; models 1 and 4, Table 2 and Figure 6B). Third, fluorescence displayed a similar mediating effect on LPX in combination with reduced oxygen concentrations (R2= 0.74; model 3; Table 2 and Figure 6B). Similar additive effects were also demonstrated for the cumulate stress effect (ORAC/LPX) ratio under various combinations of carbonate drivers and oxygen, mediated by high fluorescence and low temperature (Table 2).

TABLE 2. Model results for pteropod cellular response to pairs of co-occurring environmental variables.
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FIGURE 6. Examples of model interactions of co-occurring environmental variables on pteropod cellular responses. (A) A negative additive effect between aragonite saturation state (Ωar) and temperature on cellular toxicity (lipid peroxidation; LPX); (B) negative additive effects of fluorescence and pCO2 on LPX; (C) positive additive effects of temperature and Ωar on antioxidative activity (sodium dismutase, SOD). Both y-axes are transformed to conform to model output. Covarying environmental variables were held constant at the minimum and maximum values in the observed data. Color range depicts the max and min values of the observed parameters.



Given SOD antioxidative properties, its activation is triggered by unfavorable conditions (low pH, high pCO2, and low oxygen), and additively enhanced under the co-occurrence of multiple stressors, such as increased temperature with low Ωar and low pH (R2= 0.5 and 0.55, respectively; Table 2 and Figure 6C). In addition, thermal stress in combination with low oxygen also intensified antioxidative production (R2= 0.61; Table 2). Fluorescence did not have any mediating effect on the SOD activity, either alone or in combination with an additional driver.

The Interactive Effect of Multiple Stressors on the Physiological and Population Level

In contrast to the cellular level, some multiple stressor effects on the physiological level demonstrate interactions, in addition to additive effects. For example, the interaction between thermal stress and low Ωar and oxygen synergistically increased a negative physiological effect, i.e., biomineralization. The population-level effects were additive, with low temperatures mediating negative effects of pH, Ωar, and oxygen.

Biomineralization, which was measured as shell dissolution (dissolution extent of Type II and III damage), showed a strong negative correlation with Ωar, the main driver of shell dissolution (Figure 5). While shell scarring was positively but not significantly correlated with thermal stress (Figure 3), this was not the case for shell dissolution, where no correlation was observed. In addition, increased fluorescence can mediate the negative effect of increased pCO2 on shell dissolution (R2 = 0.71; Table 3).

TABLE 3. Model results for physiological and abundance responses to pairs of co-occurring environmental variables.
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Interactive effects (Ωar:T, R2= 0.87; model 6, Table 3 and Figures 7A,B) demonstrated that the co-occurrence of T and Ωar synergistically increased dissolution. The effect is magnified at higher Ωar (Ωar > 1.3) where thermal stress can increase dissolution. At biologically relevant low Ωar (Ωar < 1), the temperature effect is not significant and does not contribute additionally to shell dissolution. The lack of this interaction is important for consideration of dissolution processes at greater depths where both low Ωar and low T co-occur (Figure 7A). On the other hand, the interactive effect of oxygen and temperature (O2:T, R2= 0.87; model 7, Table 3 and Figure 7B) on biomineralization is amplified at low temperature and low oxygen. Low oxygen concentrations do not significant affect physiological processes at higher temperatures. This indicates greater physiological vulnerability, especially at deeper depth, when deoxygenation co-occurs with low temperature. While oxygen and temperature do not directly impact shell dissolution, this synergistic interaction might indirectly impact biomineralization activity through an overall physiological scope, ultimately resulting in increased dissolution.
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FIGURE 7. Model interactions and additive effects of co-occurring environmental variables with biomineralization (shell dissolution) and population (abundance) responses. Interactive effects between aragonite saturation state (Ωar) and temperature on biomineralization (shell dissolution) are shown in (A), temperature and O2 on dissolution in (B), and the additive effect of temperature and Ωar on abundance in (C). All y-axes are transformed to conform to model output. Covarying environmental variables were held constant at the minimum and maximum values in the observed data. Color range depicts the max and min values of the observed parameters.



In terms of the correlation between cellular and physiological endpoints, increased shell dissolution and scarring corresponded positively with cellular stress (GSH:GSSG, OPAC/LPX), and negatively with the majority of biomarkers of antioxidative activity, except GST biomarkers (Figure 5).

