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Chemical changes in the diffusive boundary layer (DBL) generated by photosynthesising macroalgae are expected to play an important role in modulating the effects of ocean acidification (OA), but little is known about the effects on early life stages of marine invertebrates in modified DBLs. Larvae that settle to macroalgal surfaces and remain within the DBL will experience pH conditions markedly different from the bulk seawater. We investigated the interactive effects of seawater pH and DBL thickness on settlement and early post-settlement growth of the sea urchin Pseudechinus huttoni, testing whether coralline-algal DBLs act as an environmental buffer to OA. DBL thickness and pH levels (estimated from well-established relationships with oxygen concentration) above the crustose coralline algal surfaces varied with light availability (with photosynthesis increasing pH to as high as pH 9.0 and respiration reducing pH to as low as pH 7.4 under light and dark conditions, respectively), independent of bulk seawater pH (7.5, 7.7, and 8.1). Settlement success of P. huttoni increased over time for all treatments, irrespective of estimated pH in the DBL. Juvenile test growth was similar in all DBL manipulations, showing resilience to variable and low seawater pH. Spine development, however, displayed greater variance with spine growth being negatively affected by reduced seawater pH in the DBL only in the dark treatments. Scanning electron microscopy revealed no observable differences in structural integrity or morphology of the sea urchin spines among pH treatments. Our results suggest that early juvenile stages of P. huttoni are well adapted to variable pH regimes in the DBL of macroalgae across a range of bulk seawater pH treatments.
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INTRODUCTION

Ocean acidification (OA) occurs when seawater pH decreases due to the uptake of elevated atmospheric CO2 by the surface ocean water (Caldeira and Wickett, 2003). Reduced mainstream (or bulk) seawater pH due to OA poses a major threat to marine ecosystems including calcifying organisms (Dupont et al., 2010; Hendriks et al., 2010; Byrne, 2011; Dupont and Thorndyke, 2013; Kroeker et al., 2013). To date, most research on the effects of OA on marine invertebrates has utilized constant pH conditions representative of bulk seawater pH levels (Wahl et al., 2015; Boyd et al., 2016). However, newly-settled and metamorphosing organisms are likely to experience pH conditions different from the bulk seawater when settled on marine algae and biofilms, which may account for some of the variability found in settlement and post-settlement development of invertebrate responses to OA (Dupont et al., 2010; Albright et al., 2012; Wangensteen et al., 2013; Wolfe et al., 2013a; García et al., 2015). For example, Mos et al. (2019) observed greater survival and growth in newly settled Tripneustes gratilla raised on concrete substrates, attributed to the chemical buffering of reduced seawater pH in the boundary layers.

The diffusive boundary layer (DBL) is a micro-layer of seawater (μm to cm scale) around marine organisms where, due to biological activity, the chemical and physical environment is different from the surrounding bulk seawater (Denny and Wethey, 2000; Cornwall et al., 2013b). The potential thickness of the DBL near the surface of macroalgae and marine biofilms is inversely correlated to water velocity, with thicker DBLs resulting in greater gradients between the near-surface and bulk seawater in concentrations of metabolically used or excreted dissolved substances (Cornwall et al., 2015). Within DBLs around macroalgae, variations in light availability drive pH variability (Hurd et al., 2011), with pH generally increasing during the day due to photosynthetic uptake of dissolved inorganic carbon and decreasing at night due to respiration of CO2 (De Beer and Larkum, 2001; Cornwall et al., 2013b). The pH experienced by organisms within the DBL above photosynthesizing surfaces, therefore, likely differs greatly from surrounding seawater pH.

Thick DBLs that form at the surface of macroalgae may ameliorate some of the negative effects of OA due to the formation of a microenvironment where pH is increased during the day, resulting in exposure to higher mean pH over diel cycles (Hurd et al., 2011; Cornwall et al., 2013b, 2014). However, the potential impacts of seaweed DBLs are yet to be considered on early life stages of invertebrates under future OA conditions (Koehl and Hadfield, 2010; Espinel-Velasco et al., 2018), and a better understanding of how pH fluctuations within the DBL will amplify or alleviate the impacts of reduced bulk seawater pH on surrounding marine organisms is needed (Shaw et al., 2012; Cornwall et al., 2014; Wahl et al., 2015).

Sea urchins (Echinodermata: Echinoidea) are thought to be vulnerable to OA and their early life-history stages and adults have been widely used to investigate the effects of reduced seawater pH (Dupont and Thorndyke, 2013). Within indirect lifecycles, settlement, and early post-settlement stages are particularly vulnerable to OA and other environmental stressors, and therefore are a potential population bottleneck (Gosselin and Qian, 1997; Wolfe et al., 2013a). The effects of OA on the development of echinoderms in the settlement and early post-settlement period can be variable (Dupont et al., 2010; Byrne, 2011; Kroeker et al., 2013; Przeslawski et al., 2015; Byrne et al., 2017; Espinel-Velasco et al., 2018). Previous studies have found negative effects on settlement success in sea urchins due to reduced seawater pH, including delayed metamorphosis (Dupont et al., 2013; García et al., 2015), while other studies have found no effects (Byrne et al., 2010a; Wangensteen et al., 2013). Early post-settlement growth in response to reduced pH is similarly varied, with some juvenile sea urchin survival or test diameter growth being relatively robust to OA (Wolfe et al., 2013a), and even increasing (García et al., 2015). Spine development is similarly robust with reductions usually occurring under only the lowest pH levels (7.4) tested (Wolfe et al., 2013a). Byrne et al. (2010a) and Wangensteen et al. (2013) observed a reduction in size and a smaller proportion of juveniles with normal morphology in reduced bulk seawater pH.

