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Understanding how diversity evolves and is maintainedis critical to

predicting the future trajectories of ecosystems under climate change;
however, our understanding of these processes is limited in marine systems.
Corals, whichengineer reef ecosystems, are critically threatened by

climate change, and global efforts are underway to conserve and restore
populations as attempts to mitigate ocean warming continue. Recently,
sequencing efforts have uncovered widespread undescribed coral diversity,
including ‘cryptic lineages’—genetically distinct but morphologically
similar coral taxa. Such cryptic lineages have beenidentified in at least

24 coral genera spanning the anthozoan phylogeny and across ocean basins.
These crypticlineages co-occur in many reef systems, but their distributions
often differ among habitats. Research suggests that cryptic lineages are
ecologically specialized and several examples demonstrate differencesin
thermal tolerance, highlighting the critical implications of this diversity for
predicting coral responses to future warming. Here, we draw attention to
recent discoveries, discuss how cryptic diversity affects the study of coral
adaptation and acclimation to future environments, explore how it shapes
symbiotic partnerships, and highlight challenges and opportunities for
conservation and restoration efforts.

Modern sequencing technologies have uncovered pervasive unde-
scribed cryptic diversity—the presence of genetically distinct but
morphologically similar lineages—across the tree of life, suggesting
standing genetic diversity may be severely underestimated'?. This is
especially true for corals—the engineers of modern coral reefs—whose
morphological plasticity and potential for hybridization presents chal-
lenges in taxonomic classification (Box 1)**. Understanding cryptic
coral diversity isimportant because coral reefs are critically threatened
by climate change, and global efforts to conserve and restore reefs are
underway as we devise strategies to mitigate ocean warming>®. Left
undetected, crypticlineages complicate ecological studies, conserva-
tion strategies and assessments of diversity.

Here, we define cryptic coral lineages as species complexes of
multiple morphologically highly similar, or visually indistinguishable,

groups that overlap inrange yet exhibit signatures of barriers to gene
flow’. These genetic lineages can represent either undescribed spe-
cies diversity or, in some cases, described nominal species that were
synonymized in taxonomic revisions® (Box 1). Identifying cryptic coral
lineages using traditional molecular approachesis challenging due to
different evolutionary rates for genetic markers, incomplete lineage
sorting and reticulate evolution or introgressive hybridization among
corals’ ™. Yet, recent advancements in genome-wide sequencing tech-
nologies have revealed that cryptic coral lineages are ubiquitous in
nature”* (Box 2).

Studies of coral reef responses to disturbances often do not
account for the presence of cryptic diversity, perhaps because morpho-
logically similar colonies are presumed to be functionally similar” ",
Yet, recent work has shown that cryptic lineages can exhibit strong
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BOX1

An introduction to cryptic diversity and coral systematics

The concept of cryptic lineages was first introduced by Mayr?, who
referred to them as ‘sibling species’. Despite a lack of clear criteria,
cryptic lineages are currently reported across almost all taxonomic
groups, from unicellular eukaryotes to vertebrates'. Evolutionary
processes that prevent or erode detectable morphological change—
and may therefore result in cryptic lineage evolution—can be
classified into four categories'*”': (1) recent divergence, indicating
that insufficient time has passed for morphological differences to
accumulate’; (2) parallelism, which occurs when phylogenetically
unrelated species occupied common morpho-spaces and evolved
into near-identical morphologies”’; (3) convergence, which
describes independent evolution of similar morphologies from
dissimilar ancestors”®; and (4) stasis, indicating the retention of high
degrees of morphological similarity, in which ancestral traits (that is,
symplesiomorphies) exist for millions of years’. Each of these forces
probably contributes to cryptic lineage evolution, but their relative
contributions require further exploration'’.