Growth (measured as length diameter) did not show a significant correlation to any environmental parameters, but was negatively correlated with shell dissolution and scarring, indicating decreased growth coinciding with the presence of shell dissolution (Figure 5). Fluorescence did not have any significant additive effect on growth, making it a comparatively less important variable.

Pteropod abundance, which exemplified population-level effects, showed significant negative correlation with temperature (Figure 5). Additive effects were observed when thermal stress co-occurred with the carbonate chemistry parameters (pH, Ωar, or pCO2) and deoxygenation (models 1–4; Table 3), but there were no interactions between the multiple drivers. The additive effect of two stressors (e.g., low Ωar or low oxygen and thermal stress) resulted in significantly lower abundances compared to high Ωar or high oxygen at increased temperatures (Table 3 and Figure 7C), demonstrating a multiple stressor sensitivity at the population level. Fluorescence did not show any additive effect on abundance with any stressors.

DISCUSSION

El Niño has been known to leave a characteristic imprint of thermal stress on the coastal and near-shore habitats of the CCS, with implications for the coastal ecosystems and fisheries management (Chavez et al., 2018). However, less is known about ecological responses when El Niño overlaps with springtime intensification of an upwelling event, impacting habitats across wider spatial scales and lasting for several months. During this period, coastal and near-shore habitats are exposed to multiple driver dynamics that can compromise the suitability of habitats, especially in coastal ecosystems. The overlap of El Niño and upwelling also affects oxygen distribution, with regionally low oxygen concentrations that act as a third driver on biological responses. Because the thermal stress includes the impact of the preceding MHW, the results of this study carry implications that are directly relevant to future climate change effects in the EBUS. Not only does it demonstrate the wide range of conditions that EBUS will be experiencing in the near future (Gruber et al., 2012; Hauri et al., 2013; Bakun et al., 2015; Turi et al., 2016), but it delineates the interactions between multiple stressors that will often have the most significant ecological implications.

This is one of the first synoptic studies of pteropod responses under in situ multiple drivers, as created during overlapping El Niño and upwelling, inducing low pH, low Ωar, and deoxygenation in the CCS. El Niño can drive important negative responses across several levels of biological organization. While increased food availability and lower temperature can mediate negative impacts of low Ωar and pH, these mitigating effects are absent during El Niño years and MHW, and under intensifying effects of climate change, resulting in more severe biological implications.

During these events, the species are affected by multiple adverse pathways acutely affecting cellular and physiological responses, including internal acidosis, hypercapnia, metabolic depression, reduced oxygen supply and anaerobiosis, and thermal stress (Pörtner, 2008). In general, individual correlations are rarely descriptive (i.e., correlation does not mean causation); thus, examining a combination of two effects supports a mechanistic underpinning under realistic, in situ conditions. It is very likely that various combinations of carbonate chemistry parameters (pH, pCO2, and Ωar) activate different cellular pathways at the same time. Given that thermal stress elicits different antioxidative biomarkers than low pH- and Ωar associated stress (ORAC and SOD, respectively), this supports the notion that both drivers activate different cellular pathways. Based on cellular and population-level responses, low pH, low Ωar, and deoxygenation activate similar oxidative damage pathways and antioxidative defense. Moreover, interactions with thermal stress at low Ωar and deoxygenation were particularly significant in inducing enhanced negative biomineralization effects; this requires a more extensive study beyond the scope of this paper. The combination of carbonate chemistry stress with oxygen appears to be a significant predictor of biological responses and should be considered in interaction with thermal stress on the physiological and population levels. This calls for future in-depth studies of deoxygenation with other stressors on pteropods.

Mechanisms of Oxidative Stress Implications Overall Pteropod Vulnerability and Energetic Status

In this study, we found the magnitude of overall stress conditions to be reflected through various cellular, biomineralization, and physiological responses. This suggests that unfavorable conditions probably remained mainly uncompensated in the southern part of the study region, although pteropods from this region reallocated more antioxidative efforts to compensate against stress than their northern counterparts. This is likely due to a deficiency of antioxidative response activity resulting from either insufficient expression or inefficiency of antioxidative defenses (Matozzo et al., 2013), possibly linked to shutting down of energy-consuming processes under severe low Ωar/pH stress.

