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Impacts of Acclimation in Warm-Low pH Conditions on the Physiology of the Sea Urchin Heliocidaris erythrogramma and Carryover Effects for Juvenile Offspring
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Ocean warming (OW) and acidification (OA) affects nearly all aspects of marine organism physiology and it is important to consider both stressors when predicting responses to climate change. We investigated the effects of long-term exposure to OW and OA on the physiology of adults of the sea urchin, Heliocidaris erythrogramma, a species resident in the southeast Australia warming hotspot. The urchins were slowly introduced to stressor conditions in the laboratory over a 7-week adjustment period to three temperature (ambient, +2°C, +3°C) and two pH (ambient: pHT 8.0; −0.4 units: pHT 7.6) treatments. They were then maintained in a natural pattern of seasonal temperature and photoperiod change, and fixed pH, for 22 weeks. Survival was monitored through week 22 and metabolic rate was measured at 4 and 12 weeks of acclimation, feeding rate and ammonia excretion rate at 12 weeks and assimilation efficiency at 13 weeks. Acclimation to +3°C was deleterious regardless of pH. Mortality from week 6 indicated that recent marine heatwaves are likely to have been deleterious to this species. Acclimation to +2°C did not affect survival. Increased temperature decreased feeding and increased excretion rates, with no effect of acidification. While metabolic rate increased additively with temperature and low pH at week 4, there was no difference between treatments at week 12, indicating physiological acclimation in surviving urchins to stressful conditions. Regardless of treatment, H. erythrogramma had a net positive energy budget indicating that the responses were not due to energy limitation. To test for the effect of parental acclimation on offspring responses, the offspring of acclimated urchins were reared to the juvenile stage in OW and OA conditions. Parental acclimation to warming, but not acidification altered juvenile physiology with an increase in metabolic rate. Our results show that incorporation of gradual seasonal environmental change in long-term acclimation can influence outcomes, an important consideration in predicting the consequences of changing climate for marine species.
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INTRODUCTION

Many of the key challenges in predicting the ecological consequences of climate change stem from the fact that organisms are confronted with multiple biotic and abiotic stressors, which often interact (Boyd and Brown, 2015; Przeslawski et al., 2015; Boyd et al., 2017; Goldenberg et al., 2017). The impacts of global warming and ocean acidification are intricately linked as approximately 90% of the Earth’s heat and 25% of anthropogenic CO2 emissions are absorbed directly into the ocean (Gattuso et al., 2015). Further, marine heatwaves (MHW) are a major climate change stress in many regions (Babcock et al., 2019; Holbrook et al., 2019).

Ocean warming (OW) increases the body temperature of marine ectotherms, affecting metabolism and most biological processes (Brown et al., 2004; Somero, 2012). Concurrently, ocean acidification (OA) alters the carbonate saturation states in sea water which may alter the metabolic costs associated with acid–base regulation and calcification, with evidence of reduced biomineral production and hypercapnia (Byrne et al., 2013; Kroeker et al., 2013; Thomsen et al., 2015; Byrne and Fitzer, 2019). Given that warming and acidification both influence key metabolic processes, stressor interactions are inevitable with biological responses affected in unexpected ways (Kordas et al., 2011; Boyd and Brown, 2015; Boyd et al., 2017). This highlights the uncertainty as to our understanding of the drivers of ecosystem change in a high CO2 world. For example, increased temperature affects both oxygen demand and the supply of oxygen in water (Pörtner, 2010; Christensen et al., 2011; Schulte, 2015) and may limit oxygen delivery, restricting metabolism and exacerbating the energetic demands elicited by OA (Dillon et al., 2010; Deutsch et al., 2015; Lefevre, 2016).

Exposure to combined warming and acidification often causes negative impacts that are either additive (e.g., increased metabolism in sea urchins, Carey et al., 2016) or synergistic (e.g., increased photosynthesis in foraminifera, Schmidt et al., 2014). However, positive or neutral responses have also been observed, such as in the development and thermal windows of echinoderm larvae (Karelitz et al., 2016) and the growth of sea urchins and mussels (Keppel et al., 2015; Dworjanyn and Byrne, 2018), and reproduction in many taxa (Harvey et al., 2013). Warming can ameliorate the negative effects of acidification on biological processes such as calcification, but within limits (Sheppard Brennand et al., 2010; Dworjanyn and Byrne, 2018). Critical gaps remain in our understanding of the ability of marine species to acclimatize or adapt to global change stressors within and across generations as most studies involve short-term acute experiments where the stress is immediate and so is delivered at a pace unrealistic with respect to global change. Organisms respond differently to more gradual introduction to a stressor and long-term acclimation (Dupont et al., 2013; Byrne et al., 2020; Uthicke et al., 2020). In general, acclimation to increased temperature decreases thermal sensitivity over time (Seebacher et al., 2014), and if this coincides with gamete development, can have positive carryover effects in conveying stress resilience to offspring (Pechenik, 2018; Byrne et al., 2020).

Warming and/or acidification have broadly deleterious effects on sea urchin growth, behavior, metabolism, reproduction and immune defense and disease, with response magnitude influenced by the stressor levels used (Byrne et al., 2011a, b, 2013; Brothers et al., 2016; Carey et al., 2016; Delorme and Sewell, 2016; Sweet et al., 2016; Manríquez et al., 2017; Dworjanyn and Byrne, 2018; Byrne and Fitzer, 2019; Byrne and Hernández, 2020). Global change experiments with sea urchins and other marine invertebrates that incorporate an acclimation period show that outcomes differ from the acute, shock-type approach (e.g., Dupont et al., 2013; Munguia and Alenius, 2013; Bellworthy et al., 2019; Uthicke et al., 2020). For Strongylocentrotus droebachiensis, a decrease in fecundity was observed after 4 months exposure to acidification (−0.3 pH units), but not after 16 months (Dupont et al., 2013). For Sterechinus neumayeri, exposure to warming (+2°C) and acidification (−0.3 to −0.5 units) over 2 years diminished the negative effects of these stressors on metabolism and reproduction (Suckling et al., 2015; Morley et al., 2016). For Echinometra sp. a 20-month exposure to warming (+1°C, +2°C) and acidification (−0.2 to −0.3 units) had no effects on growth, respiration and reproduction (Uthicke et al., 2020). Similar acclimatory responses are reported for corals (Stylophora pistillata) and crustaceans (Paradella dianae) exposed to warming and acidification (Munguia and Alenius, 2013; Bellworthy et al., 2019).

Acclimation as an important mechanism of phenotypic plasticity to adjust to changing habitat conditions within and across generations (Ghalambor et al., 2007). Parental stress history can influence stress responses in offspring (Byrne et al., 2020). The temperature at which gametes develop determines the thermal tolerance of fertilization and offspring development in a range of species (Byrne, 2011; Byrne et al., 2011b). However, the progeny of S. intermedius were negatively affected by parental exposure (15 months) to warming (Zhao et al., 2018). Acclimation of S. droebachiensis in OA (14 months) through gonad maturation had some positive carryover effects for surviving offspring, although mortality was high (Dupont et al., 2013). In S. purpuratus acclimation in OA conditions (4.5 months) increased embryonic growth and altered the transcriptome (Wong et al., 2018), but it is not known if these responses are negative or positive. For Echinometra sp. acclimation of parents to warming and acidification had negative carryover effects for larvae (Karelitz et al., 2020).

