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1. ABSTRACT

Coral bleaching is the single largest global threat to coral reefs worldwide. Integrating the
diverse body of work on coral bleaching is critical to understanding and combating this global
problem. Yet investigating the drivers, patterns, and processes of coral bleaching poses a major
challenge. A recent review of published experiments revealed a wide range of experimental
variables used across studies. Such a wide range of approaches enhances discovery, but without
full transparency in the experimental and analytical methods used, can also make comparisons
among studies challenging. To increase comparability but not stifle innovation, we propose a
common framework for coral bleaching experiments that includes consideration of coral
provenance, experimental conditions, and husbandry. For example, reporting the number of
genets used, collection site conditions, the experimental temperature offset(s) from the maximum
monthly mean (MMM) of the collection site, experimental light conditions, flow, and the feeding
regime will greatly facilitate comparability across studies. Similarly, quantifying common
response variables of endosymbiont (Symbiodiniaceae) and holobiont phenotypes (i.e., color,
chlorophyll, endosymbiont cell density, mortality, and skeletal growth) could further facilitate
cross-study comparisons. While no single bleaching experiment can provide the data necessary
to determine global coral responses of all corals to current and future ocean warming, linking
studies through a common framework as outlined here, would help increase comparability
among experiments, facilitate synthetic insights into the causes and underlying mechanisms of
coral bleaching, and reveal unique bleaching responses among genets, species, and regions. Such
a collaborative framework that fosters transparency in methods used would strengthen
comparisons among studies that can help inform coral reef management and facilitate
conservation strategies to mitigate coral bleaching worldwide.

Key words: coral bleaching, coral heat stress, cross-study comparisons, experimental design

methods, temperature, light, feeding, flow, phenotype, common framework

II. INTRODUCTION

This article is protected by copyright. All rights reserved
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Temperature stress from ocean warming due to climate change is now the single largest threat to
coral reefs globally (Veron et al. 2009, Cantin et al. 2010, Frieler et al. 2012, Hughes et al.
2018). Reef ecosystems are experiencing unprecedented declines in coral colony abundance,
coral diversity, and reef growth as a result of temperature-induced coral bleaching — a
phenomenon that is becoming more frequent and severe (e.g., Hoegh-Guldberg et al. 2007, Eakin
et al. 2009, Veron et al. 2009, Hoegh-Guldberg 2011). By the end of this century, tropical
seawater temperatures are expected to rise by 1-3°C (IPCC 2013), and severe bleaching is
expected to occur annually in some regions by 2030 and globally by 2055 (van Hooidonk et al.
2014). Coral bleaching is the visual manifestation of the breakdown in the symbiosis between the
coral host and its endosymbiotic dinoflagellates (family Symbiodiniaceae, (LaJeunesse et al.
2018)) whereby the coral loses its endosymbiotic algae or pigments resulting in a pale or
‘bleached’ appearance. Bleaching results in decreased coral health, growth, and reproductive
output, as well as increased coral susceptibility to disease and mortality (e.g., Brown 1997,
Hoegh-Guldberg 1999, Omori et al. 1999, Buddemeier et al. 2004, Jokiel 2004 , Maynard et al.
2015).

Despite the wide impact of bleaching events, the magnitude and extent of bleaching can vary
substantially across scales, ranging from the individual colony to the ocean basin (e.g., Rowan et
al. 1997, Fitt et al. 2000, Loya et al. 2001, Grottoli et al. 2006, Grottoli et al. 2014, Palumbi et al.
2014, Muller et al. 2018, Morikawa and Palumbi 2019). Although it is well documented that
temperature and irradiance are key drivers of coral bleaching, the processes causing broad
variation in bleaching susceptibility and recovery across reefs, corals, and colonies are not fully
resolved. Manipulative experiments remain a critical tool for elucidating the underlying
mechanisms and responses of corals to thermal stress (McLachlan et al. 2020). However, few
studies conduct detailed comparisons of results across data sets because it is not always
straightforward to ascertain whether the variation in bleaching and recovery responses are due to
(1) differences in experimental design (e.g., differences in light, baseline temperature, rate of
temperature increase, experimental duration, etc.), (i1) differences in bleaching and recovery

measurements, (iii) differences in coral biology, or (iv) some combination of these differences.
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A detailed review of coral bleaching experiments by McLachlan et al. (2020) revealed that many
important details about how experiments are designed and executed are sometimes missing from
published papers, making comparisons between studies sometimes challenging. For example,
knowing experimental heating temperature, heating duration, and lighting conditions are
essential for cross-study comparisons because all three variables can influence coral bleaching
responses. In addition, some bleaching studies use a pulse-hold strategy of heating that mimics
daily heat stress over a mid-day low tide (Oliver and Palumbi 2011), whereas others mimic the
onset and duration of a natural reef-wide bleaching event with gradual increases in temperature
and prolonged temperature exposure (e.g. Rodrigues and Grottoli 2007). Whether corals are
exposed to pulse or gradual exposure may influence responses (Mayfield et al. 2013b).
Therefore, clear reporting of experimental details and results is necessary for meaningful
comparisons among studies (Gerstner et al. 2017) and for reliably identifying patterns in coral

bleaching and recovery across species, habitats, reefs, and regions.

One way to increase comparability and transparency among ongoing and future coral bleaching
studies is to develop a common framework for reporting the conditions and results of coral
bleaching experiments, while not being overly prescriptive nor diminishing scientific innovation.
A common framework for coral bleaching should include consideration of coral provenance,
experimental conditions, and husbandry. Similar approaches have been successful in advancing
other fields (e.g., ocean acidification research (Riebesell et al. 2010, Cornwall and Hurd 2015)),
while also allowing for the rapid development of creative approaches to understanding
underlying mechanisms. Doing so for experimental coral bleaching research will markedly
improve our ability to detect important trends, identify species vulnerabilities and tolerances, and
help coral researchers and managers devise solutions for coral persistence over the coming

decades (Warner et al. 2016).