Here, we investigated the ecological implications of pH modifications in the DBL, created by crustose coralline algae (CCA) under OA conditions, on the settlement and early post-settlement juvenile stage of sea urchin Pseudechinus huttoni Benham 1908 (Echinoidea, Temnopleuridae). P. huttoni is a species endemic to New Zealand found in slow-flow environments along the continental shelf (<60 m) and southern fjords (McClary and Sewell, 2003; Kirby et al., 2006). CCA are well-known settlement inducers of marine invertebrate larvae and also a food source for many (McCoy and Kamenos, 2015) including mollusks (Roberts, 2001; Roberts et al., 2010), corals (Foster and Gilmour, 2016), and echinoderms (Uthicke et al., 2013). Coralline algae were selected for this study, being the most abundant encrusting taxa on New Zealand’s shallow rocky reefs (Shears and Babock, 2007) and have been shown to be a key larval settlement substrate for sea urchins (Lamare and Barker, 2001). The pH and thickness of the DBLs were experimentally manipulated via light intensity in contemporary (pHT 8.1) or near-future bulk seawater pH levels (pHT 7.5 and 7.7) predicted for the end of century and beyond (IPCC 2019). We determined settlement and metamorphosis success of P. huttoni as well as early post-settlement growth (test diameter and spine length 4 day post-settlement) across these treatment combinations. Urchin skeletal elements and spines were also examined using scanning electron microscopy (SEM) to visualize effects on calcification and growth.



MATERIALS AND METHODS


CCA Collection and Storage

Small CCA encrusted cobbles (0.5–2 cm diameter) were collected from the shallow subtidal (<2 m depth) adjacent to the Portobello Marine Laboratory (PML), Otago Harbor, New Zealand (45°52.51’S, 170°30.9’E) during July and August 2018. These cobbles consisted of a natural assemblage of CCA, likely containing multiple species, reflecting in situ conditions. While different cobbles were used during experiments, all cobbles were collected in the same location, were the same approximate size and had estimated coverage of about 80% CCA (Supplementary Figure 1). Prior to use in experiments, cobbles were visually examined for extraneous organisms, which were removed using a scalpel without damaging the CCA. Cobbles were kept at PML in 50 L flow-through tanks supplied with filtered seawater (10 μm). Tanks were covered with black mesh to limit excessive light. Typically during winter and spring, seawater from the Otago Harbor has a salinity of 33 and temperature 7–11°C (Nelson, 2016).



DBL Measurements

Oxygen profiles were measured above CCA substrates submerged in 3 L plastic experimental aquaria under six experimental treatment conditions: two irradiance levels (dark and light) and three bulk seawater pH levels (pHT 7.5, 7.7, and 8.1). Dark treatments received <1 μmol photons m–2 s–1 irradiance, while light treatments received a photosynthetically active radiation (PAR; 400 to 700 nm) of 10 μmol photons m–2 s–1. PAR was provided by overhead standard fluorescent tubes in an under-verandah housing, suspended approximately 1 m above the experimental aquaria. The tubes were cool white 845, producing approximately 80% of the natural spectrum at a color temperature of 4500K. Incident irradiance was measured using a flat terrestrial LI-250A quantum sensor (LI-COR, Lincoln, United Kingdom). These measurements were completed under static (no) flow conditions. Within macroalgal turf communities, flows can be extremely slow (<1 cm s–1; Pöhn et al., 2001; Cornwall et al., 2015). Measurements of the DBL were also completed above CCA covered acrylic disks in an annular flume to characterize and compare the DBL under quantifiable flow speeds (Methods, Supplementary Material).


Oxygen Profiles

Oxygen concentration profiles were measured using a microsensor from the Unisense MicroRespiration System (Unisense, Aarhus, Denmark) connected to a Unisense Microsensor Multimeter and controlled by a Unisense automatic micromanipulator. SensorTrace Profiling software was used to log the microsensor profiles. Prior to use, the oxygen microsensor was first pre-polarized with -0.80 V for a minimum 10 min period and then calibrated in a fully aerated (100% value) and anoxic (0% value) solution in the SensorTrace Logger software as per the Unisense Oxygen Sensor User Manual.