We examined the combined effects of warming and acidification in an acclimation experiment with the sea urchin Heliocidaris erythrogramma and outcomes for offspring reared in these stressors. This species is ecologically important in structuring subtidal habitats across temperate Australia through its grazing ecology (Keesing, 2020). In the southeast region H. erythrogramma resides in a hotspot where habitat warming is the global change stressor of primary concern (Babcock et al., 2019). In a preconditioning single stressor acclimation study, where temperature was gradually increased (+2–4°C) followed by a 14-week exposure, this species exhibited some capacity to acclimate to moderate warming (+2°C) but struggled to survive at a higher (+4°C) temperature increase (Harianto et al., 2018). Here, we build on this research using a preconditioning period that involved a gradual introduction to warming (+2°C, +3°C) and acidification (−0.4 pH units) levels over 7 weeks in the flow-through aquaria to facilitate adjustment of the urchins to new conditions. This was followed by >5 months of acclimation under a natural pattern of seasonal temperature (offset at +2°C and +3°C) and photoperiod change at two pH levels (ambient pHT 8.0; −0.4 units: pHT 7.6). The treatments are commensurate with current and ongoing warming projections for the region, although recent MHWs which have extended for months have resulted in temperature increase at the levels used here (Oliver et al., 2018; Babcock et al., 2019).

Over 22-weeks we monitored survival and metabolic rate was measured at weeks 4 and 12 to evaluate physiological responses over two experimental periods and assess the acclimation response. Feeding, assimilation efficiency, excretion and survival were also recorded. As maintaining energy is key to long-term survival, the physiological parameter data were used to model scope for growth (SfG). This bioenergetics framework is used to quantify performance and energy budgets and has been applied to assess the impacts of warming and/or acidification on marine invertebrates including gastropods and sea urchins (Hill and Lawrence, 2006; Zhang et al., 2015, 2016; Delorme and Sewell, 2016). We used the SfG model to explore whether changes in the energy budget may be associated with the responses of H. erythrogramma. This approach allowed us to integrate multiple physiological traits under a single response metric to achieve a better understanding of the vulnerability of H. erythrogramma to warming and acidification.

We maintained H. erythrogramma for 22 weeks through the period of intense gonad development of local populations (September–December, see Laegdsgaard et al., 1991), a physiologically demanding period (Powell et al., 2020) to assess how they would survive in treatments and generate gametes with which to generate F1 progeny. The fast development of this species which metamorphoses within a week was used as a model to investigate carryover effects of parental acclimation. Offspring were reared to the juvenile in OW and OA conditions and their metabolic rate and growth were measured to determine if parental stress history altered these parameters.

We hypothesized that: (1) gradual introduction to warming and acidification conditions followed by acclimation would enhance tolerance to these stressors as seen in high survivorship (2) increased temperature and acidification would interact to affect metabolic rate, feeding rate and ammonia excretion rate (3) physiological adjustments to warming and acidification would be evident over acclimation time and (4) that there would be interactions between parental acclimation environment and offspring metabolic rate. Finally, as warming trends in the region are linked to increased disease in H. erythrogramma and that +4°C is close to the thermal tolerance of this species (Sweet et al., 2016; Harianto et al., 2018), we expected to see deleterious effects compounded over time at the upper level of warming used (+3°C).



MATERIALS AND METHODS


Specimen Collection and Experimental Treatments

Heliocidaris erythrogramma (44.15 ± 3.25 mm test diameter, n = 100) were collected from the subtidal (2–3 m depth) and selected for size at low tide, at Milk Beach (33°51′23.3″S, 151°16′1.1″E) and Bottle and Glass Point (33°50′52.7″S, 151°16′12.4″E) in June 2014. Sea surface temperature (SST) at the time was 15.3°C. The urchins were transported to the Sydney Institute of Marine Science (SIMS) in Chowder Bay and were held in aquaria (80 L) supplied with ambient flow-through, filtered sea water (FSW, 70 μm, 1.5 L min–1). After 1 week, they were randomly allocated into six treatments, based on three temperature profiles (ambient +0°C, elevated +2°C and +3°C, adjusted weekly according to the mean SST profile determined from 5 years of in situ data (Supplementary Figure 1) and two constant pH levels (ambient: pHT 8.0, low: pHT 7.6). For each treatment, we used three replicate tanks (28 L) with 10 urchins per tank. The flow-through conditions ensured that the entire volume of the tanks was turned over 15 times per day.

Experiments were conducted in a controlled temperature room for precise adjustments of water temperature and pH in the flow through delivery system. Room lighting was adjusted weekly to reflect the diurnal sunrise/sunset cycle using a digital 24-h timer. Adjustments to water parameters were made in header tanks before the water was channeled to treatment tanks with the high flow-through rate reducing tank effects. Each header tank was supplied with FSW (20 μm) using a thermocouple-solenoid feedback system that mixed warm (25°C) and cold (14.5°C) filtered FSW (20 μm) in a 2 L mixing chamber to supply temperature-controlled water consistently. Each header tank was also equipped with a heater (75 W, EHEIM GmbH & Co KG, Germany) attached to a temperature controller (model 7028/3, TUNZE Aqraientechnik GmbH, Germany) as a second level of temperature control. Sea water pH was maintained using a mixed CO2 system, where a thermally compensated, low-flow controller valve (Parker Hannifin, OH, United States) and a proportional–integral–derivative controller, updated every 10 s, were used to precisely inject food-grade CO2 (BOC, Australia) into ambient air that had been scrubbed of CO2. The CO2-mix was bubbled vigorously and continuously into all header tanks using ceramic diffusers. The header tanks, diffusers and treatment tanks were checked, changed and cleaned frequently.

Increased temperature and acidification levels were changed gradually over 7 weeks and no mortality occurred. Temperature was increased at a rate of 1°C every 6 days until target temperatures were achieved. Sea water pH was lowered at a rate of −0.1 pHT units every week. These manipulations were performed on a staggered schedule so that all treatments achieved target conditions in the same week (Figure 1A). After 7 weeks the treatment temperatures were (mean ± SD) ambient (15.6 ± 0.4°C), +2°C (17.6 ± 0.4°C) and +3°C (18.6 ± 0.3°C). During the acclimation period, temperature levels were regulated to achieve the mean weekly temperature over the same period (Figure 1A) determined from reference data collected from loggers deployed in the H. erythrogramma habitat (2009–2014) (Supplementary Figure 1). Treatment temperatures were generally kept within ±0.4°C (max, min) of reference temperatures (see Supplementary Table 2), while mean measured pH values over the same period were pHT 8.0 ± 0.02 SD and pHT 7.64 ± 0.09 SD. Treatment temperatures and photoperiod followed the natural change that occurs from winter to summer. During the period of gonad growth, around which this study was scheduled, day length changes from 10 h in July to 14 h in December (data from Sydney Observatory). Because temperature affects CO2 solubility and temperatures were changing every week, the system maintained constant pHT (not CO2 ppm) within each treatment (Figure 1B). With the pH encountered in the subtidal environment at Chowder Bay, there is little seasonal change, with most variation associated with diurnal flux (range pHT 7.9–8.07; Runcie et al., 2018). For the experiment we used pHT 7.6 as representative of a projected pH scenario of a decrease in ocean pH by up to 0.4 pH units by 2100 (Collins et al., 2013).
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FIGURE 1. Temperature (A) and pH (B) profiles and measurements taken daily. One replicate tank for every treatment was selected at random for measurements. Shaded regions are the pre-acclimation adjustment periods for temperature (pink) and pH (blue), respectively. (A) Colored lines represent the planned temperature profiles (ambient, +2°C, +3°C), which change every week and the dots represent actual temperatures measured (see also Supplementary Table 1). Black dots are the reference temperatures collected from in situ loggers deployed in Chowder Bay from 2009 to 2014, averaged by day (see Supplementary Figure 1). (B) Black lines represent the reference profiles of constant pHT levels (8.0, 7.6) and initial adjustments. Actual measurements are indicated by shapes (triangle: 8.0; circle: 7.6). The actual mean measured pH values were pHT 8.0 (SD = 0.02, n = 378) and pHT 7.64 (SD = 0.09, n = 384). Colors represent the temperature group (see legend).