Cryptic lineages may be particularly prevalent among corals
because taxonomy was historically based on skeletal morphology,
but morphological plasticity and trait convergence among sister
species impede the disentanglement of coral diversity’>?°°-2°%,
Moreover, coral phylogenetic relationships explored via
mitochondrial markers in the late twentieth and early twenty-first
centuries offered low resolution to discern taxa in species-rich
genera®®, causing described species (for example, Pacific Acropora)
to be considered junior synonyms during taxonomic revisions®®.
Therefore, cryptic diversity uncovered using next-generation
sequencing may in some cases correspond to described species that
were incorrectly synonymized'’.

differentiation in functional traits, including responses to elevated
temperatures™" >, Some lineages also appear to associate with distinct
algal symbionts (family Symbiodiniaceae)*°**¢, This variation has
criticalimplications for understanding and predicting coral responses
to future warming, given that warming oceans are the primary driver
of coral bleaching—a disruption of the symbiosis between corals and
their algal symbionts—and can cause widespread mortality*”**. Here,
we discuss five key topicsin coral biology relevant to coral reef persis-
tence under rapid ocean warming that are affected by the presence of
this ubiquitous cryptic diversity.

Ubiquity and distributions of cryptic coral
lineages

Evidence for the existence of cryptic coral lineages was summarized
30 years ago® for 5 coral genera. Since then, cryptic lineages have
beenreportedinatleast18 stony coraland 6 octocoral generaacross
ocean basins (Table 1 and further detail in Supplementary Table 1;
based on 102 retrieved articles). Initial molecular surveys suggest
that cryptic diversity also probably exists in additional families and
genera®® ¢, Available dataindicate that, although cryptic coral line-
ages often co-occur in reef systems?**”*, they frequently segregate
across environmental gradients and exhibit patterns consistent with
ecological specialization®"?"* (Fig. 1 and Table 1). For 19 genera
(out of 24), environmental gradients such as depth, habitat type
(forexample, nearshore versus offshore) and latitude have emerged
as predictors of cryptic lineage distributions'>'¢7?0"*3 (Table 1).
These variables are often correlated with other attributes includ-
ing temperature, light availability, wave exposure and terrestrial

Although cryptic coral lineages are increasingly reported, the
term ‘cryptic diversity’ has been used inconsistently, either to
describe newly discovered genetic variation within described species
(for example, refs. 14,24,38,113), to differentiate morphologically
indistinguishable described species within a genus (for example,
refs. 19,206) or to indicate newly uncovered lineages for which
diagnostic traits were ambiguous or not assessed (for example,
refs. 8,21,155). Therefore, it is often unclear whether newly reported
cryptic lineages are truly cryptic (that is, no diagnostic traits).
0Of 102 identified articles, 33 reported potential morphological
differences between 2 or more cryptic lineages (in 13 stony coral and
4 soft coral genera; Table 1 and Supplementary Table 1). However,
some of these traits may only differ between some lineages in a
complex, and due to partial overlap in trait values often require
expert evaluation. Quantified traits that have been found to differ
among some cryptic taxa include branch morphology and growth
form (Acropora™"'*'?"% Heliopora®'®"°%'*' and Seriatopora'®"),
microskeletal features (Coelastrea', Eunicia®®, Favia"', Fungia'™*,
Pachyseris'"®, Paramuricea', Plesiastrea', Plexaura'®, Psammocora'”®
and Stylophora'*'®), nematocyst morphology (Galaxea"*""*'>>%¢),
and combinations of gross morphology and microskeletal features
(Orbicella™®?”, Porites'®*"”” and Pocillopora®™'®®; but see refs. 164-166).
Only 4 studies reported that quantified traits were entirely unrelated
to genetic lineages'**'**"%, and the majority (n=65) did not report
morphological assessments. Overall, these findings suggest that
some sets of morphological traits can help to ‘decrypt’ coral lineages
and, in combination with genetic data, aid assignment of species
names. However, researchers must also account for morphological
plasticity by sampling corals across environmental gradients.
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(nutrients and sediments from runoff) as well as oceanic (upwelling,
currents) influences (Table1and Fig. 1), suggesting that acombination
of abiotic characteristics interact to shape the environmental niche
required to host a crypticlineage.

The evolution and ecology of depth-segregated cryptic coral
lineages has been extensively studied in the gorgonian Eunicea
flexuosa®. In E. flexuosa, two lineages are specialized to different
depths, and migrant corals are selected out of the population before
reproductive maturity*®*** (Fig. 1a). Similar patterns of environ-
mental filtering across depths have been observed in other taxa
(Table1), including the reef-building coral Seriatopora hystrix on the
Great Barrier Reef**¢ and Montastraea cavernosa and Siderastrea
sidereain the Caribbean, with lineages occurring sympatrically but
some found only at specific depth ranges'®* (for example, deep;
~20 m).Broad geographic sampling of the Pachyseris speciosa species
complexalsorevealed crypticlineages that occurred sympatrically
butdiffered in their depth distributions along the Great Barrier Reef
and western Coral Sea®.