The state of coral bleaching experimental design and methods

Prior to the 1970s, the phenomenon of coral bleaching was relatively unknown. In 1971, coral

bleaching was reported on a Hawaiian nearshore reef adjacent to a power plant that discharged
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warm water (Jokiel and Coles 1974). The first experimental research connecting coral bleaching
with high-temperature stress followed (Jokiel and Coles 1977). One of the first records of large-
scale heat-induced coral bleaching was in Panama, which was attributed to a thermal anomaly
associated with the1982-1983 El Niflo event at that time (Glynn 1983). Since then, experimental
research on coral bleaching has accelerated, with at least 243 peer-reviewed journal articles
published since 1990, two-thirds of which were published in the last 10 years alone (McLachlan
et al. 2020). Manipulative experiments have been, and remain, critical for elucidating the triggers
and responses of the coral holobiont to thermal stress and assessing their subsequent recovery.
Research to date reveals that bleaching susceptibility and recovery vary among coral species,
populations, seasons, reef habitats, and genetically distinct individuals (i.e., genets, Box 1) as
well as among corals harboring similar or different algal endosymbionts or bacteria (e.g., Rowan
et al. 1997, Fitt et al. 2000, Loya et al. 2001, Grottoli et al. 2006, Grottoli et al. 2014, Palumbi et
al. 2014, Ziegler et al. 2017, Muller et al. 2018, Morikawa and Palumbi 2019, Voolstra et al.
2020). Yet, it is unclear how much of the variation in bleaching responses is a consequence of
biological differences in bleaching among coral holobionts, differences in experimental
conditions (e.g., differences in light, baseline temperature, rate of temperature increase,
experimental duration, flow, etc.), or methodologically inherent biases in how coral bleaching is
measured (McLachlan et al. 2020). We know that the scientific understanding of coral bleaching
relies heavily on experimental outcomes from three coral species (Pocillopora damicornis,
Stylophora pistillata, and Acropora millepora), that experimental conditions are sometimes not
reported (e.g., missing information on water flow, experimental location, heating rate), and that
measurements of bleaching phenotype are weighted heavily by responses of the endosymbiotic
algae (McLachlan et al. 2020). Thus, direct comparisons among studies can be challenging.
While experimental methods ultimately depend on the research question, this paper outlines a
strategy for providing a common framework for coral bleaching experiments to enhance cross-
comparisons and strengthen coral bleaching meta-analyses. The details were developed by 27
coral research scientists from 21 institutions, spanning research expertise in biological,
geological, physical, and computational disciplines, who participated in the first Coral Bleaching
Research Coordination Network (CBRCN) workshop at The Ohio State University in May of
2019.
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Experiments were separated into three temporally defined categories a) short-term and acute (0-7
days of thermal stress), b) moderate duration (8-30 days of thermal stress), and c¢) long-term and
chronic (>31 days of thermal stress) experiments. The methods used and the experiments
conducted within each category are clearly different from each other (McLachlan et al. 2020)
and thus considered separately. A summary of the common framework for coral bleaching
experiments in each category is given in Table 1 (see details below). Our summary is not
intended to be prescriptive, but instead should be considered as a heuristic guide to help facilitate
and strengthen comparisons among studies. One common finding that emerged from discussions
of all three experimental categories was to provide guidance on the number of replicates in
experiments. This topic will be discussed first as it applies to all experimental categories. In
addition, we find that including measurements for common coral response variables in coral
bleaching experiments would further enhance cross-study comparisons by providing common
physiological reference points across studies. A list of potential response variables is provided at
the end of Table 1. A brief review of common methods for measuring each listed variable is
provided in Appendix S1. A full discussion of the proposed common framework is detailed

below.

II1. PROPOSED COMMON FRAMEWORK

A. Number of genets and ramets

For all types of coral bleaching experiments, it is essential to control for potential sources of
variation in the response of experimental corals across scales of biological organization. For
example, there may be measurable differences in performance among genets when comparing
the performance of their ramets (i.e., fragments, asexually produced, originating from the same
genet) in different experimental conditions (Appendix S1: Fig. S1; Box 1) (e.g. Parkinson et al.
2017, Muller et al. 2018, Jury and Toonen 2019, Morikawa and Palumbi 2019, Wright et al.
2019, Voolstra et al. 2020). Investigating multiple ramets of the same genet across treatments
allows for a more direct inference of treatment effects. Such “identical twin”-type designs have
proven useful in short-, moderate-, and long-term bleaching studies (e.g., Grottoli et al. 2014,
Ziegler et al. 2017). Furthermore, there is increasing evidence that heritable genetic effects that

are attributable to distinct coral genets can significantly affect holobiont physiology and thermal
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tolerance (Meyer et al. 2009, Dixon et al. 2015, Kenkel et al. 2015, Kuffner et al. 2017, Jury et
al. 2019). To control for this source of variation, genets and their ramets should be identified and

tracked, and sufficient numbers of genets should be included in a given study.

Recent work by Baums et al. (2019) indicated that for Caribbean corals, four genets capture the
most common genetic diversity within a population (though this minimum could vary in other
ocean basins). Thus, a minimum of five genets from each species, population, region, or habitat
would add sufficient representation across each experimental treatment and allow for a minimum
of four genets if one genet is lost due to unforeseen circumstances. A larger sample size would
more effectively characterize a population, especially if the experimental goals include
measuring the variance as well as the mean responses. We recognize that this minimum
recommendation may not be sufficient in some cases and power analyses prior to the start of the

experiment would facilitate determining the appropriate number of replicates needed.

Tracking the identity of each genet and ramet throughout the duration of an experiment is useful
for survival analysis, which can factor into variance among genets (see methods for tracking
genets and ramets in Appendix S1: Section S1.1). Ideally, unique genets are confirmed with
genetic markers, but we recognize that this may not be a reasonable expectation in many studies.
Alternatively, distinct colonies sampled at least 5 m apart on the reef decreases the chances that
collections will include clonal ramets (Baums et al. 2019). For species known to engage more
heavily in asexual proliferation, particularly Acroporids (Baums et al. 2006, Gorospe et al. 2015,
Manzello et al. 2019), even greater spacing of field-sampled corals may be needed, or secondary
genetic analysis performed, to verify the uniqueness of the sourced corals (Gorospe et al. 2015,

Riginos 2015, Manzello et al. 2019).

