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the potential utility of each coral specimen within the constraints of a given study design
(Fig. 2).

Consolidating methods for broadening participation
Cheap and unifying methods can serve to increase participation and inclusion in coral
bleaching and restoration research, particularly for those with minimal funding. Clear,
simple guidelines for specimen and sample collection, manipulation, and preservation can
also make it easier for experts working on parallel questions in non-coral systems to bring
their hypotheses and approaches to bear on the coral bleaching and restoration� elds.
Adapting and expanding sampling, preserving, and archiving of specimens in ways that
allow for additional downstream analyses can generate research opportunities for early
career scientists and students, providing a mechanism for additional collaboration and
more entry points into the� eld of coral research, as well as creating new opportunities for
collaborations and networking between researchers with distinct yet complementary areas
of inquiry, thereby fostering advances and new ideas within the� eld. These efforts support
the inclusion of researchers in the� eld who may not currently conduct marine� eldwork
due to lack of access to resources (e.g., funding, SCUBA gear, boat access, laboratory
equipment), training (e.g., scienti� c dive certi� cations), and/or physical or logistical
capability. A separate challenge in promoting diversity and inclusion in the broader� eld of
coral research is to connect researchers that have samples with other scientists and
managers (including undergraduate trainees and volunteers) from diverse disciplines and
backgrounds that can run additional analyses. A database of samples and researchers (and
their research interests/skill sets) could be useful in identifying and jump-starting fruitful
collaborations and sample sharing. Numerous community-based resources can also
provide data storage options to both facilitate data archiving and reuse, including those
speci� c to coral research, restoration and biodiversity (e.g., GEOME (Deck et al., 2017;

Figure 1 Flow chart of conceptual design for workshop on methods of collecting preserving and
archiving coral bleaching specimen. Full-size �DOI: 10.7717/peerj.14176/�g-1
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Riginos et al., 2020)). Going forward, implementation of specific collection, preservation,
and archiving pipelines developed herein could further maximize and foster more
collaboration among diverse community members and stakeholders.

Consolidating methods for restoration specimens
Coral restoration and rehabilitation programs aim to assist in the recovery of reef
ecosystems through passive and active means, and for the ultimate goal of creating a
reef that can independently continue to develop without further intervention
(Boström-Einarsson et al., 2020). Recent efforts to explore the success and failure of
some restoration programs have revealed a lack of coordinated efforts among restoration
practitioners, scientists, and managers. Further, some restoration programs remain
unlinked to scientific endeavors that could track natural biological, chemical, and
oceanographic phenomena that provide mechanistic context for why some coral
propagation and outplanting efforts result in success while others do not. Collaborative
work to engage in scientific inquiries before, during, and after restoration efforts, along
with standardized practices, could accelerate and advance restoration programs.
For example, genetic, physiological, and microbiome sampling of specimens from
restoration corals that are successfully outplanted have revealed key aspects of why some
genotypes and species are more resistant or resilient to local and global stressors (Baums,
2008; Lohr & Patterson, 2017;Morikawa & Palumbi, 2019; Klinges et al., 2020; van Woesik
et al., 2021; Voolstra et al., 2021). Thus, the consolidated methods presented herein can be
used to bridge the gaps between the restoration and research communities more readily
and completely.

General considerations for collecting, preserving, and archiving coral
bleaching specimens
The central aim of our workshop was to identify simple and low-cost methods within the
three broad categories of Omics, Physiology, and Microscopy and Imaging analyses that
could increase the impact of every coral bleaching study in an effort to best understand
scientific principles and increase restoration and conservation success. In the process, we