Temperature was logged using PT1000 resistance temperature detectors attached to a Graphtec multifunction logger (model GL840, Graphtec Corporation). Sea water pH was measured every 1–2 days to assess how acclimation treatments were tracking (Figure 1B) and was determined spectrophotometrically on the total scale with a custom-built pH sampling system connected to an Ocean Optics USB4000+ fiber optic spectrometer, using m-Cresol dye indicator (Acros Argonics, catalog number 110585000, Lot A0321770) and calculated according to Liu et al. (2011). The measurements were calibrated to certified reference material (CRM) for CO2 in sea water (Batch 139) following SOP 6b in Dickson et al. (2007). In addition, temperature, pH and salinity of the tanks across treatments were independently checked every 1–2 days using a Canter 376 RTD thermometer, a Vernier LabQuest 2 salinity sensor and a WTW Multi 3420 pH probe, respectively, to test for consistent conditions. The pH probe was calibrated using high precision buffers (pH 4, 7 and 10, ProSciTech).

For analysis of total alkalinity (AT), water samples (330 mL) were taken randomly from experimental tanks every 2 to 3 weeks (n = 36 samples across all treatments). AT was determined by potentiometric titration (907 Titrando, Metrohm), calibrated using sea water CRMs (Batch 139, Dickson et al., 2007). Carbonate chemistry parameters pCO2, calcite and aragonite saturation states ΩCa and ΩAr were calculated using the “seacarb” package in R (Gattuso et al., 2020) using the constants for K1 and K2 from Lueker et al. (2000), the constant for Kf from Perez and Fraga (1987) and the constant for Ks from Dickson (1990), as recommended by Dickson et al. (2007) (Supplementary Table 1).



Animal Maintenance and Monitoring

The sea urchins were fed on a mixed diet of Ecklonia radiata and Sargassum spp. suspended in kelp-based agar (MSC CO, Kyeongnam, Korea). To prepare the food, the algae were rinsed in fresh water, dried at 50°C for 48 h, and then ground into fine powder and mixed with agar powder (1:4 by weight). This was then mixed with FSW (20 μm) (1:10 by weight) at ∼80°C. The agar was left to cool and solidify for 45 min and then cut into 1 to 2 cm2 cubes. The urchins were fed twice a week by placing three to four cubes on top of each individual ensuring that each animal received the same amount of food in excess during the experimental period. They were checked daily for survival and condition (e.g., spine loss, bald patch disease, see Sweet et al., 2016) over 22 weeks (155 days). Dead individuals were removed immediately. Uneaten food and feces were removed every 2 days.

As the experimental period coincided with the time when local H. erythrogramma populations undergo gonad development to spawning, and we employed a seasonal temperature and daylength cycle in our experiments, we expected spontaneous gamete release to occur. During the spawning season, which starts in October and would be expected to continue through the experimental period (Laegdsgaard et al., 1991), the tanks were monitored for released eggs. Spawning is readily detected as H. erythrogramma releases large, buoyant eggs that become trapped at the water surface. As appears typical for H. erythrogramma (Byrne, pers. obs.), spawning occurred at night in all treatments. We could not determine how many individuals spawned and so the observations were recorded as an indication that the animals were close to their natural physiological/reproductive cycle but were not statistically analyzed.



Metabolic Rate

Routine weight-specific metabolic rate, MO2 was estimated by intermittent-flow respirometry at two time-points (week 4 and 12), using a random sample of 10 specimens from tanks across each treatment that were not fed for 5 days prior to measurement. They were transferred individually into 1 L respirometry chambers in individual water baths. Each chamber contained an oxygen sensor spot (SP-PSt3-NAU, PreSens GmbH, Germany) for the detection of dissolved oxygen concentration using an external multi-channel sensor (OXY-10-mini, PreSens). A magnetic stirrer ensured even mixing of water. The specimens were allowed to adjust to the chambers under flow-through conditions for 30 min prior to respirometry measures. At week 4, the temperatures were 16.6, 18.6, and 19.6°C and at week 12, were 20.7, 22.7 and 23.7°C for the ambient, +2 and +3°C treatments, respectively.

To measure oxygen uptake, the chambers were sealed, and dissolved oxygen (DO, mgO2 L–1) was measured every 10 s until a 10% decrease in DO was recorded. The chamber was then flushed, and the measurement repeated. Background respiration was determined by recording FSW-only blanks (n = 8) to correct the recordings for background respiration and instrument drift. At the end of each measurement, sea water weight was calculated by deducting chamber, stir bar and urchin wet weights from the total weight of the chamber, and then converted to volume using sea water density estimated from current temperature, salinity and barometric air pressure (Fofonoff and Millard, 1983).

Weight-specific MO2 (mgO2 L–1 h–1 kg–1) was calculated manually using the R package ‘respR’ (Harianto et al., 2019) and the equation (Lighton, 2008):
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where ΔO2 is the linear regression of O2 concentration over time (mg L–1 h–1), V is the volume of the sea water available (L) and W is the wet weight of the urchin (kg).



Ammonia Excretion

Ammonia excretion rate was determined at 12 weeks after respiration experiments. Ten specimens were randomly selected from each treatment and transferred into 1 L chambers supplied with flow-through FSW at the same treatment conditions and left to rest for at least 45 min. Initial water samples were carefully collected (50 mL, 0,22 μm) and frozen. The chambers were then sealed and left in the water baths for 3 h before final water samples were collected. Background ammonia levels were determined by repeating the procedure without a specimen (n = 3 treatment–1). The water samples were immediately frozen and stored in the dark until they were analyzed spectrophotometrically (within 10 days) for total ammonia (Parsons et al., 1984). Spectrophotometric readings were obtained at 640 nm on a microplate reader (CLARIOstar Microplate Reader, BMG LABTECH, Offenburg, Germany) and calibrated using daily blanks and a standard ammonium solution. Ammonia excretion rate (U, μg kg–1 h–1) was calculated according to the equation:
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where NC is the concentration of ammonia (μg at–N L–1), W is the weight of the specimen in kg and T is the time elapsed in hours. Ammonia concentration (NC) is determined using the equation:
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where Es and Eb are the standard and corrected spectrophotometric extinction values of the blue indophenol color formed with ammonia, respectively, and V is the volume of the chamber (L). The precision of this technique (±0.1 μg at–N L–1) was determined using the equation (Parsons et al., 1984):
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where h is the precision at the 1 μg at–N L–1 level, and n is the number of determinations.