The sensor was manually lowered with the micromanipulator until it was touching the surface of the substrate, this was considered to be 0 μm above the substrate surface. In this position, a 40 min equilibration period was allowed for the DBL to re-establish before vertical profiles began. The micromanipulator was used to automatically raise the sensor and record 60 s of oxygen concentration (μmol O2 l–1) measurements at each height. The wait time between each measurement was 0.1 s and the measurement period was 0.9 s. Of the 60 measurements at each height, the first and last 5 measurements were discarded in case movement of the sensor affected readings, and the remaining 50 measurements were averaged. Measurements were taken every 100 μm from 0 to 4 mm above the substrate and then every 1 mm from 4–10 mm. A minimum of four replicate oxygen profiles was measured above CCA substrates for each experimental treatment.



DBL Calculations

Diffusive boundary layer thickness was defined as the distance above the surface of the CCA substrate at which the changes in concentrations of O2 (raw value) were <5% per 0.1 mm for four subsequent measurements. This 5% cutoff (Layton et al., 2019) balances the robustness of previous methods that used 10% (Hurd et al., 2011; Cornwall et al., 2013b; Lichtenberg et al., 2017) and the sensitivity of changes <1% (Cornwall et al., 2015; Noisette and Hurd, 2018). In order to account for small variation among replicates in bulk seawater oxygen concentration, oxygen profiles were standardized by dividing the concentration at any given height by the bulk seawater concentration (the oxygen concentration 10 mm above the CCA substrate).

H+ (pH) and O2 concentrations have a strong relationship within the DBL above CCA substrates (R2 = 0.82; Cornwall et al., 2014) due to the uptake and release of CO2 and O2 during photosynthesis and respiration (Cornwall, 2013; Chan et al., 2016; Noisette and Hurd, 2018). The magnitude and direction of pH changes within the DBL have been found to be almost identical to changes in O2 concentrations (Cornwall et al., 2014). Thus, O2 is commonly used as a robust proxy for H+ and pH (Cornwall et al., 2014; Layton et al., 2019). Standardized O2 concentrations were converted into H+ concentrations using separate relationships previously determined for CCA (Cornwall, 2013). These relationships were derived from measurements conducted in the DBL of coralline algae collected from the same region as those in this study (Cornwall et al., 2013b) and take into account potential modification of pH due to calcification and dissolution:

In the dark (R2 = 0.85):
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and light (R2 = 0.73):
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H+ concentrations were converted into pHT values using the equation pHT = -log [H+]. Seawater pH values were standardized for each profile by dividing the concentration at any given height by the bulk seawater pH concentration to get pH deviation in the DBL from the bulk (mainstream) pH. Estimated pH values were calculated by adding the pH deviation to the mean bulk seawater pH value for the respective treatment.

In order to estimate the pH conditions that metamorphosing and newly settled P. huttoni experienced during experiments (pHEXP), pH was averaged from 0 to 0.5 mm above the CCA surface. A height of 0 to 0.5 mm was chosen since the test diameter of newly settled P. huttoni ranged between 400 to 500 μm.



Sea Urchin Collection, Spawning and Rearing

Adult P. huttoni were collected from Doubtful Sound, Fiordland in June 2018 by SCUBA divers and transported to PML where they were kept in a flow through system prior to experiments. Four days after collection, adults were induced to spawn by an intra-coelomic injection of 0.5 M KCL per animal. The gametes obtained were visually inspected for viability under the microscope (swimming sperm and healthy eggs), and deemed suitable for fertilization. Sperm stock solution was added to the egg solution until reaching a final fertilization success of more than 95% (indicated by the appearance of the fertilization membrane). The resulting larvae were reared until competency (i.e., ready to settle) at 10–13°C and under ambient pHT = 8.1 in 20 glass jars (2.5 L) at densities ranging from 3 to 20 larvae per mL. Larvae were daily fed a combination of Rhodomonas sp. and Dunaliella primolecta at a total concentration of ∼8,000 cells ml–1. To keep larvae and food suspended, cultures were stirred continuously with large plastic paddles, at a rate of 10 cycles per minute. Water was changed every third day and jars were cleaned periodically. Most larvae showed signs of competency (e.g., well-developed rudiments) from 60 to 75 day post-fertilisation (dpf).



Settlement Experiment

Competent larvae were used to examine settlement and metamorphosis of P. huttoni in response to pH and light intensity (therefore DBL characteristics). CCA covered cobbles (0.5 to 2 cm diameter) were placed in custom-made inverted settlement chambers, as per methodology specifically developed for such experiments (Espinel-Velasco et al., 2020). The chambers were closed by a 100 μm mesh cap on the top end to allow water circulation while keeping the larvae inside. The chambers were then placed in 3 L airtight aquaria containing water at the desired target pH (bulk pH) in both light and dark conditions. Three pH treatments were used for this experiment (pHT 7.5, 7.7, and 8.1). Each treatment (3 L aquaria) contained four inverted chambers and was replicated 3 times. Competent larvae of all the glass cultures were pooled and homogenized before using for the settlement assay. Approximately 30 competent larvae (61 dpf) were added into each chamber and left to settle. After 6, 18, 30, and 51 h, the chambers were checked for settlement under a dissecting microscope. Larvae were counted and placed into two categories: (1) settled and metamorphosed: indicated by the presence of juveniles at the bottom of the chambers, and (2) not-settled: remaining larvae, still in the larval form, swimming in the water column or crawling on the bottom.