B. Acute and short-term (0-7 days) thermal-stress experiments

Acute and short-term thermal-stress experiments are here defined as those designed to be
completed in 0—7 days. The advantages of such experiments are three-fold. First, many corals

can be rapidly tested for their responses to a variety of temperatures and their responses can be

compared among species, populations, genets, and experimental treatments. Quick testing of
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hypotheses further allows for the rapid validation of interesting and unexpected results. Second,
the phenotype of the coral of interest is captured soon after collection, thereby avoiding potential
behavioral and physiological changes arising from acclimation in captivity. Third, these
experiments can be used to mimic strong, rapid swings in temperature that some corals are
exposed to in shallow-water settings, especially in localities with large tidal cycles (Green et al.
2019). Corals exposed to the latter are among some of the most heat resistant (Oliver and
Palumbi 2011) and serve as important subjects to understand thermal tolerance and stress
resilience. Overall, acute and short-term experiments provide a mechanism to test a large number
of colonies and reef sites for their immediate and extreme physiological responses to acute-heat

exposure that are not possible in longer experiments.

However, the short-duration and fast-temperature-ramping rates inherent in these types of
experiments do not mimic most natural bleaching events, and care must be taken when using
results from acute and short-term bleaching experiments to infer outcomes or make predictions
about natural bleaching. These experiments are also limited by the types of responses that can be
quantified over short periods of time. For instance, pigmentation and —omics level responses are
easily quantified, but processes such as calcification that typically require more time to measure
are not as amenable to such short heat-stress studies. Thus, acute and short-term thermal-stress
experiments may be most ecologically relevant for understanding corals from reef flats and
shallow lagoons that experience natural short-term heating associated with low tide (e.g., Brown
et al. 2002, Palumbi et al. 2014, Herdman et al. 2015, van Oppen et al. 2018). The extent to
which acute-stress experimental outcomes relate to results obtained from long-term heat-stress
experiments, and how both inform our knowledge of thermal resilience in sifu is under active
investigation. Results from one study suggest that the thermal tolerance of corals in acute heat-

stress studies are comparable to that of corals in natural heat-stress events (Voolstra et al. 2020).

Mechanistically, acute and short-term thermal-stress experiments use small-scale, highly
portable instrumentation that house small tanks where physical variables such as temperature,
light, and flow can be highly controlled, facilitating downstream comparisons among studies
(Fig. 1). While these experiments can be done with as few as 2 tanks per treatment, 4-6 tanks

provide additional statistical power (Table 1) and serve as a fail-safe in case a tank malfunctions.
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The relatively simple design is flexible and more repeatable than moderate and long-term
experiments, amenable to deployment in remote locations, and accessible to those working with
limited resources. These features may make acute and short-term thermal-stress experiments
readily adoptable by researchers, teachers, and students. In addition, acute and short-term studies
typically use small coral ramets allowing for conservative use of coral material and the
opportunity to obtain repeatable phenotype diagnostics with a large number of samples at a
relatively low effort per sample. Reporting the average and range of as many physio-chemical
conditions as possible in an experiment enhances comparisons among studies since differences in
any one of the non-temperature variables can influence how corals respond to temperature stress.
A common framework for acute and short-duration coral bleaching experiments is summarized

in Table 1.

B.1. Acute and short-term thermal-stress experimental conditions

B.l.a. Temperature

In all heat-stress experiments, treatment temperatures are typically based on in situ temperature
measurements or previous bleaching records from the coral collection site. Given the dramatic
heat-stress conditions in short-term and acute studies, pilot studies to empirically assess coral
responses to a range of temperature levels are helpful in determining the exposure temperature at
which the corals in question bleach and die. These pilot experiments are relevant for setting a
target temperature and should be set below the temperature that caused mortality (Table 1).
Treatment temperature may fall within a range of +3 to +9°C above the month mean maximum
(MMM) (Voolstra et al. 2020). This initial testing is particularly important when in situ
temperature data are lacking. Reef temperature at the time of collection should provide the most
realistic control temperature. Precision and accuracy of temperature in control and treatment
tanks is achieved by using continuous temperature logging devices (Appendix S1: Section

S1.2), which enhance the ability to compare results across studies.

Temperature profiles of acute and short-term heat-stress experiments are either of a heat-pulse or
a heat-hold design (Fig. 2) (e.g., Mayfield et al. 2011, Parkinson et al. 2018, Morikawa and

Palumbi 2019, Voolstra et al. 2020). Heat-pulse experiments are often designed to mimic natural
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315 temperature fluctuations over diel cycles, across tidal cycles, and during internal wave or

316  upwelling events, but may also be used to rapidly test the response of corals to a range of

317  elevated temperatures that are not typically recorded in a natural setting (Fig. 2A). The profile
318  encompasses cycles of ramp-up heating, exposure at a target high-temperature, and ramp-down
319 cooling, often followed by a recovery phase (i.e., with the latter often lasting longer than the heat
320  cycles themselves). In the simplest case, heat-pulse experiments run through one such cycle, but
321 any number of cycles may be explored (e.g., to assess the effect of repeated heat exposures on
322 recovery and resilience). They can also explore the maximum thermal tolerance of corals with
323  multiple tanks at temperatures ranging from MMM to +9°C (Fig. 2B). Heat-pulse designs

324  explicitly allow the exploration of the holobiont response to thermal extremes, as well as

325 examination of the potential for acclimation, given that the heat-stress exposures are brief.

326  Starting and stopping times typically mimic natural diel variability, are only run during the day,
327  and ideally finish at the same time of the day each day. Consistency in ramp duration (minutes—
328  hours) and heating duration at the target temperatures helps to facilitate comparisons among
329  heat-pulse coral-bleaching studies. We recognize that this protocol may result in variable

330 temperature ramp rates (°C hr'!) to reach the desired heat-stress target temperatures (Fig. 2B).
331

332  In heat-hold experiments, the temperature ramp-up rate is high compared with long-term

333 experiments, but the duration of heating at the target temperature is extended compared to heat-
334  pulse experiments (Fig. 2C). For this type of experiment, thermal stress is continuously

335  accumulated, and could be considered a short-term model for bleaching events in which the

336  entire water column is rapidly heated.