Differences in distributions among cryptic lineages are also evi-
dent at larger spatial scales, including across latitudes (Fig. 1b). For
example, lineages of the widespread coral genus Acropora were first
discoveredinA. hyacinthus™. Since then, seven A. hyacinthus lineages
have been uncovered across the Pacific, with some coexisting within
sites and others exhibiting spatial distribution differences across
wider geographic scales®****°, Whether the same mechanisms gov-
ern the evolution of cryptic lineages across both small (for example,
depth, habitat type) and large (for example, latitude) spatial scales
remains unclear.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Perspective

https://doi.org/10.1038/s41559-023-02319-y

BOX2

Identifying cryptic coral lineages using molecular tools

Coral taxonomy based on colony morphology is challenged by a
dearth of diagnostic traits distinguishing related species (arrow | in
the Box figure). Yet, molecular studies have transformed our ability
to identify species via phylogenies from molecular sequencing
data?**2%52% (grrows I1-VI; Supplementary Table 1), especially with
recent advancements in genome-wide SNP-based approaches
(arrows V-VI).

‘Classic’ molecular markers used to delineate cryptic lineages
include allozymes and diverse mitochondrial, ribosomal and nuclear
markers (for example, Cytb, ITS and PaxC), with variable resolution
due to different rates of evolution (arrow 1)*2°4?'%?" These tools are
now readily available and relatively inexpensive, facilitating cryptic
lineage identification. However, these low-resolution methods
may not always be informative due to low evolutionary rates in
mitochondrial DNA?%, the multi-copy nature of ribosomal DNA
and—in some taxonomic groups—hybridization among species,
coupled with recent diversification events resulting in low genetic
separation®™. In such cases, the discovery and identification of
cryptic lineages requires phylogenomic delineation based on
microsatellites (arrow lll) or transcriptome sequencing (arrow 1V),
but genome-wide SNPs provide the highest resolution (arrows V-VI).
Relatively affordable tools for genome-wide SNP identification
include restriction-site associated DNA sequencing (RAD-seq),
reductively amplified DNA sequencing (ReAD-seq), genome
skimming, and hybrid capture and target enrichment sequencing
(arrow V)?°°??, Whole genome sequencing (WGS) and low-coverage
WGS provide even higher resolution to detect very recently diverged
lineages (arrow VI)*"%. These tools can also provide additional
insight into the ecology and evolution of lineages, for example,
by identifying loci under selection®®'®®,

Molecular analyses typically include multivariate statistical
clustering methods developed to disentangle genetic population
structure”?'®, Genetically distinct populations (that is, groups with
low gene flow) that occur sympatrically (that is, in the same larval
crossing range) can generally be assumed to represent evolutionary
lineages””. For reference, some recent genome-wide SNP-based
surveys in diverse genera reported Fg; values between sympatric
cryptic coral lineages ranging between 0.06 and 0.7, but most
comparisons exceeded 0.1*'*1¢?'%_Calculation of F¢; values between
co-occurring populations can thus be a helpful tool to detect
lineages, but note that retrieved values strongly differ depending on
the system, as well as the markers and filters used”®.

To assign lineages at remote sites where sequencing facilities
or funding are less available, researchers can design rapid
sequencing-independent tools, such as restriction fragment length

Evidence for functional differences relevant to
oceanwarming

High functional diversity and redundancy, as well as the persistence
of corals with particular traits, may buffer reefs from the impacts of
climate change'®. In particular, adaptations that enable survival in
shallow habitats with higher and more variable temperatures may
underpin increased tolerance to temperature stress® (for exam-
ple, lagoon specialist lineage in Fig. 1). Of the 102 articles examined
here (Table 1 and Supplementary Table 1), 21 reported potential
functional differences among cryptic lineages that are relevant to
survivorship in future climate change conditions. This includes
10 genera (8 stony coral and 2 octocoral genera) with reported