At the population level, temperature was the main driver of abundance distribution, with a suite of various carbonate chemistry parameters acting as a strong driver, but one of secondary importance. Additive effects of low pH, low Ωar, and deoxygenation with thermal stress on abundance clearly suggest that El Niño has a negative effect at the population level. It is likely that long-lasting (2–3 years) thermal stress was carried through at least 2–3 generations, given that pteropods along the West Coast live for approximately 1–1.5 years. However, given that the warm water effect was latitudinally spread over the entire United States West Coast in a fairly consistent way, both spatially and in their anomalies, we predict that transgenerational exposure was uniformly applicable for the majority of the United States West Coast pteropod populations.

At the cellular and physiological level, however, we observed a remarkable shift from temperature to low pH and low Ωar-driven responses. The upwelling-induced low Ωar/pH conditions elicit similarly high levels of cellular stress and damage, as preliminarily demonstrated by Koh et al. (2015), and can resonate on physiological levels. At the cellular level, the action mode of low Ωar and pH elicits an excess in ROS production. This subsequently activates different oxidative damage pathways that result in a negative capacity for ATP production (Abele et al., 2002) and significant damage to lipids (Monaghan et al., 2009). These mechanisms are conservative across a diverse group of organisms, including mammals, plants, and fungi (Quirós et al., 2014, 2015; Pinti et al., 2015). ROS-targeted LPX is mainly induced in lipids with polyunsaturated fatty acid (PUFA) bonds, which are more susceptible to LPX than monounsaturated or saturated fatty acids. The amount of PUFA can impact the extent of oxidative damage (Hulbert et al., 2007). Across different pteropod life stages as much as 60–80% of structural lipids and triacylglycerols are predominantly composed of PUFAs (Gannefors et al., 2005), so they are easily targeted by ROS. LPX might have double negative implications for organisms: First, PUFA sensitivity to LPX results in their decrease (Yin and Pörter, 2003), leaving organisms without the essential lipid structure and reserves. Second, LPX increases ROS-induced structural damage of cell membranes (Bou et al., 2008), as demonstrated by the activation of genes involved in membrane processes (Koh et al., 2015).

Food quality has a major effect on the transfer of energy and matter in food webs, and essential long-chained PUFAs can affect the quality of zooplankton as food (Persson and Vrede, 2006). where PUFA has been shown to be critical for normal larval development and survival across many fish species (Izquierdo et al., 2000). As such, pteropods under low pH, Ωar conditions in combination with elevated temperatures may be a sub-optimal food source for many fish species, including juvenile salmonids. These species would then have to predate more heavily on other zooplankton to consume sufficient PUFA content, to reduce the risk of developmental delays. In a recent comparative study, multiple stressors affected pteropods significantly more than copepods, pelagic non-calcifiers that show much lower cellular stress levels than calcifying mollusks. The top-down effect of changing the prey items with sufficient PUFA may have repercussions down the food web.

In the perpetual process of cellular damage, even more ROS are generated, aiming at proteins as their next targets. Accumulation of the oxidative damage under exposure to stress thus requires metabolic compensation to recover the energetic costs of the antioxidative activity, stress protein expression, and the activation of protein degradation pathways (Tomanek, 2011; Sokolova et al., 2012), which is one of the most expensive ATP sinks in the cells (Hochachka and Somero, 2002). In mollusks, for example, energy costs of protein synthesis can increase from 10% during control conditions to as much as 40% during extreme stress (Ivanina et al., 2008), or 10–25% of total ATP consumption (Cherkasov et al., 2006).

Various studies agree that the extreme sensitivity of pteropods to low Ωar, low pH stress is related to their energetics metabolism, pointing toward the trade-off processes underlined by their insufficient energy budget (e.g., Lischka and Riebesell, 2012, 2017; Seibel et al., 2012; Bednaršek et al., 2016b; Peck et al., 2018). Based on the numerous lines of evidence, and as previously demonstrated for numerous other taxa (Lesser, 2006; Ivanina and Sokolova, 2016; Ivanina et al., 2016), oxidative stress biomarkers offer important insights into bioenergetic requirements for pteropods under exposure to multiple stressors. Therefore, assessing oxidative stress as it relates to multiple stressors offers an opportunity to link early warning stress effects and bioenergetics, and predict effects beyond the cellular level. To establish the link between the stress and bioenergetics, it is necessary to take food availability into account because it can directly impact organism’s bioenergetics status, where no longer limiting energy budget can be restructured in a way to invest increased energy resources into mediating detrimental effect of stressor toxicity. For example, we observed that food availability is important factor to reduce the LPX toxicity associated with carbonate chemistry parameters (pCO2 and pH) and low oxygen; as well as decreasing shell dissolution, however, it did not have the effects on antioxidative activity or abundance.