Feeding Rate and Assimilation Efficiency

Feeding trials were conducted in week 13 where the temperatures were 20.1, 22.1, and 23.1°C for the ambient, +2 and +3°C treatments, respectively. Ten random specimens from each treatment were transferred into individual tanks (4 L) supplied with flow-through FSW (6 L h1) at the same treatment conditions. They were starved for 6 days in their new environments before feeding trials commenced, using the same agar-based food mixture used in routine feeding. The initial wet weight of the diet was determined, and the food was added to each tank in excess. Food-only autogenic controls were used to determine background changes in agar composition (n = 24).

After 48 h, unconsumed food was carefully collected and oven dried at 80°C for 48 h, and then reweighed. Fecal pellets were also collected for calculations of assimilation efficiency (see below). The specimens were removed from the tanks, blotted briefly with a paper towel, and weighed. To convert the initial wet weight (Wwet) of the food to their dry-weight equivalents, the wet:dry ratio of the food was determined in a regression analysis of wet to dry weights (W) (n = 60, r2 = 0.82, p < 0.01), and determined as:
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Feeding rate (C, mg day–1 kg–1), was calculated by subtracting the final dry weight (WT1) from the initial dry weight (WT0), with adjustments for background changes and specimen weight (Wsp) and adjusted by time (T):
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Fecal samples were dried at 60°C for 48 h and weighed. These samples were then ashed in a muffle furnace at 500°C for 2–3 h and re-weighed to determine their ash-free dry weight (AFDW). Assimilation efficiency (A) was calculated using the Conover method (Conover, 1966):
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where F and E denote the AFDW:dry weight fraction measured in the diet and the feces, respectively. All weights were determined using the same analytical balance accurate to 0.0001 g.



Scope for Growth (SfG) Parameters

To explore the influence of temperature and pH stressors on the growth potential of H. erythrogramma, we constructed an SfG model using data from respirometry and ammonia analyses (week 12) and feeding trials (week 13). Details of parameter data, coding and analysis are provided in the Supplementary Data. Oxygen consumption was converted to energy equivalent values to calculate the energy lost in respiration per day (RE) using a conversion factor of 14.14 J mg–1 O2 (Elliott and Davison, 1975). A conversion factor of 0.025 J g–1 ammonia (Elliott and Davison, 1975) was used to estimate the energy equivalent of the energy lost due to ammonia excretion per day (UE). The energy available from food (CE) was calculated with bomb-calorimetry using an automatic adiabatic bomb calorimeter (Gallenkamp, London). The calorimeter was calibrated for the heat of combustion of 1 g of benzoic acid (26.493 kJ g–1) to determine the approximate effective heat capacity of both the bomb chamber and the mass of the water within the calorimeter chamber (CS Mean 10.27 ± 0.07 kJ°C, n = 3).

The diet was dried in an oven at 60°C to remove moisture. Approximately 1 g of the diet was used each time to determine gross energy by combustion and an average value (12.67 ± 0.25 S.D. kJ g–1, n = 6) was obtained using the equation:
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where ΔT (°C) is the change in temperature – detected using a Beckmann thermometer – between the initial and post-combustion of the sample, CS is the effective heat capacity of the system (bomb chamber and water), and WS is the weight of the diet sample (g).

To calculate scope for growth (SfG) we used the equation adapted from Winberg (1960):
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where CE is the energy obtained from diets, A is the assimilation efficiency, RE is the energy lost in respiration and UE is the energy lost due to ammonia excretion. All energy-related units are in kJ g–1 day–1, while assimilation efficiency is a proportion.



Spawning and Offspring Rearing

The gametes of H. erythrogramma that had been acclimated to two temperature (ambient, +2°C) and two pH levels (pHT 8.0, pHT 7.6) were used to generate offspring. There were insufficient spawners in the +3°C treatments to use for this experiment. The urchins were induced to spawn by injection of 0.5 ml of 0 M KCl. Although they had previously spawned during acclimation (see below), H. erythrogramma has continuous gamete production over the breeding period (Laegdsgaard et al., 1991). Gametes from at least three females and five males from each parental acclimation group were pooled and 500–1000 of the pooled eggs were placed in custom-built plankton kreisels, 100 ml volume (Supplementary Figure 2) in a controlled temperature room. There were three kreisels for each of 16 treatments, four temperatures (18°C, 20°C, 22°C, 24°C), two parental temperature conditions (ambient, +2°C) and the two parental pH levels (pHT 8.0, pHT 7.6) established as above and in a fully factorial design in a flow-through experimental water delivery system, with a header tank system similar to the adult experiment, with full turnover of water every 2 min to maintain conditions and circulation of larvae. The four temperatures reflect the range that the larvae encounter during the breeding season and recent warm summers and also included the thermal environment of the parents (21–24°C range). The eggs were fertilized (∼104 sperm mL–1) and fertilization was checked after 5 min by examining counts of 100 randomly selected eggs to ensure >90% fertilization. The flow-through system (50 mL min–1) was turned on to start the flow of experimental water and to wash away excess sperm. The kreisels had a 50 μm mesh covered outflow ports allowing constant flow of treatment water and gentle agitation of the embryos.

Heliocidaris erythrogramma has rapid development and by day 3.5–4 the larvae in all treatments were competent to settle as they had developed the five primary podia that are used to settle on the substrate. By day 4.5–5 most larvae had settled on the surface of the kreisels and completed metamorphosis to the juvenile which involves resorption of the larval tissue as juvenile structures develop. We did not document larval development as previous studies have shown that H. erythrogramma can develop normally in the temperature and pH conditions used, albeit with differential mortality of sensitive genotypes (Byrne et al., 2011a). Our primary interest was to span metamorphosis to the F1 advanced juveniles at 14 days old. It was not possible to follow mortality as dead embryos and larvae disintegrate quickly and were washed out of the system. Temperature and pH were monitored daily in kreisels across treatments (Supplementary Table 3). For AT, sea water samples (330 mL) were taken randomly from experimental treatments three times over the 2 weeks. Other carbonate chemistry parameters (Supplementary Table 3) were determined as described above.

Metabolic rate, MO2 of the juveniles was estimated using constant volume respirometry on day 14, 9–10 days after settlement. The respirometry chambers were 2 ml borosilicate glass vials with silicon septum lids (Thomas Scientific, United States). Oxygen concentration within the glass vials was measured using needle microsensors (PreSens) attached to 4 and 10 channel meters (OXY-10 and OXY-4 micro, PreSens). From each kreisel 50 juveniles were randomly collected and placed in the respirometry chamber filled with 0.22 μm FSW at the same treatment conditions they were reared in. Background respiration was measured in 4–6 vials containing only treatment water, measured separately for each group of juveniles. Thus, we had 50 juveniles in each of the three replicates for 16 treatments. Respirometry experiments ran for 12–15 h in the dark and oxygen concentrations did not drop below 85% air saturation at the end of the measurements. Temperatures were kept constant using water baths. The juveniles were photographed using an Olympus microscope and digital camera and test diameter was measured using ImageJ (NIH). Metabolic rates were scaled to the average test diameter per kreisel (pmol O2 h–1 juvenile–1 μm–1).