evidence for differences in growth rates**>, photophysiology?**°,

polymorphism (RFLP), based on existing marker gene or SNP data.
Such assays have been developed to distinguish cryptic lineages
of Pocillopora®®, Galaxea fascicularis" and Pachyseris speciosa™.
When paired with low-cost rapid DNA extraction methods such as
the HotSHOT approach?® (<US$0.10 per sample, ~1hour per plate),
these assays can provide lineage classifications within hours. The
development of such assays for additional lineages will increase
the accessibility of tools to quantify cryptic diversity and will help
to accelerate scientific discovery. However, comprehensive genetic
analysis must also be conducted at a given locality to ensure

that additional cryptic diversity is not masked by a lack of unique
restriction sites.

Tools to identify and characterize cryptic coral lineages. Available
diagnostic tools range from low-resolution observational (1) and
molecular (Il and IlI) tools that support the identification of highly
diverged cryptic lineages, to more data-rich tools that provide
increased power to distinguish more recently diverged lineages,
albeit often at higher monetary costs (IV-VI). RNA-seq, RNA
sequencing. Figure adapted from ref. 88, CC BY 4.0; adapted with
permission from ref. 220, Taylor & Francis, and ref. 221, Society of
Systematic Biologists.
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energy stores'>?* and gene expression patterns®, stress response

genes under selection’***** and environmental filtering underpin-
ning lineage distributions'®****~*¢, Of these 21 articles, 11 reported
direct evidence for variation in thermal tolerance!*'? 22539515657
and 2 reported a lack of heat tolerance differences between line-
ages (quantified either as equivalent bleaching frequencies during
an ongoing marine heatwave’® or similar recovery rates following
bleaching®’). Anadditional 14 studies reported differencesin reproduc-
tive mode or phenology among cryptic lineages, and the remaining
64 articles did not report data informing potential functional
differences between lineages. Clearly, additional work is needed
to understand the functional significance of cryptic lineages under
climate change conditions.

Nature Ecology & Evolution


http://www.nature.com/natecolevol
https://creativecommons.org/licenses/by/4.0/

Perspective

https://doi.org/10.1038/s41559-023-02319-y

Table 1| Summary of coral genera for which evidence for sympatric cryptic lineages has been reported

Genus

Likely environmental drivers of
cryptic lineage structure

Functional and morphological differences Microbial community

between cryptic lineages

Stony corals

Acropora Habitat type®**’ (backreef versus Differences in thermal tolerance® S: some lineages may be 20,37,38,41,48,49,51,59,
fore reef, inshore versus offshore),  (but see ref. 59), growth rate®, spawning more likely to associate with 110-112,127140-148
temperature’®®*?, latitude®**®°,  phenology"®""*"*"*? branch and corallite ~ Durusdinium® (but see refs.
longitude'° and geographic morphology™""?"** and reduced 59,143), diversity was structured
isolation*’ fertilization between lineages*® from nearshore to offshore in

Stress response genes under selection? A. tenuis®
B: ND
Agaricia Depth*“® ND S: structured by depth, not cryptic 4,98
lineage per se®®
B: ND

Coelastrea Latitude' Differences in corallite morphology and S:ND 149

reproductive mode'*’ B: ND

Favia Habitat type' (reef versus Differences in corallite morphology'™ S:ND 150-152
seagrass), depth™®"*'and B:ND
geographic isolation'

Fungia Geographic isolation' Differences in mode of reproduction™ and  S: ND 153,154

corallum morphology'™* B: ND

Galaxea Depth (perhaps only at some Differences in corallite size and shape'®, S:ND 113,114,155-157
locations)'™® nematocyst morphology"*"'*'*¢ and B:ND

spawning time™
Cross fertilization between lineages
is rare™
Leptoseris Depth* ND S:ND 4
B: ND
Madracis Depth*?1*® ND S: some lineages host symbionts 42,158,159
that do not associate with other
lineages*'*®"*°, or may host
different symbionts at certain
depths™®
B: ND