Post-settlement Growth Experiment

Post-settlement growth of P. huttoni was determined in response to pH and light intensity (therefore DBL characteristics). For this, approximately 4,700 competent larvae (69 dpf) were placed into a 3 L, airtight aquaria with ∼200 CCA covered cobbles, with a diameter between 0.5 and 2 cm. The larvae were left for 24 h to settle on the cobbles, based on results from the settlement experiment. After 24 h, cobbles were visually examined under the dissecting microscope. Cobbles with at least one juvenile attached to them were used for experiments. A total of six cobbles were placed into each experimental tank and left there for a total of 4 days (5 days after introduction to the cue), given that sea urchin juveniles undergo a perimetamorphic period that generally lasts at least 4 day, where they are unable to feed because they have yet to develop a digestive system and other internal structures (Gosselin and Jangoux, 1998; Rahman et al., 2012). Newly settled P. huttoni juveniles were grown under six experimental treatment conditions, comprised of three bulk seawater pH levels (pHT 7.5, 7.7, and 8.1) and two irradiance levels (light and dark), with each treatment replicated three times.

After 4 days in the treatment conditions, cobbles were examined under a dissecting microscope and juveniles were removed from the substrate by a strong water blast with a Pasteur pipette. After removal, juveniles were transferred into eppendorf tubes and fixed with 0.5 mL of paraformaldehyde solution (4% PFA in FSW, buffered). Juveniles were stored in a fridge and photographed with a camera (Olympus XC50) under a compound microscope (Olympus BX51) within the three following days, since preliminary tests had showed no signs of post-fixation change. Images were discarded if juveniles were (1) not lying flat on their aboral or oral surface, (2) covered by algae, another urchin or other unknown material, or (3) if the sea urchin showed signs of disintegration (i.e., did not successfully metamorphose and survive). Each juvenile was photographed multiple times in different focal planes. Average spine length and test diameter were measured for each juvenile with Image-J (NIH, Cary, NC, United States; Figure 1). Two test diameters were measured, approximately perpendicular to each other at the longest diameter of the test, and subsequently averaged. The three longest spines were measured from the outer edge of the test to the tip of the spine and subsequently averaged. The number of juveniles measured per replicate (3 replicates per treatment), ranged from 3 to 11, with an average of 7 juveniles measured per replicate.
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FIGURE 1. Image taken with a compound microscope of a juvenile sea urchin Pseudechinus huttoni 4 days post-settlement. Morphometric measurements are spine length (average of three longest spines or SL) and test diameter (average of two longest diameters or TD). Scale bar 200 μm.


Juveniles from the post-settlement growth experiment were prepared for analysis with SEM in order to determine calcification patterns of skeletal elements. Juveniles were placed in a 1% NaClO treatment for 30 min in order to remove organic material. The juveniles were consequently rinsed three times with distilled water and placed in a drying oven at 45°C for 48 h (Wolfe et al., 2013a). The juvenile skeletons lost their structure after the treatment, leaving disarticulated pieces of the spine and skeleton. These pieces were mounted on stubs with conductive double-sided tape and coated with gold using a Quorum gold coater. Observations and photographs were taken using a Hitachi TM3000 tabletop SEM.



Water Chemistry

Target experimental seawater pH was obtained in a 90 L tank for each treatment that was constantly maintained at each target pH level by controlled bubbling of 100% CO2 gas into the system as required via TUNZE pH/CO2 controllers (TUNZE AQUARIENTECHNIK GMBH, Penzberg, Germany; Comeau et al., 2018). Seawater pH and temperature were recorded at the beginning and end of every profile during measurements of the DBL in the 3 L aquaria (Table 2). Temperature was measured using a mercury thermometer, while pH was measured spectrophotometrically using Cresol purple dye (Dickson et al., 2007). Seawater pH is reported on the total scale in this manuscript, unless specifically mentioned otherwise. Target bulk pH levels were maintained in the settlement experiment by adding new water from the 90 L header tanks at the target pH every 6, 18, 30, and 51 h (Supplementary Table 1) and every 24 h in the post-settlement growth experiment (Supplementary Table 2). One liter seawater samples for AT and DIC were fixed with saturated HgCl. Seawater samples for AT and DIC for each treatment were taken at the beginning of the settlement experiment.

Dissolved inorganic carbon and total alkalinity were later determined by a Single Operator Multi-parameter Metabolic Analyzer (SOMMA) and closed-cell potentiometric titration, respectively (Dickson et al., 2007). CRM batch number 168 was used for this analysis in September and October 2018. During which, the precision of the DIC analyses was 0.72 μmol kg–1. The analyzed DIC values were corrected by a factor CRMcertified/CRManalyzed, determined daily. The analysis accuracy is 0.7 μmol kg–1. Other carbonate system parameters, including the partial pressure of CO2 (pCO2) and the saturation states for calcite (Ωcalcite) and aragonite (Ωaragonite), were calculated using SWCO2 (Mosley et al., 2010). Seawater properties were determined using CO2 equilibrium constants from Mehrbach et al. (1973) refitted by Dickson and Millero (1987).



