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Coralline algae are foundation species in many hard-bottom ecosystems acting as a settlement substrate, and binding together and even creating reefs in some locations. Ocean acidification is known to be a major threat to coralline algae. However, the effects of ocean warming are less certain. Here we bring multiple lines of evidence together to discuss the potential impacts of ocean warming on these ecologically crucial taxa. We use a meta-analysis of 40 responses within 14 different studies available which assessed the effects of increasing temperature on coralline algal calcification in laboratory experiments. We find a net negative impact of increasing temperature on coralline algal calcification at 5.2°C above ambient conditions. Conversely, negative effects are observed when temperature drops below 2.0°C from ambient conditions. We propose that some coralline algae will be more capable of both acclimatizing and locally adapting to increasing ocean temperatures over the coming decades. This is because many species possess short generation times, the ability to opportunistically rapidly utilize open space, and relatively high phenotypic plasticity. However, less resistant and resilient species will be those that are long-lived, those with long generation times, or with narrow thermal tolerances (e.g., tropical taxa living close to their thermal maxima). Additionally, ocean warming will occur simultaneously with ocean acidification, a potentially greater threat to coralline algae, which could also reduce any tolerance to ocean warming for many species. To maximize the potential to accurately determine how coralline algae will respond to future ocean warming and marine heatwaves, future research should use environmentally relevant temperature treatments, use appropriate acclimation times and follow best practices in experimental design.
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INTRODUCTION

Marine climate change has been under increasing focus over the last two decades, particularly the dual threats of ocean acidification and warming (Gattuso et al., 2015; Riebesell and Gattuso, 2015). Coralline algae are one of the most crucial foundation taxa in the photic zone. They form extensive reefs in tropic regions, rhodolith beds (e.g., free living crustose coralline algae, or CCA) in warm-temperate to Arctic habitats (Foster, 2001), and also act to bind together substrates in traditional coral habitats and temperate habitats (Adey, 1978; Steneck, 1986). While in some tropical locations they only form caps over dead corals (“algal ridges”) (Adey, 1978), coralline algal reefs exist, including the 380 km2 Montgomery Reef comprised almost entirely of CCA (Heyward and Moore, 2009; Le Nohaïc et al., 2017). CCA also act as important settlement substrates for many invertebrates such as corals, sea urchins and abalone (Pearce and Scheibling, 1991; Heyward and Negri, 1999; Roberts, 2001; Tebben et al., 2015). Because of their crucial ecological roles throughout the oceans' photic zones, it is therefore of paramount interest to understand how their future ecological role will be altered.

Ocean warming is perceived as a great threat to key foundation species such as corals and kelp (Wernberg et al., 2016; Hughes et al., 2017), but we have relatively little understanding of its effects on coralline algae (Martone et al., 2010). Average sea surface temperatures will rise by 2.73°C by 2100 under Representative Concentration Pathway 8.5 (Gattuso et al., 2015), the scenario now considered most likely. Elevated temperatures from marine heat waves causes widespread coral bleaching resulting in high mortality of many coral species (Hughes et al., 2017, 2018), and can also cause loss of temperate kelp forests and gorgonian beds (Garrabou et al., 2009; Wernberg et al., 2013, 2016; Krumhansl et al., 2016). Because of increasing frequencies of marine heatwaves due to ocean warming (Oliver et al., 2018) there has been a rapid increase in research identifying the responses of some habitat-forming species such as corals, gorgonians, and kelp to elevated temperature (Wernberg et al., 2012; Hughes et al., 2017). For example, loss of the kelps Macrocystis pyrifera and Ecklonia radiata in Australia has caused irreversible ecological change to more depauperate communities (Johnson et al., 2011; Wernberg et al., 2013, 2016; Vergés et al., 2016). However, while coralline algae are ecologically crucial in most hard-bottom habitats within the photic zone, such as coral reefs and temperate kelp forests, there is a paucity of information detailing coralline algal responses to ocean warming. This in contrast to the intensive research investment in the impacts of ocean acidification. For example, we find 78 articles on the impacts of ocean acidification on coralline algal calcification, but only 14 on ocean warming or its interactive effects with acidification (see methods below).