Statistical Analyses

Analyses were performed in R (v 3.4.5). The survival time for each specimen was determined by the number of days from time zero (when the acclimation period started) to the end of the experiment, a total period of 155 days. Survival data were analyzed using Kaplan–Meier log-rank analysis, with right censoring, to determine whether temperature and pH affect survival time. In addition, a Cox proportional hazards model (Cox, 1972) was fitted using survival as a function of temperature and pH to assess the effects of each stressor on mortality risk. The fitted Cox regression met the assumption of proportional hazards (Schoenfeld residual tests, Grambsch and Therneau, 1994; p = 0.673). As no interactions were found between temperature and pH (Cox proportional hazards regression, z = 0.61, df = 3, p = 0.54), the analysis was repeated with only the main effects tested. Post hoc tests for the differences between treatments were determined using pairwise tests of significance corrected using the Benjamini–Hochberg (BH) false discovery rate method (Benjamini and Hochberg, 1995).

Metabolic rate data were first analyzed by constructing a generalized linear mixed model of metabolic rate as a function of relative temperature (ambient, +2°C, +3°C) and pH (8.0, 7.6). To avoid the potential effect of survival bias, the two measurement time points (week 4 and 12) were analyzed separately. Feeding rate and ammonia excretion rate data were also analyzed as above with the response variable as a function of temperature and pH. For all analyses, the nested effects of tank, temperature within tank and pH within tank were added as a random parameter in the models, and then tested using a likelihood ratio test on random effects, which were all not significant (p ≥ 0.9 for all tests). To test for interactions, the nested terms were excluded from the final linear models to prevent confounding (Schielzeth and Nakagawa, 2013). ANOVA was performed on the linear models using Type III sums of squares when interactions were present, or Type II sums of squares when they were not (Langsrud, 2003).

For metabolic rate data, there were no statistically significant interactions between temperature and pH at 4 weeks (F2,54 = 0.2, p = 0.93), thus the data were re-analyzed to test for main effects only. For feeding and ammonia excretion rate data, there were no statistically significant interactions between temperature and pH (F2,47 = 1.07, p = 0.35 and F2,54 = 2.31, p = 0.11, respectively) and so the interaction term was also excluded before ANOVA was performed on each model. Prior to modeling tests, data were checked visually and statistically (if necessary) for normality using the Shapiro–Wilk test of normality (Royston, 1983), and homogeneity of variances using the Fligner–Killeen Test (Conover et al., 1981). Where treatment conditions were indicated to be significantly different, estimated marginal means (EMM, i.e., Least-Squares Means) were used to develop linear estimates, and then analyzed using the post hoc Tukey Highest Significant Difference (HSD) test to identify the significance between temperature-pH combinations. Significance was determined at p ≤ 0.05 for all tests.

For SfG, as the parameters used to construct the model were obtained from different individual sea urchins (i.e., the urchins were not tagged) and so the metric was calculated using treatment-averaged parameters (thus, n = 1), as in previous sea urchin studies (Stumpp et al., 2011; Delorme and Sewell, 2016). We constructed the SfG model using all the physiological parameter data to provide an overall indicative assessment of the impacts of the acclimation treatments on H. erythrogramma, but statistical analyses were not performed.

Interactions between parental treatments and offspring metabolic rate and size data were compared using analysis of covariance (ANCOVA). Parental temperature and pH were categorical variables, offspring temperature and pH were continuous covariates, and all possible interactions between all variables were included. The random effect of kreisel was tested using the ‘lmer()’ function in the ‘lme4’ package, which was not significant (general linear mixed-effects model, p > 0.05). Therefore, ANCOVA was performed using the ‘car’ package, with type III error to test for main effects and the interaction terms. For metabolic rate, there were no significant three-way interactions (p < 0.05), thus the terms were removed and the model reanalyzed. For growth, there were no two or three-way interactions, thus the model was analyzed for main effects only using type II error.




RESULTS


Survival

There was a significant effect of treatment on survival (logrank test, χ2 = 61.23, df = 3, p < 0.001) (Figure 2). As single stressors, the +2°C and decreased pH treatments (pHT 7.6) did not affect survival (>80% survival at 22 weeks). The +3°C, treatments resulted in decreased survival regardless of pH level (p < 0.001, hazard ratio: 17.2, 95% CI: 5.27–56.25). These treatments intersected the median survival threshold after 14–20 weeks (Figure 2). Cox proportional hazards analysis showed a greater risk of mortality in urchins exposed to increased temperature compared with decreased pH (hazard ratios of 3.38 and 0.47, respectively). Post hoc results (pairwise tests, BH-corrected) showed that urchins acclimated to +3°C had significantly lower survival compared to all other treatments (p < 0.01 for all pairwise combinations), with no significant differences in all other pairwise comparisons. At week 22, urchins acclimated to +3°C and pH 7.6 had the lowest survival at 33% (Figure 2).
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FIGURE 2. Survival of H. erythrogramma acclimated to three temperature (ambient, +2°C, +3°C) and two pHT (8.0, 7.6) levels in six treatments. Letters indicate treatments that differed (pairwise tests, with Benjamini–Hochberg [BH] false discovery rate corrections, p < 0.05). The horizontal line is the median survival threshold; vertical lines show times of data collection at 4 and 12 weeks of acclimation.




Metabolic Rate

After 4 weeks of acclimation, the metabolic rate of H. erythrogramma was significantly influenced by increased temperature (F2,54 = 15.9, p < 0.001) and decreased pH (F1,54 = 23.4, p < 0.001) with no interaction between stressors (Table 1). Generally, metabolic rate increased by up to 35% with warming and 25% with reduced pH. At week 4, the combined effects of warming and acidification were additive, increasing metabolic rate by up to 56% (Figure 3A). Post hoc comparisons of estimated marginal means using Tukey’s HSD showed that 10 of 15 pairwise comparisons differed significantly as shown in the pairwise-value plot (Supplementary Figure 3).


TABLE 1. Analysis of variance on the effects of increased temperature and decreased pH on the metabolic rate data from Heliocidaris erythrogramma after acclimation in three temperature (ambient, +2°C, +3°C) and two pHT (8.0, 7.6) treatments analyzed separately after 4 and 12-weeks.
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FIGURE 3. Metabolic rate of H. erythrogramma acclimated for (A) 4 and (B) 12 weeks in three temperature (ambient, +2°C, +3°C) and two pHT (white: 8.0, blue: 7.6) levels in six treatments. The top and bottom of the boxes represent the interquartile range (IQR) between the 25th and 75th percentile (Q1 and Q3, respectively). The horizontal line represents the median (Q2), the horizontal dotted line represents the mean, and the vertical lines (whiskers) represent the range of the data computed as follows: less than Q1 – 1.5 IQR (bottom whisker); greater than Q3 + 1.5 IQR (top whisker).