337

338 B.l.b. Light

339  Coral bleaching is a response to both temperature and light (e.g., Jokiel and Coles 1990, Brown
340 etal. 1994, Warner et al. 1999, Brown et al. 2002). Natural bleaching often correlates strongly
341  with maximal light conditions (Mumby et al. 2001), and there is often a relationship between
342 temperature-related photodamage to Symbiodiniaceae and light intensity (Warner and Suggett
343  2016). Artificial light that is modulated over day/night cycles (see yellow bars in Fig. 2) mimics
344  the diel cycle providing realistic light cues for these photosynthetically active animals with

345  strong circadian rthythms (Hoadley et al. 2016). If light is not a dependent variable, in situ light
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data from the coral-collection site can be used to determine the maximum irradiance on a clear
cloudless day and thus the maximum experimental light levels. If replicating natural light
conditions is not possible, minimum light levels from 250500 pmol photons m2 s'! are typically
sufficient to stimulate maximal photosynthesis (P,,x) (Warner et al. 1999, Falkowski and Raven
2007, Suggett et al. 2013) (Table 1, Appendix S1: Section S1.3). Given the short nature of
acute heat-stress experiments, use of static light intensities during the day is more practical over
fluctuating light levels that incorporate dawn and dusk. Light levels that are standardized within

experiments enhance comparability of results among runs.

B.l.c. Seawater flow and turnover

Adequate flow within the tanks is important as static water creates temperature, pH, and oxygen
gradients, chemical changes, and pockets of high microbial growth (Mass et al. 2010, Osinga et
al. 2017), whereas higher current flow reduces bleaching (Nakamura and van Woesik 2001,
Nakamura et al. 2003, Lenihan et al. 2008, Schmidt et al. 2016, Fujimura and Riegl 2017). Thus,
adequate flow as well as consistent flow rates among tanks are needed for valid comparisons
within and among studies. Thus, flow and tank volume turnover need to be sufficient in acute
and short-term studies (Table 1) where flow effects may manifest quickly. Flow rates can be
measured with a velocimeter (i.e., distance travelled per unit time) and seawater turnover rate
within tanks can be estimated by measuring the volume exchanged over a defined time period.
Submersible water pumps can provide additional circulation in cases where tank turnover and/or
flow is limited for logistical reasons. In flow-through systems, we suggest a 100% water turnover

rate every 3—6 hrs (Table 1).

B.1.d. Feeding

Unlike long-term experiments, direct feeding is not critical in acute and short-duration studies
(assuming sufficient light is provided to the corals) (Table 1). However, the type of seawater

used (i.e., filtered, unfiltered, natural, artificial) is important as the chemical composition and

particulate organic matter content can vary substantially among different seawater types.

B.1l.e. Applications for early life stages
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Acute and short-term experiments allow for the assessment of temperature stress on early-life
stages of coral larvae and juveniles. In the estimated 85% of coral species where eggs are not
provisioned with symbionts by the parent colony, larvae provide access to naturally
aposymbiotic tissue, which can be used to understand host response to temperature stress
(Voolstra et al. 2009, Baums et al. 2013, Dixon et al. 2015), albeit against the background of
ontogenetic change. Endosymbiont-host associations are often manipulated more easily during
larval and juvenile stages when the coral may be able to associate with a wider array of
symbionts than during the adult stage (Abrego et al. 2009, van Oppen 2015, Quigley et al. 2017,
Poland and Coffroth 2019). Furthermore, the small size of coral larvae allows for comparison

across many individuals in the same experiment.

C. Moderate-duration (8-30 days) thermal-stress experiments

Moderate-duration thermal-stress experiments are defined as those in which thermal stress lasts
between 8-30 days above the baseline temperature (Glynn and D'Croz 1990) (Table 1). These
experiments typically seek to simulate natural conditions by assessing the coral phenotypic
responses while maximizing biological realism and ecological relevance. For experiments
conducted at remote field sites, moderate duration experiments are often more practical and cost-
effective than long-term experiments. Key advantages of moderate-duration experiments is that
they can be used to measure compensatory mechanisms, holobiont responses, mortality, and
recovery that are typically included in long-term experiments, but with a more ecologically
relevant heat-stress duration than acute and short-term experiments. In addition, moderate-
duration experiments do not limit the range and type of coral responses that can be quantified

and are sufficiently long to detect genet-level responses.

Mechanistically, moderate-duration thermal-stress experiments are typically conducted using
standard indoor or outdoor aquaria where physical variables such as temperature and flow can be
reasonably constrained, facilitating subsequent comparisons between studies (Fig. 3). Light
conditions may be natural or artificial (see details below) and tank replication of at least three
tanks per treatment reduces the problem of tank effects. Coral ramets in these studies are

typically medium to large in size (e.g., 3-8 cm tall), making them easy to manipulate
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experimentally and providing sufficient material for a large number of downstream analyses.
Coral ramets are typically allowed to recover for 7-12 days after fragmentation providing time
for initial wound healing (Traylor-Knowles 2016, Edmunds and Yarid 2017, Counsell et al.
2019). It 1s generally assumed that 7-12 days is sufficient time for acclimation to the
experimental conditions prior to the start of the experiment. Mimicking natural conditions in
terms of baseline temperature, light, flow, salinity, pH, nutrient levels, and dissolved oxygen, as
closely as is reasonably possible, helps to provide ecologically relevant findings. Reporting the
average and range of as many physio-chemical conditions as possible in an experiment enhances
comparisons among studies since differences in any one of the non-temperature variables can
influence how corals respond to temperature stress (e.g., Finelli et al. 2006, Anthony et al. 2008,
Weidenmann et al. 2013, Vega Thurber et al. 2014) . A common framework for moderate-

duration coral bleaching experiments is outlined in Table 1.