Here we review the existing literature on coralline algal responses to experimental manipulations of temperature in isolation and examine the magnitude and direction of these responses. There has been immense research effort placed into synthesizing how the physiological effects of ocean acidification will manifest at ecological levels (Hall-Spencer et al., 2008; Fabricius et al., 2011; Ordoñez et al., 2014; Cornwall et al., 2017b), and why (Cornwall et al., 2017a; Barner et al., 2018). Hence, there have also been numerous reviews on the impacts of ocean acidification on coralline algae (Hurd et al., 2009; Nelson, 2009; Roleda and Hurd, 2012; Hofmann and Bischof, 2014; Mccoy and Kamenos, 2015). However, relatively little effort has been placed on synthesizing the impacts of ocean warming, and there is no dedicated review of evidence to date. Therefore, here we assess coralline algal response to changes in temperature in laboratory experiments using a meta-analysis approach, and then discuss their capacity for migration away from, acclimatization, or adaption to continued ocean warming into the Anthropocene. We also provide recommendations for future research on the topic. We focus our review on the response of calcification, as this process is critically important for maintaining growth (accretion) and structural complexity of tropical and temperate reefs, as well as rhodolith beds. It is also a measure of fitness and the most commonly measured response in eco-physiological studies (see below).

RESPONSE TO TEMPERATURE IN LABORATORY EXPERIMENTS

Meta-Analysis Methods

We assessed the literature and found 36 studies that assessed the effects of temperature on coralline algal physiology. Briefly: we narrowed these 36 studies down to 14 that assessed the effects of temperature on calcification. To be included, a study needed to use one of the two following methods to measure calcification: (1) Via calcium carbonate accretion using the buoyant weighing technique, (2) measure metabolic calcification via the total alkalinity anomaly, or calcium isotope techniques, when specimens were exposed to treatment conditions for more than 10 days, or (3) using changes in linear extension where different treatments were employed simultaneously. These studies are detailed in Supplementary Table 1. We assessed the independent effects of temperature at control pH levels for those studies that examined the interactive effects of ocean warming and acidification, because the goal of the present study was to look only at the effect of ocean warming. Calcification was assessed because of its ecological relevance, as mentioned above, but also because it was the most measured parameter in research assessing the response of coralline algae to manipulated temperatures (14 studies), with photosynthesis being a distant 2nd (6 studies). We log transformed mean responses of experimental and control treatments according to Hedges et al. (1999) to create mean log response ratios, then calculated variance from standard deviations, standard errors, or confidence intervals given in each study.

We then conducted a meta-analysis in R with the metaphor package that assessed the effects of (1) decreasing temperature relative to a control designated by the authors of each study, and (2) increasing temperature relative to the same control. Weighting was given to each study so the impacts of any one study with multiple temperature levels were controlled for in a mixed model linear regression meta-analysis. We also summarize the main findings of each publication, including those excluded from the meta-analysis (see Supplementary Material).

Meta-Analysis Results and Discussion

Not surprisingly, we found that both decreasing and increasing temperature had negative impacts on coralline algal calcification (Figure 1 and Table 1). What was unexpected though, was that the mean effect of elevated temperature on coralline algal calcification only manifests at 5.23°C above the temperatures that individual authors considered were representative of control or ambient temperature across both cool and warm temperate locations, and tropical coral reefs (Figure 1). The current “worse-case” representative concentration pathways (RCP 8.5) are predicted to result in mean increases in surface seawaters by 2.73°C by the year 2100 (Gattuso et al., 2015). This indicates coralline algal calcification may be relatively robust to ocean warming compared to other taxa, such as corals (Kornder et al., 2018). The comparatively greater decline in calcification in response to decreasing temperatures seems superficially surprising. However, these apparently greater responses could be due to the cumulative effects of three factors: (1) cold-stress reducing organism fitness as lower Δ temperatures; (2) metabolic depression, often resulting from decreasing temperature, and (3) the fact that precipitation is thermodynamically favored at higher temperatures (Mcculloch et al., 2012; Pörtner, 2012).
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FIGURE 1. Log response ratios of coralline algal calcification to changes in temperature across different latitudinal regions in 14 studies. Error bars represent variance around each log response ratio, black lines represent linear regressions. See Table 1 for results. X intercept = −2.019°C and + 5.234°C.