Statistical Analysis

Statistical analyses were performed using RStudio, v1.1.453 (RStudio Team, 2016) unless otherwise mentioned. Data was checked for homogeneity of variance using Levene’s tests and checked for normality using QQplots and Shapiro–Wilk Tests.


DBL Measurements

We tested for significant differences in DBL thickness and O2 concentration at the surface of CCA among treatments using non-parametric Kruskal–Wallis tests (Table 3), since assumptions of normality and heteroscedasticity were not met. Kruskal–Wallis tests were supported by results of a Welch’s analysis of variance (ANOVA) with unequal variances. Post hoc Dunn tests (Supplementary Table 3) were used to show pairwise differences in all of the independent treatment conditions in DBL thickness and O2 concentration at the surface of CCA.



Settlement Data

The settlement data was analyzed by means of fitting a general linear mixed regression model (linear model with binomial distribution: function glmer, family: binomial, R v.2.13) to describe the effect of the pH treatment (bulk seawater pH) and irradiance (light vs. dark) on the percentage settlement of the larvae over time. This model, using a binomial distribution and settlement chambers as random factor, allowed us to include the information of the repeated measures of settlement in the chambers over time. Model selection included all variables initially (bulk seawater pH, irradiance, and time) and was based on selecting the best model based on the Akaike information criterion (AIC) value. Significance and model fit (AIC, residual plots) can be found in Supplementary Material (Supplementary Table 4).



Post-settlement Data

The post-settlement data was analyzed using a linear mixed model (function: lmer, R v.3.5.2) to describe the effect of the bulk seawater pH treatment (treated as a continuous variable) and irradiance (light vs. dark) on spine length and test diameter of 4-day-old juvenile sea urchins. Replicate containers were used as a random factor in the model (3 replicate containers per treatment). Significance and model (AIC, residual plots) can be found in Supplementary Material (Supplementary Table 5).



RESULTS


Water Chemistry

Seawater carbonate chemistry was taken at the beginning of the settlement experiment from the 90 L header tanks (Table 1, and for additional experiments reported in Supplementary Table 6). During the course of the settlement and post-settlement experiments, pH stayed relatively stable (±0.1 units) between water changes (Supplementary Tables 1, 2). While completing DBL measurements in the 3 L aquaria, bulk seawater pH also remained similar between oxygen profiles, with clear differences among the three bulk pH treatments and no effect of light on bulk pH (Table 2).


TABLE 1. Average seawater carbonate chemistry parameters in bulk seawater samples.
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TABLE 2. Bulk pH values (pHT) of treatment conditions during oxygen profiling in the 3 L aquaria.
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DBL Measurements


DBL Measurements in Static Conditions

The chemical environment immediately above the coralline algal surface differed from that of the bulk seawater. At all levels of bulk seawater pH, pH increased in the light treatment above CCA and decreased in the dark treatment (Figure 2 and Supplementary Figure 2), with irradiance having a significant effect on substrate surface oxygen concentration (Chi Square = 17.28, p < 0.001, df = 1, and Table 3). In the light, estimated pH deviated by up to ∼0.8 units from bulk pH (Figure 2), with the pH at the surface of the CCA in bulk seawater pH 7.5 being estimated as above that of today’s average seawater pH levels of 8.1 (Figure 2). In the dark, oxygen concentration at the surface of CCA had much smaller deviations, with pH varying less than 0.1 units below median values in all bulk seawater conditions (Figure 2). In the dark, pH values at the surface of CCA were similar to those of the bulk seawater pH and bulk seawater pH had no significant effect on oxygen concentration at the surface of CCA (Chi Square = 0.215, p-value > 0.1, df = 2, and Table 3).


[image: image]

FIGURE 2. Calculated average pH(T) values above CCA in 3 L experimental aquaria at three bulk pH levels: (A) 8.1, (B) 7.7, and (C) 7.5. Values are mean pH ± SE, n = 4. pH values were estimated using oxygen as a proxy. Black circles represent dark treatments and gray circles represent light treatments. The light gray shaded rectangle represents the diffusion boundary layer and the dark gray shaded rectangle represents the pH from 0 to 0.5 mm above the CCA surface (pHEXP), or the average pH that metamorphosing and newly settled P. huttoni on CCA substrates experience.



TABLE 3. Non-parametric Kruskal–Wallis examining the effects of treatments, bulk pH, flow, and irradiance on DBL thickness and O2 Concentration at surface of CCA in 3 L aquaria and the annular flume.

[image: Table 3]
The release of CO2 due to the respiration of CCA, was evidently too low to generate a measurable DBL in the dark treatments. DBLs were significantly different (thicker) in the light than in the dark (Chi Square = 19.74, p < 0.001, df = 1, and Table 3). In the light, mean (±SE) DBL thickness was 1.4 mm ± 0.53 at bulk pH 8.1, 1.3 mm ± 0.40 at bulk pH 7.7 and 1.2 mm ± 0.4 at bulk pH 7.5 but these differences were not significant (Chi Square = 0.01, p > 0.1, df = 2, and Table 3).