At 12 weeks of acclimation, metabolic rate responses were significantly affected by warming (F2,51 = 9.49, p < 0.001) and acidification (F1,51 = 16.37, p < 0.001), with a significant interaction between these stressors (F2,51 = 10.5, p < 0.001; Table 1) resulting in an antagonistic effect on metabolic rate (Figure 3B). Thus, at week 12 warming and decreased pH elevated metabolic rate by 9% and 18%, respectively, and in combination reduced metabolic rate by up to 3%. Post hoc comparisons of estimated marginal means using Tukey’s HSD showed that two of 15 pairwise comparisons differed significantly (Supplementary Figure 3). At pH 7.6, the +0°C and +3°C groups differed significantly (p < 0.001), and at +0°C, the pH 8.0 and pH 7.6 groups differed significantly (p < 0.01). No other pairwise differences were statistically significant (Supplementary Figure 3).



Feeding and Ammonia Excretion Rates

Feeding rate was significantly influenced by increased temperature (F2,49 = 13.5, p < 0.001), but not pH, with no interaction between temperature and pH (Table 2 and Figure 4A). Tukey’s HSD pairwise comparisons showed that feeding tended to decrease with increasing temperature, and that +2°C and +3°C decreased feeding at pHT 7.6 (p = 0.001 and p = 0.008, respectively), but not at pHT 8.0.


TABLE 2. Analysis of variance on the effects of increased temperature and decreased pH on feeding and ammonia excretion rate data from Heliocidaris erythrogramma after 12 weeks acclimation in three temperature (ambient, +2°C, +3°C) and two pHT (8.0, 7.6) treatments.
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FIGURE 4. Feeding rate in dry food weight (A) and (B) ammonia (NH3) excretion rate of H. erythrogramma acclimated for 12 weeks in three temperature (ambient, +2°C, +3°C) and two pHT (white: 8.0, blue: 7.6) levels in six treatments. The top and bottom of the boxes represent the interquartile range (IQR) between the 25th and 75th percentile (Q1 and Q3, respectively). The horizontal line represents the median (Q2), the horizontal dotted line represents the mean, and the vertical lines (whiskers) represent the range of the data computed as follows: Q1 – 1.5 IQR (bottom whisker); greater than Q3 + 1.5 IQR (top whisker).


Urchins acclimated to elevated temperature treatments had significantly higher ammonia excretion rates (F2,56 = 8.94, p < 0.001; Figure 4B), with no effect of decreased pH and no interaction between temperature and pH (Table 2). Tukey’s HSD showed that at ambient pHT 8.0, acclimation to +2°C increased ammonia excretion by 1.3-fold (df = 54, p = 0.016), but not at +3°C (p = 0.099). At pHT 7.6, acclimation to +2°C did not significantly affect ammonia excretion (p = 0.29), but acclimation to pHT 7.6 and +3°C, increased excretion 1.5-fold (p = 0.016).



Scope for Growth

The scope for growth model for H. erythrogramma, incorporating metabolic rate, feeding rate, ammonia excretion rate and assimilation efficiency data, showed that there was a net positive energy budget under all experimental scenarios of warming and acidification after 12 weeks of acclimation (SfG > 0, Figure 5). Further, the energy acquired through feeding (with food in excess) contributed to most (>90%) of the energy budget (Table 3). While H. erythrogramma acclimated to low pH recorded a 16% increase in SfG (1.17 kJ g–1 day–1), exposure to +2°C and +3°C reduced overall SfG by 31–41%. In urchins acclimated to both stressors, overall SfG was reduced the most by 42–45%.
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FIGURE 5. Scope for growth (±SD) of H. erythrogramma acclimated to three temperature (ambient, +2°C, +3°C) and two pHT (white: 8.0, blue: 7.6) levels. The model was determined from measurements of metabolic rate, feeding rate, ammonia excretion rate and assimilation efficiency. n = 1.



TABLE 3. Scope for growth (SfG) in Heliocidaris erythrogramma.

[image: Table 3]


Spawning

Synchronous spawning occurred overnight on 7 and 24 October (week 7 and 10, respectively) with the first event occurring all treatments and the second spawning event only occurring in the +3°C treatments and combined +2°C/7.6 pHT treatments. These events involved males and females as indicated by the presence of developing embryos which progressed through larval and juvenile stages (data not shown).



Offspring Metabolic Rate and Size

There was a significant interaction between parental temperature treatment and offspring metabolic response to temperature (GLMM ANCOVA, F3,22 = 24.78, p < 0.001; Table 4). Juvenile metabolic rate increased significantly with temperature (F1,22 = 11.06, p < 0.003; Table 4). Parental acclimation to increased temperature (2°C above ambient) resulted in increased juvenile metabolism at higher temperature (Figure 6). At 24°C, the difference in metabolic rates between juvenile groups was up to 30% depending on whether their parents had been acclimated to increased temperature. Parental acclimation to acidification had no effect on juvenile metabolic rate (F1,22 = 1.68, p = 0.21). Low pH, regardless of parental environment, had no effect on juvenile metabolic rate (F1,22 = 0.24, p = 0.63).


TABLE 4. Generalized linear models (GLMM) analyses of covariance (ANCOVA, Type III) on the effect of parental acclimation environment (ambient, +2°C, +3°C; pHT 8.0, pHT 7.6) and offspring rearing treatment (18°C, 20°C; 22°C, 24°C; pHT 8.0, pHT 7.6) on juvenile metabolic rate in H. erythrogramma.
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FIGURE 6. Mean metabolic rate (±SE) of 14-day-old juvenile offspring of H. erythrogramma parents that were acclimated for 3 months at two temperature (black outline: ambient, red outline: +2°C) and two pHT (white: 8.0, blue: 7.6) levels (A,B). The juveniles were reared in a range of temperatures (18–24°C). n = 3.


With respect to offspring test diameter, pHT 7.6 caused a statistically significant reduction in juvenile size of about 4% from 404 mm ± 2.25 (SE) to 387 ± 1.86 (SE) (F1,953 = 38.1, p < 0.001; Supplementary Figure 4), regardless of parental acclimation to warming (F1,953 = 0.003, p = 0.95) or acidification (F1,953 = 1.99, p = 0.16). Temperature had no effect (F1,953 = 1.32, p = 0.27).




DISCUSSION

Long-term acclimation to warming and acidification, in parallel with the seasonal cycle of temperature and photoperiod, affected the survival, feeding, metabolism and ammonia excretion rates of H. erythrogramma. The high temperature offset (+3°C) caused significant mortality while the other treatments did not affect survival. For metabolic rate, temperature and pH did not interact at 4 weeks of acclimation, but significant, antagonistic interactions were detected at 12 weeks, where at pHT 7.6, metabolic rate decreased with increasing temperature. It appears that while the effect of temperature and pH were clear at 4 weeks where pH had a significant effect on metabolic rate and +3°C influenced almost every treatment, these differences in variation became less distinct after 12 weeks of acclimation. Scope for growth values were positive in all treatments, indicating that energy surplus (excess food) was adequate to support energy demands. We found no evidence of interactive effects of the two stressors on survival, feeding rate and ammonia excretion. Parental acclimation to warming (+2°C), but not acidification altered the physiology of juvenile offspring with an increase in metabolic rate.