C.1.  Moderate-duration thermal-stress experimental conditions

C.l.a. Temperature

The duration and severity of thermal stress is determined by the experimental question. Thermal
stress of +1—4°C above the local thermal baseline (i.e., MMM) typically produces a bleaching
response within 30 days (e.g., Jokiel and Coles 1990, Fitt et al. 2001, Grottoli et al. 2006,
Mayfield et al. 2013b) (Table 1, Appendix S1: Section S1.2.). The upper temperature threshold
depends on what is realistic for the species studied, and what is ecologically relevant for that
location. Gradual temperature ramp-up rates over several days minimizes the chances of heat-
shock and mimics the rate of warming in natural bleaching events (Table 1). In general, a
temperature ramp-up rate of no more than 1°C per day can prevent an acute stress response,
although this is still rapid in relation to many natural bleaching events (e.g., Jokiel 2004 ,
Ainsworth et al. 2016, Bahr et al. 2017). Ideally, the warming rate should simulate natural
profiles when possible so as not to induce an acute stress response (Table 1, Appendix S1:
Section S1.2.). How long corals are experimentally maintained at bleaching stress temperatures

will depend on the desired phenotypic response (i.e., such as disruption of photosynthesis, loss of
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pigmentation/endosymbionts, or onset of mortality), but without unintended mortality over the

course of the experiment.

C.1.b. Light

Similar to the recommendations above for acute experiments (section B.1.b), light requires
special consideration in moderate duration experiments as well (Table 1, Appendix S1: Section
S1.3). When light is not an experimental treatment, light conditions that mimic natural irradiance
conditions as closely as possible at the depth from which the colonies were collected will be
most ecologically relevant. For outdoor experiments, neutral density shade cloth is useful for
attenuating full sunlight and to ensure that light intensity mimics photosynthetic available
radiation (PAR) experienced at the depth from which the corals were collected (e.g., Grottoli et
al. 2014, Jury and Toonen 2019). Recommended peak PAR levels should follow the same
guidelines provided in section B.1.b. For indoor systems, diurnal light cycling is most realistic
though it is often difficult to generate daytime light levels that are as high as those experienced in
shallow reef environments. When replicating natural light conditions is not possible, minimum
light levels close to saturating photosynthesis are typically sufficient (see section B.1.b), but this
is dependent on the collection location and ideally empirically tested prior to starting
experiments. For corals from deeper locations, maximum light levels are more easily matched to
those at the collection site. Since high light can modulate bleaching responses in corals (Anthony
et al. 2007, Ferrier-Pages et al. 2007, Hawkins et al. 2015), an adequate acclimation period is
especially important in experimental systems where light conditions differ from those at the

collection sites.

C.l.c. Seawater flow and turnover

Adequate water flow minimizes unwarranted temperature gradients and localized pH or chemical
changes in experimental tanks. For comparative purposes clear reporting of the various flow
parameters is useful (i.e., circulating pump size, brand and model, the tank volume, water flow,
and tank volume turnover time) (Table 1, Appendix S1: Section S1.4). For many reef
environments, near-bottom water velocities are on the order of 2-20 cm s*! (Nakamura and van
Woesik 2001, Hench et al. 2008, Lowe et al. 2009, Hench and Rosman 2013) depending on the

location (e.g., lagoon vs. barrier reef crest). Velocity variability due to wave exposure can be
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quantified using the root mean squared (rms) velocity (e.g., Reidenbach et al. 2006, Falter et al.
2007, Lowe et al. 2008). Flow rates within experimental tanks should attempt to replicate flow
conditions at the corals collection site to minimize any unintended flow effects. Complete water
exchange (i.e., tank volume turnover) is also important for ensuring adequate mixing and
temporally stable physio-chemical conditions in tanks during an experiment. Tank volume
turnover times of once per day may be all that is feasible for some types of experiments,
although higher daily turnover is better for providing physio-chemical conditions in the system

that are more consistent with natural reef environments (Table 1, Appendix S1: Section S1.4).

C.1.d. Feeding and post heat-stress recovery

Corals are mixotrophic, relying on both autotrophy and heterotrophy for proper nourishment.
Heterotrophic feeding on zooplankton, particulate, and dissolved organic particles is a natural
part of their diet and an essential source of nutrition, especially when stressed (e.g., Anthony
2000, Grottoli et al. 2006, Houlbreque and Ferrier-Pages 2009, Edmunds 2011, Hughes and
Grottoli 2013, Baumann et al. 2014). In moderate-duration heat-stress experiments, supplemental
feeding at least once a week to satiation provides corals with some of that essential nutrition
(though coral have access to zooplankton nightly on the reef so up to three times a week is more
realistic) (Tables 1, Appendix S1: Section S1.5). Even if using natural seawater flow-through
systems, corals will likely not be getting zooplankton or adequate nutritional resources,
necessitating supplemental feeding. Little to no zooplankton are available in many natural
seawater flow-through systems (Grottoli pers. obs.), although there can be fine particulate and
dissolved organic carbon available. Finally, moderate-duration experiments present an
opportunity to monitor responses to post heat-stress treatment (i.e., recovery) (Table 1). How
corals physiologically recover from heat-stress is an understudied area of research (McLachlan et
al. 2020), yet vital to understanding how corals might recover or continue to decline following

bleaching events (e.g., Hughes and Grottoli 2013, Grottoli et al. 2014).

D. Long-term and chronic (> 31 days) thermal-stress experiments
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Long-term bleaching experiments are here defined as those in which thermal stress above the
baseline temperature (i.e., MMM temperature) lasts for 31 days or more. These experiments may
include a single prolonged heat-stress, multiple heat-stress events with similar or different
heating profiles (i.e., repeat or annual bleaching), and/or preconditioning and recovery periods
(e.g., Mayfield et al. 2013a, Grottoli et al. 2014) (Fig. 3). These experiments are best-suited for
reproducing naturally occurring heat-stress conditions and bleaching events followed by
observations on recovery. As such, long-term and chronic experiments have maximum
ecological relevance and provide real-world responses of coral phenotypes to thermal stress.
Experiments on these timescales can capture seasonal variability and evaluate acclimatization
responses that integrate over long timespans, which include photo-acclimation, changes in gene
expression, symbiont shuffling, calcification, changes in energy reserves, and feeding behaviors.
In addition, the long-term nature of these studies also enables time-series analysis and can

facilitate more collaborative and comprehensive measurements.

Despite the advantages of long-term heat-stress experiments, they require much more investment
in resources and effort than short-term and moderate-duration experiments. Long-term studies
also have a greater risk of tank effects that compound over time (although these problems can be
minimized by rotating treatments among experimental tanks, or rotating corals among tanks of
the same treatment), or of other unforeseen issues that may cause the experimental conditions to
deviate from those that are realistic in nature (e.g., an outbreak of algae, micro-predator, or
disease). Therefore, backup equipment, maintenance of power, adequate plumbing, robust

scientific equipment, and careful monitoring are critical for these types of experiments.