Montastraea Habitat type'® (inshore versus ND S: symbionts may be structured 16,47

offshore) and depth'®*’ by depth in some locations, but
itis unclear whether there are
differences between lineages”’
B: ND
Orbicella Depth and physical disturbance'®  Differences in thermal tolerance’, calice S: lineages of O. faveolata have 14,52,160
size™°, colony morphology, growth rates different levels of symbiont
and oxygen isotope ratios®” fidelity"
B: ND
Pachyseris Depth™ Differences in corallite morphology, S: no differences between 13,161
energy stores, tissue thickness and lineages®™
reproductive phenology™ B: differed among regions,
not lineages'
Plesiastrea Latitude'®? Differences in corallite morphology'® S:ND 162
B: ND

Pocillopora Habitat type® (reef flat Differences in thermal tolerance'**>*°, S: evidence for cophylogeny 17,19,25,26,54,56,163-172
versus slope), depth'%%15%, morphology®®'®® (but see refs. 164-166) between host and symbiont?*'®'?/,
temperature'”®® and and potentially reproductive mode some lineage-specific symbionts’’
oceanographic factors'®*'® (P. damicornis)'®’ and some lineages may be

Stress response genes under selection® more likely to associate with
Durusdinium?®21%>
B: may differ between some
lineages™

Porites Habitat type*°***7" (inshore Differences in thermal tolerance®***’ S: evidence for cophylogeny 21,39,53,57,58,163,
versus offshore), depth'®*'"?, (but see ref. 58), gross'®® and corallite between host and symbiont®"*®, 173-178
geographic distance'”, morphology®*'”’, and gene expression® some lineage-specific symbionts'®
temperature'® and potentially (but see®) and depth zonation in
latitude™® some locations'®

B: ND

Psammocora  ND Potential differences in corallite S:ND 179

morphology'”® B:ND

Seriatopora Habitat*®'*>'"®! (exposed versus Differences in branch morphology'® and S: differences between 43,46,180-183

sheltered) and depth**'82153

photo-physiology*®
Environmental filtering also suggests
functional differences*®

lineages**°, some lineage-specific
symbionts'® and some structuring
across depths**'®?

B: ND
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Table 1 (continued) | Summary of coral genera for which evidence for sympatric cryptic lineages has been reported

Genus Likely environmental drivers of Functional and morphological differences Microbial community References
cryptic lineage structure between cryptic lineages
Siderastrea Habitat type'®?® (inshore versus Differences in thermal tolerance, skeletal S: some lineages may be more 16,23

offshore) and depth'®

morphology, and energy stores®
Environmental filtering also suggests
functional differences'®

likely to host Durusdinium, some
lineage-specific symbionts®

B: accessory microbiomes differed

between lineages® (note that

samples were taken after common

garden experiment)

Stylophora Temperature® and geographic Differences in thermal tolerance® S: differences between some 22,94,184-186
distance'®*'®® Potential differences in gross' and lineages®™'®°, as well as variation
corallite morphology'®*'®* (but see by environment®*
refs. 184,186) B: differences in Endozoicomonas
amplicon sequence variants
between some lineages, as well as
by environment®*
Octocorals
Eunicea Depth'>2404445 Differences in sclerite morphology and S: lineages host distinct 15,24,40,44,45
skeletal densities?*° populations of Breviolum
Environmental filtering also suggests minutum'>**
functional differences®**** B:ND
Limited hybridization between lineages*
Heliopora Habitat type®'®"*¢, depth™ and Differences in reproductive phenology®® S:ND 55,187-191
oceanographic factors'®"'®° and colony morphology®*#"9019! B: ND
Fixed nucleotide differences in stress
response genes™
Leiopathes Potentially habitat (slope) or Hypothesized differences in reproductive ~ S: ND 192
oceanographic factors'® strategies'” B:ND
Paramuricea Depth or oceanographic Differences in sclerite morphology'® and S:ND 193-195
factors'®*19 coloration'® B:ND
Plexaura ND Differences in sclerite morphology and S: lineages host distinct species 196
reproductive phenology'®® of Breviolum'®
B: ND
Sinularia ND ND S:ND 10
B: ND

S, symbiont (Symbiodiniaceae); B, bacterial community; ND, no data. Based on 102 articles retrieved by reviewing the top 100 results (and references therein) from Google Scholar
searches for each of the following queries: ‘coral cryptic lineage’, ‘coral’ species complex population cryptic -fish” and ‘coral’ cryptic species -fish’ (results retrieved 8 March, 24 May and
31May 2023, respectively). In total, 300 results were reviewed, plus references therein. See Supplementary Table 1 for more details.