Warming (+3°C) regardless of pH was the main driver of mortality risk (∼3-fold) in H. erythrogramma, while low pH was associated with a much lower risk of death (∼0.5-fold). The latter is similar to that found previously for this species (Byrne et al., 2009, 2011a; Harianto et al., 2018). Interestingly, in the +3°C treatments, ∼25% mortality occurred by week 10 when the highest temperature treatment had reached 24°C. This was not expected as temperatures below 24°C were not lethal after several months in previous studies (Carey et al., 2016; Harianto et al., 2018). However, 24°C which occurred ∼3 weeks later in the +2°C treatments – did not cause similar levels mortality. This points to the influence of timing of the increased temperature and the normal biological cycle. Warm conditions early may have created a mismatch between the photoperiod and temperature cues that control physiological processes associated with seasonal reproduction (Laegdsgaard et al., 1991). Successful spawning at the correct time in the +2°C treatment reflects gametogenic entrainment by the daylength cue with the onset of gamete release fine-tuned by temperature (Laegdsgaard et al., 1991). It appears that the earlier arrival of “summer” temperatures in the +3°C treatment was stressful. Heliocidaris erythrogramma matures from winter to spring, a metabolically intensive period as nutrients accumulate in the gonads (Laegdsgaard et al., 1991; Byrne and Sewell, 2019; Powell et al., 2020). Spontaneous spawning occurred in all treatments at the expected time and the gametes were fertile. This indicated that normal gametogenesis occurred, likely due to incorporation of seasonal temperature and photoperiod conditions, factors known to entrain gonad development in H. erythrogramma (Laegdsgaard et al., 1991), as also found for Echinometra sp. maintained in climate change conditions in conjunction with the seasonal cycle of light and temperature (Uthicke et al., 2020). In contrast, gonad development is inhibited or impaired in H. erythrogramma (Harianto et al., 2018) and other sea urchin species when in held in constant elevated temperature treatments (Uthicke et al., 2014; Brothers and McClintock, 2015; Delorme and Sewell, 2016; Morley et al., 2016).

For H. erythrogramma the thermal offset above ambient had negative consequences at +3°C, but not at +2°C. Our expectation that gradual introduction to warming conditions and acclimation would enhance tolerance to increased temperature seemed to be met in the +2°C treatment. The effect of the 1°C difference in sensitivity would not have been detected if seasonal profile of environmental change and prolonged acclimation were not incorporated into our investigation. This shows that understanding the effects of seasonal change on biological processes is vital for predicting how species will respond to ocean warming (Kreyling and Beier, 2013; Thompson et al., 2013). With respect to current interest in adaptive potential and the strong influence of environmental conditions on gonad development, this is a key consideration for marine climate change studies investigating carryover effects from parent to offspring (Karelitz et al., 2019, 2020; Byrne et al., 2020). For a better understanding of the impact of natural change in pH in the H. erythrogramma habitat as might be altered by ocean acidification, it would have also been interesting to incorporate the day–night diurnal change in pH with an offset. However, the source population only experiences a range of ∼0.07 pH units (Runcie et al., 2018).

As single stressors, increased temperature and reduced pH had a clear, positive effect on the metabolic rate of H. erythrogramma after 4 and 12 weeks of acclimation. This was expected. It is well-known that temperature modulates physiological activity in ectotherms (Brown et al., 2004; Dillon et al., 2010; Somero, 2012), and pH affects acid–base physiology associated with maintaining homeostasis in echinoderms (Catarino et al., 2012; Collard et al., 2013). Combined warming and acidification resulted in an increase in metabolic rate of H. erythrogramma at week 4 when the treatments were 16.6°C, 18.6°C and 19.6°C. There were no interactions between stressors, which was a similar outcome to a previous study where this species was kept in constant warm-low pH conditions (+5°C, −0.4 pHT) for 8 weeks (Carey et al., 2016). However, after 12 weeks, there was an antagonistic interaction between temperature and pH resulting in decreased metabolic rate, likely due to metabolic depression. Metabolic depression is a known stress response of many organisms faced with deleterious conditions as lowering of metabolism is an effective mechanism to conserve energy and maximize fitness in response to extreme temperatures (Storey and Storey, 1990; Guppy and Withers, 1999). Metabolic depression in H. erythrogramma was a stress response to exposure to combined warming and acidification over months, as this response was not observed when the sea urchins were exposed to each stressor individually. For H. erythrogramma these results indicated that the urchins may have experienced energetic trade-offs between the needs of routine metabolism and important processes such as feeding, reproduction and ATP allocation (Angilletta et al., 2009; Pörtner, 2010; Pan et al., 2015). Our results differ from that found for Echinometra sp. where there were no effects on metabolism after a 20-month acclimation to warming (+1°C, +2°C) and acidification (−0.2–0.3 pH units) (Uthicke et al., 2020). Comparison between the two studies is, however, difficult as different stressor levels and respirometry methods were used.

Exposure to low pH over 13 weeks did not significantly affect feeding, excretion and survival rates of H. erythrogramma, even when combined with warming (+2°C), suggesting that this species was able to successfully compensate for the potential effects of acidification on these traits and that gradual introduction of stressor levels and acclimation may have facilitated tolerance. Energetic trade-offs would be necessary to maintain acid–base balance, as metabolic rate did not increase with warming and low pH. However, the observed depression of metabolic rate in H. erythrogramma due to combined warming and acidification would limit the energy available to maintain these processes. While metabolic depression might be a necessary response to maintain the balance between energy supply and demand (Guppy et al., 1994; Guppy and Withers, 1999; Guderley and St-Pierre, 2002), in the longer term it can lead to a decrease in energy budget and reproduction as seen in gastropods and urchins (Stumpp et al., 2011; Zhang et al., 2015). This reduction of metabolic rate would be expected to impair the ability to persist in the face of habitat warming and acidification. Energetic responses to acidification conditions are also evident in long term studies of H. erythrogramma, other sea urchins and other marine invertebrates reared in acidification conditions, a result attributed to energetic constraints as seen in their smaller size, reduced biomineral production and lower gonad production/fecundity (Mos et al., 2016; Hu et al., 2018; Byrne and Fitzer, 2019; Johnson et al., 2020).

With respect to SfG, the levels determined here for H. erythrogramma (∼0.5–1.0 kJ g–1 day–1) were higher than that obtained for two other sea urchin species Arbacia punctulata (0.16–0.19 kJ g–1 day–1) and Lytechinus variegatus (0.17–0.18 kJ g–1 day–1) when subject to feeding and temperature treatments (Hill and Lawrence, 2006). For H. erythrogramma, increased temperature appeared to reduce SfG. For A. punctulata there was a slight increase in SfG with increased temperature (+8°C), and for L. variegatus this level of warming caused a decrease in SfG (Hill and Lawrence, 2006). In contrast, Evechinus chloroticus had a lower SfG at control temperature (0.14–0.18 kJ g–1 day–1) and this was reduced with increased temperature (+6°C) (0.03–0.05 kJ kg–1 day–1; Delorme and Sewell, 2016). It is difficult to compare SfG levels with these studies due to different approach to analyses. In our case all parameters were empirically determined (data and analyses are available as links provided in the section “Data Availability Statement” below).