Here, we attempt to demonstrate how increased oxidative stress on the cellular level could impose energetic trade-offs, with implications for organismal fitness. Cumulatively, our evidence suggests the potential for oxidative stress impacting life history trade-offs that could manifest over different timescales. On short timescales, increased toxicity coupled with altered energetic demand due to increased maintenance costs (Wood et al., 2008; Moya et al., 2016) and down-regulation of aerobic metabolism (Maas et al., 2015) would imply lower energy allocations and carry-over energetic trade-offs under a multiple stressor scenario. This presumption indeed agrees with our observations of increased shell dissolution as related to reduced antioxidative activity and growth. Regarding the former, shell dissolution is positively correlated with cellular stress biomarkers; thus, we expected an increase in antioxidative activity. Instead, we observed reduced levels of antioxidative biomarkers. While none of the correlations with cellular endpoints were significant, some trends were observed; in particular, negative correlations with GST and CAT. This most likely implies an insufficient energetic budget for the support of energetically expensive antioxidative production (Monaghan et al., 2009). This is additionally supported by the negative correlation between shell dissolution and growth, as previously demonstrated by Lischka et al. (2011).

On population-level timescales, there may be longer-term trade-offs in biological functions. Our supposition from the physiological level predicts a carry-over effect on the population structure, but without an immediate knock-on effect. None of the cellular biomarkers or physiological endpoints were significantly correlated with abundances, although a negative correlation in LPX abundance indicates a potential trend linking cellular and population levels. However, the lack of correlation does not mean that other life history components are not already compromised (e.g., growth, fitness). Although cellular or physiological effects cannot be immediately extrapolated to the population level, the costs of energetic requirements potentially could be paid by reduced reproductive potential and would be demonstrated over longer timescales. Advancing from physiological to population-level effects is obviously marked by complexities that require further understanding and biomarker studies correlated with prolonged exposures. However, a strong correlation of multiple drivers with cellular responses make pteropods strong candidate indicators for cumulative effects (Bednaršek et al., 2016a). This is supported by studies in which multiple driver effects have been linked to pteropod long-term population declines in the North Atlantic (Beaugrand et al., 2013) and the North Sea (Beare et al., 2013).

The question thus remains how pteropods can thrive in high abundances in various upwelling regimes (Bednaršek et al., 2017a) when low pH and Ωar conditions display strong detrimental effects. Based on our results, we infer that pelagic mollusks have developed several approaches to mediate the conditions related to low pH and Ωar, at least partially. First, along the strongest low Ωar and pH hotspots, we found evidence of continuous activation of antioxidative activity, indicative of scavenging mechanisms detoxifying excess ROS to decrease overall oxidative damage. Second, upwelled waters are cold and nutrient-rich, both parameters that can mediate the negative low pH and Ωar stress and reduce the overall effect on the cellular toxicity. While fluorescence has been demonstrated to partially offset negative effects (Seibel et al., 2012), the mitigating effect of low temperature was demonstrated here for the first time. The compensatory effects of low pH, low Ωar, and thermal stress likely occur also because of negative additive effects stimulating antioxidative production. Third, pteropods likely shut down more energetically expensive processes to conserve energy under the most severe low pH and Ωar conditions.

In summary, this study delineates, for the first time, some of the implications behind pteropod vulnerability in high-temperature, low-oxygen, low-pH and Ωar coastal waters. This involves the link between low pH and Ωar eliciting enhanced oxidative stress in organisms with exceptionally high PUFA levels, such as pteropods, which are extremely sensitive to low pH and Ωar. Oxidative stress biomarkers can be used as an early-warning signal of multiple stressors on the cellular level. We recommend that future studies focus on mechanisms that govern the linkage between low temperature and carbonate chemistry drivers, especially in the context of multiple environmental drivers and intensification of anthropogenic-driven ocean acidification. The understanding of cellular responses to oxidative stress can provide important new insights into factors that set limits to species’ tolerance of multiple drivers in the natural environment, especially when mechanistically linked though energetic implications. Moreover, it will not only help identify the habitats that cannot support viable physiological responses (Sokolova et al., 2012) but also predict future adaptation strategies by the high content PUFA sensitive organisms to ocean acidification.
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