Figure 2 Methodological pipeline used during the preservation and archiving of coral specimens for research and restoration purposes for
various downstream analyses. The orange columns on the left-side of the figure (i.e., columns B and C) indicate the methods used during the
collection and archiving of coral fragments, categorized by the chemical preservatives and fixatives used and the method of temperature storage (i.e.,
room temperature (RT), frozen (F), refrigerated (RF), or oven dried (D)). For example, a specimen collected using the row 7 pipeline is immediately
frozen using liquid nitrogen, and then subsequently stored in a conventional freezer (e.g., −80 �C) whereas a specimen collected using the row 20
pipeline is first stored in ethanol and then placed in a refrigerator at 4 �C. The remaining columns (i.e., columns D–AM) describe whether a
specimen collected using a given pipeline is suitable for a variety of downstream measurements such as DNA analyses or chlorophyll quantification.
Downstream analyses are categorized into three disciplines: (1) Omics, (2) Physiology, and (3) Microscopy and Imaging (i.e., row 2). These columns
are further subdivided based on the specific type of coral material being used (i.e., coral host tissue (CH), algal symbionts (AS), microbiome (M),
skeleton (SK) or gametes (G)). Five levels of appropriateness are herein described: Optimal (O), Acceptable (A), Undesirable (U), not acceptable (N)
and unknown (?). These designations are based upon publish methodological data as well as the consensus scientific opinions of 30 coral scientists
who attended the Coral Bleaching Research Coordination Network meeting in June 2020. The percentage of downstream analyses which were
afforded an optimal or acceptable appropriate designation is shown in column AN. The total number of potential pipelines that are acceptable or
optimal for a given downstream analysis are shown in row 59. The total number of potential pipelines for which the suitability is unknown is shown
in row 60. Full-size DOI: 10.7717/peerj.14176/fig-2
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uncovered several key issues that all researchers and managers can consider regardless
of individual subfields, including: (1) specimen and sample provenance and metadata,
(2) sample collection considerations, and (3) sample handling and storage considerations.
It is also important to consider how collection, preservation, and storage methods may
shift the accuracy or precision of downstream analyses. For a more elaborate discussion of
specific methods see the Supplemental Materials.

Specimen/Sample provenance and metadata
Museums, research aquariums, and private collections have standard protocols for
documenting the history, or origin, of individual specimen (Smithsonian Institution, 2006;
National Science & Technology Council, Interagency Working Group on Scientific
Collections, 2009; National Academies of Sciences, Engineering, & Medicine, 2020).
Researchers and practitioners can optimize the use of their data and samples by rigorously
cataloguing, and formally documenting as many experimental (e.g., temperature ramp
rate, light level, flow), biological (e.g., coral color, morphotype, taxonomy, provenance),
and environmental (e.g., depth, nutrient concentrations, reef type) variables as possible
(Grottoli et al., 2021) because these data provide needed context for each collection.
We refer to these descriptive, contextual data as metadata.

Representative samples can also be properly ‘vouchered’ with a museum for long-term
preservation, and such specimen can have important applications for a wide range of
future work from these biological collections. First, if such samples include both tissue and
the taxonomically informative skeleton, they can provide a taxonomic reference in the
event that cryptic species are discovered, or to assign identity of the samples with future
changes to taxonomy. Such vouchered samples also provide invaluable reference barcodes
for databases that are becoming increasingly important as environmental DNA (eDNA)
approaches become commonplace. Likewise, techniques change through time and
questions that would have been impossible to address from such samples a couple of
decades ago have become common place today with the advent of high-throughput and
single-cell sequencing. Finally, even in cases where there is no obvious need to preserve the
samples, the value of having historical samples has been showcased repeatedly in the field
of epidemiology and emerging zoonotic disease research, where natural history collections
have been integrated with host-pathogen research to resolve pathways of transmission
(Thompson et al., 2021). The questions that will be answered by historical samples may yet
be unknown, but it is only possible to address them if the samples are collected, vouchered
and properly maintained.

Sample provenance also includes the documentation of how and where samples and
their resulting data and metadata are physically and digitally stored. Growing recognition
of the value of historical data and appreciation for FAIR (findability, accessibility,
interoperability, and reusability) data standards (Wilkinson et al., 2016) is inspiring the
efforts to archive sample data and metadata in ways that facilitate reuse and ensure
archived data is available to future researchers (Zerbino et al., 2018; Davis et al., 2019;
Percie du Sert et al., 2020). For example, the Genomic Observatories Metadatabase (Deck
et al., 2017), stores metadata archives permanently linked to -omics resources stored at the
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