Mechanistically, long-term experiments are typically conducted in outdoor tank systems where
ambient light and flow-through seawater best replicate conditions on the reef. Alternatively, they
are conducted in an indoor laboratory setting where conditions are carefully controlled to mimic
natural environments. However, since this can be expensive and difficult, outdoor settings are
typically more practical. In most studies, pseudoreplication is avoided by including two or more
tanks per treatment (Table 1). As with moderate-duration experiments, sufficient time for wound
healing post-collection under control conditions ensures corals can acclimate to the system prior

to experimentation (Table 1). Coral ramets in these studies typically start off as small to medium
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in size but can grow to be very large in studies lasting more than a year. This allows for many
downstream analyses, but the projected growth of the corals should be taken into account in the
planning stages of long-term experiments. Since these types of experiments are designed to
mimic naturally occurring heat-stress events, the physical conditions other than those being
experimentally manipulated are ecologically relevant when they mimic local conditions as
closely as possible. When local environmental data are not available for the area where the
experimental corals were sourced, data from nearby or comparable sites are often used to
establish the physical conditions in the experiment. Measuring and reporting as many physio-
chemical conditions (i.e., temperature, light, flow, salinity, pH, etc.) at the highest resolution
possible is especially important in longer studies as their changes can have cumulative effects
over the course of the study and influence the measured coral response variables. A common

framework for long-term duration coral bleaching experiments is outlined in Table 1.

D.1 Long-term and chronic thermal-stress experimental conditions

D.l.a. Temperature

Control temperatures are most realistic when they mimic the ambient diel temperature and the
seasonal variability where the corals were collected (Table 1, Appendix S1: Section S1.2).
While this is reasonable for outdoor flow-through systems, it can be challenging in an indoor
environment. The heat-stress temperature will depend on the local ecological relevance and
species of interest. An MMM +1°C or more (i.e., enough to elicit a bleaching response without
being so severe as to cause unintended mortality over the experimental duration) often
realistically mimics natural bleaching events (Table 1). Likewise, the rate of thermal ramping
will depend on the observed natural warming rate observed in one or more previous local

bleaching events (Table 1).

D.1.b. Light

Optimal experimental light conditions mimic natural irradiance at the coral collection depth and
site, including the daily light integral for the region on both diel and seasonal timescales. The
lighting requirements in long-term experiments are the same as those for moderate heat-stress

experiments and discussed in section C.1.b above. Due to the longer duration of these studies,
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indoor systems that also simulate moonlight provide an important regulator of coral physiology,

particularly reproduction, over longer timescales (Table 1).

D.l.c. Seawater flow and turnover
The common framework structure for flow and turnover in long-term heat-stress experiments is

the same as those for moderate heat-stress experiments and discussed in section C.1.c above.

D.1.d. Feeding and post heat-stress recovery
The common framework structure for feeding and monitoring of recovery are the same in long-
term heat-stress studies as for moderate-duration heat-stress studies and are discussed in section

C.1.d above.

IV.  CoMMON CURRENCIES FOR QUANTIFYING CORAL BLEACHING RESPONSES

Bleaching is often based on characteristics of the algal endosymbionts (i.e., color, appearance) or
the coral holobiont (i.e., growth, mortality). Yet in some experiments, no quantified measure of
bleaching is reported (McLachlan et al. 2020). This creates difficulty in comparing coral
bleaching studies because there is no common experimental ‘currency’ among them. For
example, one study might measure the microbiome and endosymbiont algal density, whereas
another study might measure calcification and gene expression. Even if the two studies are on the
same coral species from the same location, without a common response variable between them it
is more difficult to compare and draw inferences. This is especially true when there are different
bleaching thresholds among different genets of the same species, or different species that are
morphologically indistinguishable (e.g. Boulay et al. 2014, Johnston et al. 2018). Reporting one
or more common currency measures of coral bleaching could provide a quantitative reference to
enhance physiological comparisons among studies and provide greater potential for meta-
analyses. Examples of measurements that could serve as common currencies include color image
analysis, chlorophyll concentration, Symbiodiniaceae cell density, mortality rate, and skeletal
growth rate. While there are many other methods for quantifying coral bleaching, the response
variables listed in Table 1 were prioritized for their effectiveness in quantifying bleaching and

holobiont phenotype as well as for their ease of measurement, minimal training necessary to
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execute the measurements, and low per sample cost, making them accessible to as many
researchers as possible. Measuring and reporting at least one endosymbiont response variable
(i.e., color, chlorophyll, cell density) and one holobiont response variable (i.e., mortality, growth)
would be a valuable means of establishing common physiological reference points between
studies (Table 1, Appendix S1: Sections S2.1 and S2.2). Reporting these response variables in
International System of Units (SI units), as opposed to percentage change, would further
facilitate cross-study comparisons, future data reuse, and statistical analyses. If resources permit,
measurements of active chlorophyll fluorescence (e.g., pulse-amplitude modulating (PAM)
fluorometry) can be an effective and non-destructive way of quantifying endosymbiont
photosystem performance. Further, Symbiodiniaceae diversity (i.e., genus, species or strain) can
provide incredibly insightful information as it is an important correlate of bleaching severity and
recovery (Table 1, Appendix S1: Section S2.3). We recognize that the latter two analyses
require substantial instrumentation, cost, and training and therefore may not be feasible in many

instances.