Table 1. Model results for mixed model meta-analysis that assesses the effect of increasing and decreasing Δ temperature (°C) on log response ratios for coralline algae across 14 studies.
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There are large gaps in the data used in this study. For example, most studies were conducted in Europe or the Pacific Ocean (see Figure 2), with no studies in the southern Atlantic Ocean, Indian Ocean, no polar research, nor any temperate studies in the southern hemisphere. There was also a disproportionate number of studies on CCA (82%) vs. articulate coralline algae (18%). Only one study examined the effects on juvenile coralline algae (Tanaka et al., 2017). However, there was a relatively good spread between depth ranges from intertidal (11% of studies) through to shallow subtidal (1–4 m: 36%), intermediate subtidal (5–8 m: 18%), and to deeper subtidal (10–35 m: 36%). There were more studies conducted during Summer (15) compared to Autumn and winter (8 each) and Spring (10).
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FIGURE 2. Map of collection sites of studies measuring responses to changing temperature assessed in Figure 1.



However, this does not mean that ocean warming will have limited impacts on all coralline algal species. Firstly, some species are evidentially more vulnerable than others (e.g., Porolithon onkodes in some studies; Tanaka et al., 2017). Secondly, there is evidence of some negative consequences of increasing temperatures that occur irrespective of impacts of calcification. For example, reproductive conceptacles of the sub-arctic Clathromorphum circumscriptum only reached maturity when temperatures where reduced, even though calcification and photosynthetic rates of this genus increases as temperature is elevated (Adey, 1973; Adey et al., 2013). Additionally, seasonal switching of articulate coralline algae from the upright (frondose) phase to the crust only has been suggested as one outcome of increasing temperatures (Guy-Haim et al., 2016). Thirdly, ocean acidification will occur in tandem with warming. The effects of acidification could exacerbate negative effects (Martin et al., 2013), or reverse (Anthony et al., 2008) any short-term benefits from elevated temperatures in some species. Though this has not been observed in all species (Comeau et al., 2016). Therefore, it must be noted that these other consequences of increasing temperature cannot be captured in meta-analyses.

Coralline Algal Bleaching

Bleaching, followed by necrosis and eventual death would be a severe consequence of ocean warming for coralline algae. Bleaching refers to the loss of photosynthetic pigments and may lead to necrosis in many cases (Martone et al., 2010). Loss of pigments leaves the skeletal material, causing the coralline algae to turn white. Macroalgal bleaching is different to coral bleaching, which generally refers to the rejection of endosymbiotic dinoflagellates by their hosts, and is likely caused by a build-up of reactive oxygen species, which results in the destruction of pigments caused by oxidative stress (Latham, 2008). Bleaching in coralline algae can also occur due to diseases (Vargas-Ángel, 2010; Quéré and Nugues, 2015). Once bleached, coralline algal calcification and, not surprisingly, photosynthetic rates drop dramatically. Coralline algae are notoriously difficult to grow for long periods of time. Therefore, bleaching even of coralline algae maintained in “control” conditions has occurred in past research attempting to determine the impacts of climate change on these taxa (Anthony et al., 2008; Martin and Gattuso, 2009; Martone et al., 2010; Diaz-Pulido et al., 2011; Cornwall et al., 2017a). However, we can make inferences regarding how the treatments may influence the survival of future populations in some instances when bleaching of controls has not occurred. Increases of 2–4°C beyond the seasonal maxima causes ~90% bleaching in the articulate Ellisolandia elongata in tanks with no water motion (Guy-Haim et al., 2016). Conversely, increasing temperature from 15 to 30°C had relatively little effect compared to that of increasing irradiance in Corallina tuberculosum (Martone et al., 2010). Martone et al. indicate this could be due to the low humidity used in their study, or the great variability in temperature encountered by intertidal C. tuberculosum in situ. As an example, tropical corals generally bleach and suffer mortality after exposure at 1–2°C above the maximum monthly mean for sustained periods of time, usually weeks or days depending on the temperature anomaly (Jokiel and Coles, 1990; Le Nohaïc et al., 2017; Hughes et al., 2018). Much further research is required to adequately assess the physiological mechanisms responsible and thresholds of coralline algal bleaching in response to elevated temperatures.