In the dark treatments, P. huttoni likely experienced pH levels similar to the bulk seawater (pHEXP was reduced by less than 0.1 units below mainstream values), whereas in the light, P. huttoni experienced pH levels substantially higher (pHEXP increased by 0.5 to 0.7 units above mainstream values). Values are reported in Supplementary Table 7. Due to the DBL, the pHEXP that P. huttoni experienced in light treatments with bulk seawater pH 7.5, was estimated to be 8.05, comparable to contemporary seawater pH levels of 8.1.



DBL Measurements in Flow

Oxygen profiles were also completed above CCA covered acrylic disks in an annular flume to characterize oxygen and pH conditions above CCA under quantifiable flow speeds (Methods, Supplementary Material). This allowed us to compare the DBL under more ecologically relevant flow speeds to the static flow conditions used in this experiment that enabled us to settle and grow P. huttoni juveniles. The DBL profiles and DBL thicknesses in static flow in the 3 L experimental aquaria displayed similar trends to those at slow flow speeds of 1 cm s–1 in the annular flume (Supplementary Figures 3, 4). In the light, pH varied up to ∼0.8 units above the bulk seawater pH in static (no) flow, and up to ∼0.6 units above the bulk seawater pH in slow (1 cm s–1) flow. In the dark, pH varied by <0.1 units under both static and slow flow. As under static flow, irradiance had a significant effect on substrate surface oxygen concentration in slow flow (p < 0.001, df = 1, and Table 3), while bulk seawater pH did not (p > 0.1, df = 1, and Table 3). In the light under slow flow, mean (±SE) DBL thickness was 0.78 mm ± 0.28 in the pH 8.1 treatment and 0.50 mm ± 0.14 in the pH 7.4 treatment. In the dark under slow flow, mean (±SE) DBL thickness was 0.1 mm ± 0.04 in the pH 8.1 treatment and 0.08 mm ± 0.03 in the pH 7.4 treatment. The static flow conditions used in these sea urchin experiments are similar to slow flow speeds (1 to 2 cm s–1, Supplementary Figure 5) found in situ in the fiord environment where the P. huttoni used in this study were collected.

Increased speeds of flow altered the shape of oxygen (and accordingly the pH) profiles and DBL thickness. Oxygen profiles at fast flow speeds of 5.5 cm s–1 displayed a thinner DBL and a smaller range of O2 and pH values (Supplementary Figures 3, 4). At 5.5 cm s–1, mean pH values varied by only up to ∼0.2 units in the light. Additionally, flow had a significant effect on DBL thickness (p = 0.006, df = 1, and Table 3). In the light, mean (±SE) DBL thickness under slow flow was 0.78 mm ± 0.28 in the pH 8.1 treatment and 0.50 mm ± 0.14 in the pH 7.4 treatment compared to 0.05 mm ± 0.05 and 0.10 ± 0.00 in fast flow, respectively.



Settlement

After 6 h, 14% to 33% of larvae had settled on the CCA. Cumulatively, percentage settlement on CCA increased with time for all treatments, reaching a final settlement of 58% to 77% after 51 h (Figure 3 and Supplementary Table 7). Bulk seawater pH showed no significant effect on its own, but light conditions and their interaction with the bulk seawater pH of the water were significant factors influencing settlement success in P. huttoni over the course of the experiment (Supplementary Table 4). After the initial 6 h, percentage settlement was significantly lower in bulk pH 8.1:dark conditions (pHEXP 8.01) compared to the other treatments (14%). After 18 h, percentage settlement in bulk pH 7.7:light conditions (pHEXP 8.38) did not increase as greatly compared to the other treatments (37%). However, toward the end of the experiment (after 30 and 51 h), only the settlement in bulk pH 8.1:light conditions (pHEXP 8.64) was significantly greater than in the remaining treatments (68% and 77%, respectively). The pH that the sea urchins likely experienced while settling on CCA substrate (pHEXP) showed no consistent or strong effect on settlement success.
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FIGURE 3. Average percentage settlement of sea urchins Pseudechinus huttoni during a 51-h period under three bulk seawater pH and two irradiance treatments. Each treatment (3 L aquaria) contained four inverted chambers and was replicated three times. Error bars are ±1 SE of the mean.