V. IMPLICATIONS OF ACCURATE REPORTING FOR META-ANALYSIS

McLachlan et al. (2020) noted that many basic environmental and experimental conditions are
underreported in coral bleaching experiments. For example, at least 95% of the studies examined
do not report any measure of flow (i.e., flow within tanks or tank turnover rates), 25% do not
report light intensity, and 21% do not provide any quantitative measurement of the bleaching
phenotype or the precise geographic location of the study. Yet, flow and light can have dramatic
interactive effects on thermal-stress responses (Nakamura and van Woesik 2001, Nakamura et al.
2003, McLanahan et al. 2005, Nakamura et al. 2005). A quantitative measure of bleaching
severity can have a profound effect on how the results might be interpreted, and the geographic
location is critical for placing results into a broader ecological context (e.g., bleaching threshold
temperature of corals in the Red Sea are a lot higher than predicted (Bellworthy and Fine 2017,
Osman et al. 2018)). Being able to effectively compare findings among studies requires accurate
reporting of experimental conditions. Thus, we have compiled a summary of some meta-data that
are valuable to accurately report in Table 2 to increase transparency in experimental methods,

enhance comparability among studies, and facilitate a more global understanding of coral
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622 bleaching patterns across space and time. We recognize that not all meta-data types will apply to
623  all experiments.

624

625 VI.  BEYOND CORAL BLEACHING EXPERIMENTS

626

627  While the development of a common framework for coral bleaching experiments is a step in the
628  right direction, there is more to consider. Every year, researchers conduct coral bleaching

629  experiments, measure some response variable(s) of interest, and publish their results. Too often,
630  remaining coral material is disposed of, or not archived in a way that could be utilized or made
631  available to other researchers for additional studies. The next step for the coral research

632  community is to evaluate how coral samples are collected, preserved, and archived to determine
633  how researchers might effectively share existing coral material to conduct additional

634  complementary research without duplicative experimentation. This approach has the advantage
635  of limiting the amount of wild coral material harvested for research, increasing the return on
636  investment for a given experiment, fostering new collaborations and exchanges of ideas, and
637  reducing the time to discovery. Sample preservation and archiving are strategies that have been
638  effectively used in other communities (e.g., International Ocean Drilling Program) and are

639  models for coral researchers to consider developing.

640

641 VII. CONCLUSIONS

642

643  The common framework for coral bleaching experiments outlined in this paper provides some
644  insights and suggestions that could help increase comparability among coral bleaching

645  experiments. We recognize that studies are driven by specific research questions that may differ
646  in scope or have requirements that are outside the framework parameters outlined here.

647  Nevertheless, it is our hope that the common framework discussed here will encourage

648  researchers to consider measuring and reporting more of the physio-chemical conditions and
649  variables (Table 1), better appreciate the value of reporting all of the relevant meta-data (Table
650  2), and perhaps incorporate new analytical techniques or approaches in their research (see

651  Appendix S1). The broad adoption of a common framework for coral bleaching experiments

652  would increase the comparability of studies and enhance collaboration, which would have the net
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effect of increasing the efficiency and creativity of coral bleaching research. As coral reefs
continue to change globally, every effort we can make to accelerate the pace of discovery will

bring us that much closer to innovative solutions for protecting and restoring coral reefs.
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Box 1. Glossary of Terms

Ambient temperature: temperature at time of collection
Baseline temperature: temperature from which heat-stress offset is calculated (typically MMM)

MMM: maximum monthly mean (i.e., average of daily temperature of the hottest month of the

year)

Genets!: are formed by sexual reproduction. All colonies and tissue that can trace their ancestry
back to the same fertilization event belong to the same genet (Appendix S1: Fig. S1).

Genotype!: is the genetic makeup of a sample for a given (set of) genetic marker(s). When
enough markers are assayed, a sample can be assigned to a genet based on its genotype.

Ramets!: physically independent modules arising from colony fragmentation or other asexual
means of dispersion. A genet can have one or many ramets. Ramets can be
experimentally generated nubbins, naturally occurring fragments, or attached colonies
(Appendix S1: Fig. S1).

Phenotype: the set of observable characteristics of an individual resulting from the interaction of

its genotype with the environment

Water flow rate: volumetric water flow rate per unit time (liters s™'). In a tank this would be the
fluid output from the exhaust of the pump or tank outflow in flow-through systems.

Water turnover time: time required to replace the entire volume of water in a tank (seconds),
assuming the tanks is continuously well mixed. Computed by dividing the tank volume
by the flow rate.

Water velocity: motion of water relative to sessile coral (cm s)

I Baums et al (2019)

This article is protected by copyright. All rights reserved



994  X.TABLES

995 TABLE 1: Framework for coral bleaching experimental methods and coral response variables. A review of commonly used methods is summarized in

996  Appendix S1.

Variable App |Suggested target or range for acute and short- | Suggested target or range for moderate Suggested target or range for chronic and
Section term experiments (< 7 days at BST) duration experiments (7 — 30 days at BST) long-term experiments (> 30 days BST)

Number of S1.1 5 minimum S minimum >5

genets >5 if possible >5 if possible

Number of Minimum 2 tanks per treatment ANOVA design: minimum of 3 tanks per >1

replicate tanks treatment factor

per treatment Regression design: gradient study with > 3

treatment levels

Avoid pseudo-replication Avoid pseudo-replication

Acclimatization Typically none. 7 — 12 days following fragging and mounting 7 — 12 days following fragging and mounting
to experimental
tanks
Control S1.2 | Ambient temperature at collection site at time of | Ambient temperature at collection site at time of | Ambient temperature at collection site during
temperature collection collection the experimental period
Baseline S1.2 | MMM and/or rapid temperature profiles MMM MMM
temperature corresponding to in situ temperature patterns if

appropriate
Bleaching stress e Typically + 3 to +9°C + 1 —4°C depending on local ecological + 1°C or more depending on local ecological
temperature e Increase temperature from MMM until death is | relevance and species, may need to be higher in | relevance and species
above local observed, then set target temperature lower. extreme environments
MMM o Ifthe goal is to observe phenotypic variability,

expose corals to several temperatures to find

the temperature at which half of the corals
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|
| Temperature

| ramp-up rate

| Temperature

. modulation

Control

conditions
|
| Light
|
|

S1.3

S1.4

bleach.

e Stress exposure should happen at the same
time of day

e Temperature stress duration should be

standardized within experiments

None recommended as it will depend on
temperature stress duration. Heating rates should
be adjusted to take same time across treatment

temperatures.

Temperature ramp-up to static elevated
temperature, followed by recovery at baseline
temperatures. Profiles can be run once or

multiple times.

At ambient temperature. Exact same conditions

as treatment, except for temperature.