Capacity to Migrate, Acclimatize, or Adapt to Ocean Warming, or Die

The outcomes of future climate change will be dependent on the capacity of a species to adapt or acclimatize over multiple generations, rather than short-term responses measured in most laboratory research. This is particularly true for some coralline algal species that have short generation times compared to many other calcifying foundation species. Coralline algae have been reported as having negatively buoyant and non-motile spores, which would usually indicate short dispersal distances per generation (Santelices, 1990; Miklasz, 2012). However, there is likely considerable variability in dispersal capacities. For example, the time between settlement and reproduction can be extremely short: <6 weeks for Hydrolithon reinboldii, and spores of this species can be more neutrally buoyant than those reported in other species (Cornwall and Comeau, personal observation). Their capacity to disperse rapidly is also increased by their ability to colonize various substrates and raft to new localities. For example, rafting on pumice has been recorded previously (Bryan et al., 2012), and it is extremely likely that this occurs on other substrates such as kelp holdfasts and other drifting macroalgae that have large dispersal capacity (Fraser et al., 2018). Coralline algae are almost always the first colonizers to occupy new space on new substrate in many systems (Kroeker et al., 2013; Fabricius et al., 2015; Kennedy et al., 2017), demonstrating their ability to spread quickly. Their migration over large spatial scales could thus be relatively rapid. Over the time periods it will take for the effects of warming to manifest (i.e., the next few decades), it is likely that short-lived coralline algal populations could migrate from one biogeographic region to another. Therefore, some range contractions or extensions could occur rapidly, with cooler-affinity populations or species being replaced by warmer ones. Additionally, we would expect that coralline algae in tropical regions could begin to exploit new space formerly occupied by corals. This is supported by geological evidence that coralline algae were the dominant benthic calcifiers during warm geological times such as the Miocene which coincided with decreased coral abundance (Halfar and Mutti, 2005).

We also consider that it could be possible that some coralline algal populations are capable of locally adapting to changes in temperature over periods of time, while other calcifying benthic species, such as corals, will struggle to keep pace with warming. This will be particularly true if coralline algae can tolerate marine heatwave events, which is largely unknown, except for some contradictory results showing either increased or no change in mortality and no change in calcification rates after these events in Western Australia (Short et al., 2015; Cornwall et al., in preparation). In addition to factors mentioned above, their mixture of sexual and asexual reproduction gives them additional benefits. Species with both modes of reproduction have been classified as having the “best of both worlds” where asexual reproduction allows the rapid progression of mutations to build in the population, combined with periods where disadvantageous mutations are subsequently purged through sexual reproduction and recombination of alleles (Rengefors et al., 2017). It is likely coralline algal populations already possess large amounts of genotypic and phenotypic plasticity, which allows their continued survival in the vastly different microhabitats in which they settle. For example, the same populations settling in subtidal kelp forests vs. intertidal rockpools, or in the open vs. under canopies of kelp or coral, would encounter environmental conditions that vary greatly over small spatial scales (e.g., Morris and Taylor, 1983; Anthony and Hoegh-Guldberg, 2003; Cornwall et al., 2015).

Not all coralline algal species may respond similarly to warming. Those with extremely long generation times (Adey et al., 2013), and with narrow thermal ranges could have a reduced capacity to both acclimatize via transgenerational effects or adapt over multiple generations to future changes in ocean temperature (Boyd et al., 2016; Donelson et al., 2018). This is extremely likely for some populations of tropical coralline algae that specialize in living in thermally stable offshore reefs. Some species seemingly occupy large geographical ranges, and therefore encounter vastly different temperature regimes and possess different thermal tolerances (Colthart and Johansen, 1973). It is possible that species with broader thermal ranges might be able to maintain their presence in geographic regions within the lower latitudes and extend their future range into higher latitudes with increasing mean temperatures. However, more research is clearly required that assesses the thermal tolerances of a range of coralline algal species from across different biogeographical regions, supported by molecular identification to ensure that the same species is being compared (Gabrielson et al., 2018).

Future of Habitats Reliant on Coralline Algae

In coral reef ecosystems, coralline algae could opportunistically exploit space left by dead coral over the coming decades. Scleractinian corals are important competitors for space, but will be badly impacted by rising ocean temperatures and continued increased frequencies of marine heatwaves (Hughes et al., 2018). This will be exacerbated by the negative consequences of ocean acidification, which are predicted to reduce coral calcification by 15% by 2100 (Chan and Connolly, 2012). Based on this evidence, we predict a continual decline in coral cover, with increasing coralline algal cover across corals reefs, particularly those shallow reefs dominated by herbivorous fishes that could keep cyanobacterial and macroalgal turfs low in abundance (Mccook et al., 2001). However, coralline algae are particularly sensitive to ocean acidification, and its effects could cancel out any benefits of increasing bare space. If coralline algae are impacted by either ocean warming or acidification, it will likely further impact corals via reduced settlement (Webster et al., 2011; Fabricius Katharina et al., 2017). Additionally, it is unknown how coralline algae will respond to increasing frequencies of marine heatwaves, a subject outside of the bounds of this review that poses a considerable threat.