To date, most long-term warming and acidification experiments with adult echinoderms have not incorporated seasonal change in temperature and daylength (e.g., Suckling et al., 2015; Carey et al., 2016; Morley et al., 2016; Dworjanyn and Byrne, 2018). Morley et al. (2016) presented the longest (40-month) study on the Antarctic sea urchin Sterechinus neumayeri. They found that acclimation to stable warming and acidification conditions diminished the negative effects of these stressors on feeding bioenergetics, with no differences between stress-acclimated (+2°C, −0.3 and −0.5 pH units) and ambient-acclimated sea urchins. After 2 months acclimation to constant warming and acidification conditions (+5°C, −0.5 pH units) Carey et al. (2016) showed evidence of metabolic acclimation in H. erythrogramma. In the only other study to incorporate seasonal change in temperature and photoperiod, Echinometra sp. exhibited full metabolic rate acclimation after 20 months in warming and acidification conditions (+1°C, +2°C; 0.2–0.3 pH units) although they had elevated ammonium excretion (Uthicke et al., 2020). We also noted increased ammonia excretion at +2°C and +3°C for H. erythrogramma. In the single study where a temperature offset (+2°C) from the seasonal trend was used, a 3-month exposure to this experimental treatment was lethal to Paracentrotus lividus (∼100% mortality) (Yeruham et al., 2015). This study did not incorporate a gradual introduction to increased temperature.

As expected, the juveniles exhibited an increase in metabolic rate in response to being reared at warmer temperature. In contrast to the feeding larvae of sea urchins and oysters (Stumpp et al., 2011; Parker et al., 2017) as well as larger H. erythrogramma (11–80 mm test diameter) (Carey et al., 2016) low pH as a single stressor or together with warming did not cause an increase in the metabolic rate of the juvenile H. erythrogramma, with the difference between the present and previous studies was the long pre-acclimation and acclimation times which is likely to have influenced out results. The increase in juvenile metabolic rate in response to warming was accentuated in the offspring of the warm acclimated (+2°C) parents seen in a 30% increase in metabolic rate at 24°C. The increased metabolic rate as a carryover effect of larvae from low pH exposed parents is likely to place a strain on the energy budget of the juveniles and so the response may be maladaptive. A similar response of increased metabolic rate of the larval progeny of warm acclimated parents is reported for Echinometra sp., although this was combined with low pH (pH 7.8) and so it is not known if the response was due to increased temperature, increased acidification or the combination (Karelitz et al., 2020). The influence of parental thermal history on offspring thermotolerance is seen in comparison of the performance of H. erythrogramma from different latitudes (Byrne et al., 2011b). For the progeny of the +2°C treatment adults there appears to have been transgenerational effects with adult acclimation linked to the offspring thermal stress response, which if occurs in nature may be an important mechanism to facilitate persistence, but for adaptation would need to be conveyed beyond the F1 generation. The larvae that reached the juvenile stage are likely to represent a subset of resilient larvae as well as due to the transgenerational carryover effects of parental conditioning (Byrne et al., 2011a, b, 2020). The resilience of the juvenile stage is likely due to selective mortality of sensitive individuals at the larval stage. Due to the flow through conditions, dead offspring were washed from the system. Larval survivorship data are needed to more fully understand the influence of sensitive and resistant genotypes on overall adaptive capacity. We do not know if thermotolerance would have been seen in progeny of +3°C acclimation parents as there were insufficient spawners. However, as this level of warming incurred high mortality, it is likely that gamete quality would have been marginal with negative effects for development.

Our findings underscore the need for a multifactorial and integrative approach to predicting the effects of climate change stressors on marine species as they show how physiological responses can change the interpretation of sensitivities to climate change (Gunderson et al., 2016). For adult H. erythrogramma increased energetic costs of OA may interact with warming to affect metabolism in ways that contrast with single stressor effects and there was a heightened larval metabolism depending on adult acclimation history. The 3°C increase in temperature caused significant levels of adult mortality in our treatments and an indication of reproductive failure, but these effects were not seen in the +2°C treatment. As H. erythrogramma showed little tolerance to +4°C in previous studies and recent regional increase in habitat temperature is linked to disease and mortality (Sweet et al., 2016; Harianto et al., 2018) we expected that we might see negative effects at +3°C, as we did. Six weeks at this level of warming approached lethal tolerance limits for H. erythrogramma. This indicates that H. erythrogramma in the region currently live close to their lethal temperature as they experience MHW and temperatures approaching 25°C (Harianto et al., 2018). However, larval transport of H. erythrogramma. to cooler climes will be facilitated by the strong poleward flow (see Byrne et al., 2011b) potentially avoiding the “wrong-way” migration shown elsewhere (Fuchs et al., 2020).

Finally, our results contribute to an increasing body of research (Hu et al., 2018; Byrne et al., 2020) that show the need to consider the influence of acclimation in assessing prospects for phenotypic adjustment and adaptation in marine species in the face of a changing climate.
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Supplementary Figure 1 | Mean weekly temperature (±SD) for Chowder Bay from 2009 to 2014. Data were obtained from loggers deployed in situ at 3 m depth at the level of the sea urchin habitat and used to design the temperature profile of the elevated temperature treatments (see Figure 1). Colors represent the adjustment (blue) and acclimation (red) periods of the experimental treatments, respectively. The shaded region (gray) is the max/min of the temperatures recorded.

Supplementary Figure 2 | Diagram of the kreisel containers used to rear of H. erythrogramma to the juvenile stage. Filtered sea water was supplied at a rate of 50 mL min–1. At the water enters the kreisel it generates a continuous circular flow keep the embryos and larvae in suspension until they settle.

Supplementary Figure 3 | A graphical view of pairwise p-values from Tukey’s Honest Significant Difference (HSD) test, performed on the estimated marginal means (EMM) of treatment groups results, for comparisons of performance of metabolic rate in six treatments of three temperatures (ambient, +2°C, +3°C) and two pHT levels (8.0, 7.6). Separate analyses were performed at (A) 4 weeks and (B) 12 weeks. Factor levels are plotted on the vertical axis, and p-values are plotted on the horizontal axis. Numbers are the EMM values and vertical lines connect the levels being compared. P-values smaller than 0.05 indicate significant differences between paired levels. The p-value scale is non-linear.

Supplementary Figure 4 | Mean test diameter (±SE) of 14-day-old juvenile offspring of H. erythrogramma parents that were acclimated for 3 months at two temperature (black outline: ambient, red outline: +2°C) and two pHT (white: 8.0, blue: 7.6) levels. The juveniles were reared in a range of temperatures (18–24°C). n = 960.

Supplementary Table 1 | Carbonate system conditions (±SD) during the 22 weeks of acclimation of Heliocidaris erythrogramma in six treatments of three temperature (ambient, +2°C, +3°C) and two pHT (8.0, 7.6) levels. AT, total alkalinity; DIC, dissolved inorganic carbon, ΩCa and ΩAr, calcite and aragonite saturation states, respectively. n = 6.

Supplementary Table 2 | Weekly, sampling-averaged temperatures (°C + SD) for three temperature profile treatments (ambient +0°C, elevated +2°C and +3°C), logged over 22 weeks of acclimation for the sea urchin Heliocidaris erythrogramma. Temperatures were adjusted weekly according to the mean SST profile determined from 5 years of in situ data (Supplementary Figure 1).

Supplementary Table 3 | Carbonate system conditions (±SD) in offspring treatments of four temperatures (18°C, 20°C, 22°C, 24°C) and two pHT levels (8.0, 7.6). AT, total alkalinity; DIC, dissolved inorganic carbon, ΩCa and ΩAr, calcite and aragonite saturation states, respectively. n = 3.
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