Ideally: Static light conditions for short-term
thermal exposures (with no light at night) or

possibly diurnal variability if over several days

Light levels match with natural light conditions

Minimum: 250 — 500 pmol photons m2 s!

Flow:
Flow-through systems: report pump rate in liters

pumped per hour

Closed system: report pump rate in liters pumped

This article is protected by copyright. All rights reserved

0.1 - 1°C day"!

May be static or diurnally modulated
Choice of modulation should be the same in

treatments and controls.

At ambient temperature. Exact same conditions as

treatment except for temperature.

Ideally: Diurnal variability with 80% of

maximum PAR light at collection site

Minimum: 250 — 500 umol photons m~ s-!

Flow:

Flow-through system: 2 — 20 cm s°!

Closed system: record flow rates, pump size, tank

Mimics increase in temperature rate observed

during previous bleaching events at that site

Indoor: static or diurnal

Outdoor: diurnal and seasonal

At ambient temperature. Exact same conditions
as treatment except for temperature. Mimics

natural conditions.

Indoor tanks: Diurnal variability (with

moonlight cycles)

Outdoor tanks: Apply shade to mimic PAR at

collection depth

Minimum: 250 umol photons m2 s!

Flow:
Flow-through system: 2 — 20 ¢cm s}, mimic
natural conditions

Closed system: record flow rates, pump size,



Feeding S1.5
Seawater S1.6
[

Post heat-stress

monitoring

(days)

Other S1.7

environmental |[S1.8

conditions to S1.9

consider S1.10

Coral bleaching S2.1a

responses S2.1b
S2.1¢c
S2.2a
S2.2b

per hour, tank volume

Tank volume turnover:
Flow-through system: 100% within 3 - 6 hours
Closed system: 100% within 3-6 hours

None typically

Filtered or unfiltered

Natural or artificial

Hours to a few days (longer than the stress
duration)

Doubles the number of fragments needed

volume, and try to base the flow rate on in situ

data

Tank volume turnover:
Flow-through system: 1 — 4 times per day.
Closed system: case-dependent and depends on

system biomass

Minimum once per week to satiation

Report feeding amount, rate and food type

Filtered or unfiltered

Natural or artificial

If possible, immediate (0.2 — 1 month) vs. long-

term (> 1 month) depending on the question

Salinity
Nutrients
pH

Dissolved oxygen

tank volume

Tank volume turnover:
Flow-through system: 1-4 times per day
Closed system: case-dependent and depends on

system biomass

Minimum once per week to satiation
Ideally feed up to 3 times per week
Report feeding amount, rate, and food type

Mimic food availability in nature

Filtered or unfiltered

Natural or artificial

0.2 — 3 months depending on the question

Bleaching phenotype Image analysis of color
Chlorophyll concentration
Symbiodiniaceae cell density
Holobiont phenotype Mortality
Skeletal growth
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997

998
999

000

S2.3a Other Active chlorophyll fluorescence (e.g. PAM fluorometry)
S2.3b Symbiodiniaceae identity

Notes. Glossary of terms is given in Box 1. Abbreviations: App Section = Appendix Section, BST = bleaching stress temperature, MMM =

maximum monthly mean (i.e., mean temperature of the warmest month), ANOVA = analysis of variance.
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002
003

004

005
006
007
008
009
010
011
012
013
014

TABLE 2: Summary of meta-data that can be reported in coral bleaching experiment research to increase cross-study comparisons. A review of

commonly used methods for many of the measurements and analyses is included in the Appendix. Not all conditions or methods will apply to all

studies. MMM = maximum monthly mean (i.e., mean temperature of the warmest month)

CORAL Latitude and Collection depth (m) Collection date(s) Coral species Coral morphology Symbiodiniaceae | Acclimation post

COLLECTION Longitude at (YYYY-MM-DD) (i.e., plating, for all coral collection prior
collection site encrusting, mounding, | colonies' to experiment

EXPERIMENTAL | Name of location Bleaching stress System type (flow- | Number of Number of coral Number of coral Number of

DESIGN (institution, city, temperature period (start through or tanks per genets (colonies) per genets (colonies) | recovery days
state/province, and end dates in recirculating, treatment treatment per tank within post heat-stress

EXPERIMENTAL | Heat stress Control temperature (°C) Baseline Temperature Duration at heat stress | Temperature

TEMPERATURE temperature above temperature ramp-up rate temperature (hours or modulation

CONDITIONS 2 MMM (°C) per (MMM) (°C) (°C hr'! or days) (static, diurnal,

OTHER Light conditions 3 Light cycle Flow rate 4 (cm s') | Tank turnover * | Seawater filtration Seawater source > | Salinity ©

EXPERIMENTAL (umol photons m?2 s') | (static, diurnal, seasonal) or Tank Volume (number per (filtered or unfiltered) | (natural or source

CONDITIONS with pump day or L min'") of artificial)

circulating canacits

Nutrient
concentrations 7

(ammonia, nitrite,

Feeding ®
(fed/not fed, frequency,

concentration, and food

pH’

Dissolved

oxygen!?

!AppendixS1: Section S2.3b
2Appendix S1: Section S1.2
3Appendix S1: Section S1.3
4Appendix S1: Section S1.4
SAppendix S1: Section S1.6
%Appendix S1: Section S1.7
7Appendix S1: Section S1.8
8Appendix S1: Section S1.5
?Appendix S1: Section S1.9
YAppendix S1: Section S1.10

This article is protected by copyright. All rights reserved




1015
1016

1017
1018

1019

1020
1021
1022
1023

1024

1025
1026

XI. FIGURE LEGENDS

FIG. 1: Two examples of acute and short-term coral heat-stress experimental setups. Photo A) by

S Palumbi and B) by C Voolstra.

F1G. 2: Temperature profiles of coral A) heat-pulse, B) heat-pulse with multiple temperatures,
and C) heat-hold acute and short-term thermal stress experiments. Number of days will depend
on the specific study. Yellow bars indicate light cycles. Line breaks indicate night. MMM =

maximum monthly mean temperature.

F1G. 3: Example of an A) outdoor and B) indoor moderate-duration coral heat-stress experiment

setup. Long-term experimental setups are similar. Photo A) by D Kemp and B) by A Grottoli.
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B) Heat-pulse with multiple temperatures
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