Ocean warming has been predicted to badly impact temperate and polar ecosystems occupied by coralline algae (Brodie et al., 2014). Warming could cause widespread loss of gorgonian communities in the Mediterranean (Garrabou et al., 2009), and in temperate and polar seaweed fucoid or kelp forests we will see a continued polewards drift in the extent of these brown seaweed beds and/or local extinctions (Johnson et al., 2011; Brodie et al., 2014; Martínez et al., 2018). Warm-water affinity coralline algae and those with wide geographical ranges would be expected to increase their range at the expense of cooler-affinity species. However, strong interactions with other species exist in these ecosystems, and there is limited understanding of how changes in these interactions could interplay with the direct effects of warming. For example, removal of kelp or other shade/scour-providing taxa that some coralline algal species rely on (Connell, 2003) could have larger negative impacts on coralline algae than warming itself. It would be useful if future assessments of tropicalisation (e.g., Wernberg et al., 2013, 2016) also includes assessments of range shifts and other effects on coralline algae. This will be hampered by poor knowledge of their current ranges in many parts of the world due to the difficulty of identifying many crustose coralline algae by morphology alone (Gabrielson et al., 2018). Additionally, future research should attempt to target how changing ecological interactions under warming alter coralline algal responses (Mccoy and Pfister, 2014).

How the structure of reefs and other biogenic habitats comprised of coralline algae would fare into the far future under increasing ocean warming when combined with ocean acidification poorly constrained. Dead coralline algal material comprised of high magnesium calcite is especially prone to dissolution than dead reefs made of coral aragonite (Ries, 2010). Though there are other more stable minerals such as dolomite that can occur in coralline algae, it is not present in all species, or populations (Nash et al., 2013, 2015; Diaz-Pulido et al., 2014). Therefore, dead reef material comprised of coralline algae could be more prone to dissolution that coral-dominated reefs. Not all live coralline reefs will be as vulnerable, it is becoming clear that certain coralline algal species have a greater capacity to resist changes in external seawater carbonate chemistry by modifying chemistry within the site of calcification (Cornwall et al., 2017a, 2018; Comeau et al., 2018). These responses can also be mediated by changes in irradiance, seawater nutrient concentrations, and water motion that act to either alter stress or energy levels, or to change pH at the surface of the coralline algae (Comeau et al., 2014; Cornwall et al., 2014; Johnson and Carpenter, 2018). The complex responses of coralline algae to multiple drivers, together with the variable outcomes to warming may complicate our ability to predict future coralline algal communities and reefs under ocean warming and acidification.

Recommended Protocols for Future Research

It is ideal to assess the responses of organisms to treatment conditions over biologically-relevant time frames and under realistic conditions. The robust response to elevated temperature here in some taxa was surprising, especially since many studies we examined employed rapid exposures of organism to treatment conditions without slow acclimation to treatment conditions. However, this apparently robust response could be due to the short durations that were also employed during laboratory experiments. This type of approach is appropriate for assessments of short-term physiological responses of intertidal organisms to rapid changes in temperature during different tidal periods for example, but is less representative to predictions of how subtidal organisms will fare under ocean warming, or even their responses to marine heatwaves in many instances (i.e., 5 days). Much of the research on coral responses to warming follow stricter protocols where experimental organisms are slowly acclimated to elevated temperatures over periods of weeks (see Kornder et al., 2018), rather than placing the organisms instantly into such treatments, as many of the coralline algal experiments did. Although one study we examined used biologically relevant time-scales (5 years) (Rodríguez-Prieto, 2016), no study to date has assessed responses beyond the F1 generation, which is more ecologically relevant for many coralline species that possess short generation times. Coralline algal research should begin to adopt protocols were individuals are slowly exposed to changes in temperature, experiments are conducted over long periods of time, in-depth temperature data from collection sites are given, and efforts are made to determine the capacity of temperature variability to influence responses to elevated temperatures (Table 2). Though, these guidelines present logistical challenges that could be difficult to overcome given time and financial constraints, this field of research will be significantly improved if these guidelines can be followed.