Post-settlement Growth

Test diameter was similar across all treatments, with no significant effect of bulk seawater pH or irradiance (Figure 4, p = 0.290 and p = 0.755, Supplementary Table 5). Spine length displayed greater variance across all treatments, but also showed no significant effect of bulk seawater pH on its own (p = 0.090, Supplementary Table 5). However, the results of the linear mixed modeling indicated that irradiance and the interaction of pH and irradiance had a significant effect on spine length of 4-day-old juveniles (p = 0.039 and p = 0.035, respectively, Supplementary Table 5). In the dark, mean spine length increased with increasing bulk seawater pH, while in the light, mean spine length decreased with increasing bulk seawater pH. The shortest mean spine length was found in the treatment with the highest pHEXP, bulk pH 8.1:light. The pH that juvenile sea urchins likely experienced while settling on CCA substrate (pHEXP) showed no consistent or strong effect on test diameter or spine length.
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FIGURE 4. Average spine length and test diameter in juvenile sea urchins Pseudechinus huttoni at 4 days post-settlement under three bulk seawater pH and two irradiance treatments. Each treatment (3 L aquaria) was replicated three times. Error bars are ±1 SE of the mean.


Additionally, SEM revealed no observable differences in structural integrity or morphology of the sea urchin spines in any of the treatments (and thus at any levels of pHEXP; Figure 5, Supplementary Figure 6). This suggests, visually, that calcification was not impaired, nor was there any indication of degradation of calcified surfaces. Juvenile skeletal element morphology appeared similar in all treatments, showing no loss of structural integrity, while bearing smooth surfaces and no evidence of pitting or erosion on the primary and secondary spines. Evidence of fine calcification (i.e., secondary spination) was present along the edges of the juvenile spine. Additionally, stereom lattice structure was well developed in the spines and test.
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FIGURE 5. Examples of scanning electron micrographs of Pseudechinus huttoni juveniles reared in the dark at bulk seawater pH 7.5 (pHEXP 7.42) and in the light at bulk seawater pH 8.1 (pHEXP 8.64), for 4 days post-settlement. Scale bars are (A–C) 100 μm and (D) 50 μm, as indicated on SEM micrographs. Micrographs depict (A,B) base and attachment site of adult spines, and (C,D) juvenile spines. sm smooth surface. a artifact (a product of sample preparation for the SEM).




DISCUSSION

Marine invertebrates that settle and live on algal surfaces experience pH levels that differ from the bulk seawater pH due to biologically driven changes within the DBL associated with irradiance and water flow. Our observations align with previous investigations showing that macroalgae modify the chemical environment immediately above their surface in the DBL (De Beer and Larkum, 2001; Hurd et al., 2011; Cornwall et al., 2013b; Hurd, 2015; Noisette and Hurd, 2018; Wahl et al., 2018; Comeau et al., 2019; Layton et al., 2019). In this respect, we focused on how the DBL could influence settlement success and early post-settlement growth in the sea urchin P. huttoni under contemporary and future OA conditions. It was hypothesized that reduced bulk seawater pH would negatively affect settlement success and post-settlement growth of sea urchins, but that thick macroalgal DBLs in the daytime (light), where pH is raised, would protect against these effects. If this occurred, we would observe higher settlement success under thick DBLs in the light, compared to the dark in our OA treatments. However, the observed settlement success and growth of newly settled sea urchins was relatively similar across all treatments, suggesting that P. huttoni juveniles are able to grow in a range of pH levels, even when pH is reduced in the DBL.

Settlement rates showed high variability among treatments, but settlement success was not significantly reduced at low pH levels in the DBL. Juveniles in our study were examined only 4 day post-settlement, so it is possible that the growth period was too short to reveal potential greater differences in skeletal morphology. Preliminary experiments yielded similar results of no differences among treatments, and our observations are also consistent with previous studies on sea urchins, where no direct effects of OA on larval settlement have been reported (Dupont et al., 2013; Wangensteen et al., 2013; Espinel-Velasco et al., 2020). The few significant differences on settlement in this study were primarily observed in the bulk pH 8.1 treatments, suggesting that high pH can reduce settlement success, as seen in Mos et al. (2020). While not tested, other environmental factors, that covaried with pH in our experiment, such as light, may also have significant effects on sea urchin settlement success (Rodriguez et al., 1993; Scheibling and Robinson, 2008). Additionally, in situ juveniles may also be able to undergo post-settlement transport or movement to improve the environmental conditions under which they first settled (Pilditch et al., 2015).

Early post-settlement growth also showed high variability among treatments, however, P. huttoni juveniles successfully grew in a range of pH levels within the DBL (pH 7.4 to 9.0). Thus, low pH levels in the DBL do not appear to impair growth. Our observations are consistent with those of previous studies on sea urchins, which have found that test diameter is robust to low pH, although spine length can be altered under extremely low pH values (7.4; Wolfe et al., 2013a). Our SEM observations revealed no apparent differences in structural details of the juvenile P. huttoni skeletons in any of the treatments. SEM micrographs have highlighted some of the greatest differences in calcification and supported other growth measurements in other sea urchin species, such as quantitative reductions in weight (Albright et al., 2012). Thus, our visual observations qualitatively suggest that growth was not substantially reduced at lower pH levels in the DBL.