Table 2. Suggested guidelines in future ocean warming research.
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Research investigating the impacts of ocean warming on coralline algae needs to be based on relevant environmental records and conditions. Temperature ranges were usually provided as brief values in the methods or introduction in most studies we surveyed. Exposure to differing ranges in temperature could explain some disparity in the responses reviewed here (e.g., Martone et al., 2010). Temperature variability can be extreme on some shallow coralline algal reefs (e.g., 14°C daily, max 38°C, excluding marine heatwave data) (Gruber et al., 2017; Cornwall et al., 2018). Therefore, estimating ambient temperatures for many of the collection sites was difficult, and we had to usually rely on a single value provided by authors, without knowing the summer maximum monthly mean or daily variability at collections sites. In order to reconcile how marine heatwaves influence corals living in different thermal regimes, degree heating days were developed. This metric uses all positive temperature anomalies above the maximum monthly mean at the focal site (Maynard et al., 2008; Le Nohaïc et al., 2017). This value could be a useful comparative tool across studies, but appropriate temperature monitoring at collections sites are needed for it to be used.

Adequate water motion and simulating species-interactions are two other environmental factors to consider. Many coralline algal species often live in wave exposed habitats. Therefore, there is a requirement to provide adequate water motion in laboratory experiments in the future in order to measure accurate responses. For example, one study merely shook the experimental tank by hand once per day to provide water motion. This would be inadequate in providing realistic chemical conditions in the diffusion boundary layer, which could therefore affect recorded responses (Hurd et al., 2011; Cornwall et al., 2014). The presence of canopy-forming seaweed can further modify the light, pH and water velocity surrounding coralline algae (Connell, 2003; Cornwall et al., 2013, 2015), so emulating the conditions present in the field as best as possible is ideal.

Importantly, we currently do not understand how temperature variability within experimental set-ups, or the past thermal history to which organisms are exposed could influence responses. For example, Anthony et al. (2008) found no declines in calcification at 28–29°C for Porolithon onkodes under ambient mean seawater pH, whereas Tanaka et al. (2017) found sharp declines at 30°C which they attributed to the higher temperatures used in their study. However, Anthony et al. incorporated natural temperature variability and collected individuals from a naturally variable environment, whereas Tanaka et al. maintained the experimental temperature constantly at 30°C. Therefore, we cannot ascertain whether the two populations of P. onkodes would respond similarly to ocean warming in the field. Further, due to high speciation rates in the P. onkodes complex (Gabrielson et al., 2018), it is also likely that these two studies used different taxa. We also have limited understanding regarding how ocean warming will interact with other global and local stressors/drivers beyond the synergistic effects of ocean acidification. There are several past guidelines on this topic that also mirror some of our suggestions here in a more general sense (Wernberg et al., 2012; Cornwall and Hurd, 2016; Boyd et al., 2018).

CONCLUSIONS AND FUTURE RESEARCH

Our review has highlighted that some coralline algae are very likely to be both resistant and resilient (sensu Connell et al., 2016) to the impacts of ocean warming, while others are not, and may be particularly hard hit by the combination of ocean warming and acidification. Our meta-analysis would have lacked the statistical power to assess the impacts of ocean warming on any other physiological parameters. This indicates a greater need for more in-depth physiological examination of coralline algal responses to ocean warming in laboratory research, going beyond merely assessing the impacts on calcification rates. Responses of multiple generations of algae to climate change are limited to studies that have merely compared the responses of adults to that of their offspring under ocean acidification or increased pH variability (Roleda et al., 2015). Future studies assessing the impacts of warming need to consider that we need to determine the responses of multiple generations to warming due to the short generation times of many species. No research to date has assessed how changes in canopy-forming species that strongly influence coralline algal community structure could influence coralline algae indirectly under changing temperatures. There are also large gaps geographic gaps in the collection sites of coralline algae in the assessed studies, and a focus on crustose coralline algae: these need to be improved to gain greater understanding of patterns. Additionally, most reports of the biological impacts of marine heatwaves focus on charismatic species, indicating a further need for (1) specialist coralline algal biologists to take more active roles in assessing the impacts of marine heatwaves on coralline algae, and (2) for generalist scientists to gain a greater understanding of the importance of coralline algae in polar, temperate, and tropical nearshore hard-bottom ecosystems. However, there is no study to date which has assessed how this temperature variability influences the physiology of coralline algae, nor what role these habitats could play in harboring more temperature-tolerant populations of coralline algae. Further, there is little understanding of the variability in responses to thermal stress, particularly in populations along latitudinal gradients. Overall, we hope that these findings highlight an urgent need to further document and assess coralline algal responses to temperature, marine heatwaves, and future ocean warming. Furthermore, we should be looking toward improvements in current experimental practices, especially increasing experimental durations. Only once the fundamentals are achieved can we then start to focus on including multi-generational assessments of responses, research that will offer more realistic estimates regarding how coralline algal species will respond to future warming.
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