This is one of the first studies to measure sea urchin settlement and early post-settlement development under DBLs of measured thicknesses. Previous work on the sea urchin Centrostephanus rodgersii accounting for the DBL, found that both low pH and high pH conditions have effects on settlement and post-settlement growth (Mos et al., 2020). Additionally, chemical buffering of reduced seawater pH has been found in the boundary layers above concrete surfaces (Mos et al., 2019). Our study examines a similar effect above macroalgal surfaces. Our results suggest that juvenile sea urchins may, to a certain extent, already be adapted to lower pH, with effects of low pH potentially only seen at extreme levels in the bulk seawater (pHT 7.4 and below; Byrne et al., 2009, 2017; Dupont et al., 2010; Byrne, 2011; Wolfe et al., 2013a; Espinel-Velasco et al., 2018). This has previously been seen in other marine taxa; for example, some oyster species have the potential to acclimatize to OA over multiple generations, where carryover effects mediate impacts of reduced seawater pH on later generations (Parker et al., 2011, 2015). Similarly, newly-settled sea urchins may be more tolerant to pH variability over temporal scales of hours/days because previous generations have already experienced significant natural pH variability, as has been suggested for other taxa in such environments (Melzner et al., 2009; Hurd et al., 2011; Wahl et al., 2015, 2018; Boyd et al., 2016; Noisette and Hurd, 2018). Indeed, organisms experiencing greater environmental variability are thought to possess higher phenotypic plasticity, and generally have greater resistance to mean changes in the environment due to global change (Boyd et al., 2016). Fluctuations in seawater carbonate chemistry in situ may mean that many taxa are already acclimatized or adapted to calcify in these extreme pH levels (Wolfe et al., 2013a; Eriander et al., 2015). Presently, there are no published in situ measurements of pH within the DBL of nearshore marine organisms, and the role of the DBL pH variability has largely gone underappreciated.

In addition to environmental history, fluctuations in pH during exposure to stressors will also likely modify responses to OA conditions (Rivest et al., 2017). Fluctuating environments may ameliorate negative effects of OA because either mean pH is higher (i.e., reductions at night being less than the increases during the day) or the fluctuations may yield periods of favorable pH conditions for organisms where they are able, for example, to calcify (Melzner et al., 2009; Cornwall et al., 2014; Wahl et al., 2015, 2018; Noisette and Hurd, 2018). Previous research has found that fluctuating pH treatments can elicit different effects on organisms than stable acidified conditions. For example, diurnal pH fluctuations increased the variance in growth of the barnacle Balanus improvisus, but not its mean growth (Eriander et al., 2015). The timing of exposure to different pH levels impacted larval development of the mussel Mytilus galloprovincialis, while larval shell growth was correlated with mean exposure regardless of variability (Kapsenberg et al., 2018). This may be another explanation for the lack of detectable results on effects of pH in the DBL on settlement and post-settlement growth in this study; our irradiance treatments were constant rather than on a diel cycle. Further research is needed to understand how natural small-scale temporal pH fluctuations will interact with bulk seawater pH decreases due to OA.

While juvenile sea urchins appeared robust to reduced pH in this study, it is also possible that a physiological limit may be surpassed when natural fluctuations are superimposed onto mean predictions of global change (Boyd et al., 2016), particularly in kelp beds with large diurnal pH changes (Cornwall et al., 2013a). Calcifying organisms living in these fluctuating environments already likely experience a degree of stress, and the combined effects of environmental fluctuations and global change related stressors (e.g., reduced seawater pH due to OA) may expose organisms to conditions beyond their thresholds of tolerance (Hofmann et al., 2011; Boyd et al., 2016). Effects of reduced pH may only become discernible at very extreme pH values below those used in this experiment (bulk seawater pH 7.5). Indeed, negative effects on skeleton growth (test diameter, spine number, and stereom pore size) and spine growth of juvenile H. erythrogramma were largely restricted to the lowest pH treatments used (pH 7.4 and below; Wolfe et al., 2013a, b).

The effects of OA on sea urchins are almost certainly life history specific, with effects on juveniles being variable and in some cases undetectable (Byrne et al., 2009, 2010b, 2017; Dupont et al., 2010; Byrne, 2011; Dupont and Thorndyke, 2013; Wolfe et al., 2013a; Chan et al., 2015; Espinel-Velasco et al., 2018). The negative effects of reduced seawater pH previously seen in larval P. huttoni (Clark et al., 2009) are not reflected in the responses of juveniles in this study. However, the larval urchins used in this study were reared in present-day conditions. Carry-over effects from the larval stage, such as energy reserves, may have allowed juveniles to grow successfully in varying pH conditions. There is a possibility for negative carryover effects from the juvenile stage to later life stages or future generations that this study did not explore (Karelitz et al., 2019). Thus, the larval rather than the juvenile stage may be a potential life-history bottleneck under OA conditions, as previously suggested (Byrne et al., 2013; Lamare et al., 2016). Life in the DBL may have pre-adapted juvenile P. huttoni to living and calcifying in a range of pH levels, thus conferring potential resilience to OA conditions at this life-history stage.
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Flow 1 0.2401 0.624

Treatment 7 26.32 <0.001

p values less than 0.05 are in bold.
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One water sample was taken per treatment at the beginning of the settlement experiment.
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