A frequently used approach to test for variation in thermal
tolerance among coral taxais to conduct common garden heat chal-
lenge experiments. To date, three studies have used such manipula-
tive experiments to compare responses to elevated temperatures
among crypticlineages. So far, results point to remarkable levels of
response variation: lineages of Orbicella faveolata'*° and S. siderea™
in Panama, and genetically distinct populations of Stylophora
pistillatafromthe Red Sea each showed differencesin heat tolerance
that may inform long-term population responses to ocean warming.
However, findings in S. pistillata were based on acute heat stress
assays, and the authors did not strictly define these populations as
cryptic lineages®.

Another avenue to compare thermal tolerances between cryptic
lineages is to capitalize on ‘natural’ bleaching events by sampling
morphologically similar colonies with variable bleaching levels. Such
sampling of A. hyacinthus in American Samoa revealed that one line-
age (‘HE’) in backreef habitats—which are characterized by higher
daily mean temperatures and higher variability—experienced less
bleaching than other co-occurring lineages®. Low-coverage whole
genome sequencing (Box 2) revealed two highly diverged loci, one of
which encoded genes associated with thermal stress responses®®.,
Additionally, during athermal anomaly in Mo’orea, 72% of Pocillopora
coloniesbleached; however, 12 sympatric haplotypes were uncovered,
and mortality following bleaching was largely restricted to a single
haplotype (‘haplotype 11’; 86% of mortality)”. These patterns were
consistent with Pocilloporadamicornis at HeronlIsland, Australia, where
alineage dominating the reef flat (analogous to the lagoon habitat in

Fig.1) showed ssignatures of local adaptationin cellular stress response
genes™. Inaddition, historical bleaching frequencies were analysed in
Porites cf. lobata colonies sampled in Palau by comparing stress bands
depositedin coral skeletons. Four crypticlineages were uncovered; of
these, two lineages had reduced bleaching frequencies and, similar
to A. hyacinthus lineage ‘HE’ distributions®, were more abundant in
warmer habitats”.

Incasesinwhich thermaltolerance has not been explicitly tested,
other quantitative traits may inform responses to elevated tempera-
tures. Traits that correlate with thermal tolerance include propensity
for heterotrophy®>®*, morphology, growth rates®*“, tissue thickness,
nutrientstores®® and Symbiodiniaceae cell densities®. Although studies
linking phenotypic traits with functional differencesin crypticlineages
arerare,in Panamanian . siderea, alineage with higher baseline energy
stores, increased growth rates, and higher symbiont and chlorophyll
a densities, maintained elevated photochemical efficiencies during
a heat challenge”. Depth-stratified lineages of P. speciosa similarly
varied in tissue thickness, nutrient stores, photosynthetic pigment
concentrations and skeletal structure”, but thermal tolerance was
not tested. Lineage-specific differences in skeletal traits may be an
important but overlooked coral trait that can underpin local adapta-
tion by affecting photoharvesting potential (asinref. 68), especially in
depth-segregated lineages™**. Recent advancements in morphological
tools, including microscopy and three-dimensional scanning, offer
opportunities for identification of morphological traits associated
with thermal tolerance that may also aid delineation and description
of lineages in some groups® 7>,
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Fig.1|Hypothetical distributions of cryptic coral lineages. a, Cryptic lineages
are often structured along environmental gradients including distance from
shore, habitat type and depth. b, Crypticlineages can also be structured along
latitudinal gradients, with associated changes in seasonality, temperature and
light availability. Coral icon coloursindicate distinct cryptic lineages. Terrestrial

Northern
lineage

Southern
lineage

Temperature  Light

influences may include nutrients, sediments and freshwater from runoff;
oceanicinfluences may include currents and upwelling of deep water. Dissolved
oxygen concentrations may also vary between habitats, and are often low in
nearshore shallow environments. Seasonality may include temporal variation in
temperature, light and nutrient availability, among other factors.

One key question is whether thermal tolerance carries any
trade-offs, for example, in growth or fecundity. Reduced growth
rates and lower skeletal densities have beenidentified asatrade-offin
heat-tolerant lineages of A. hyacinthus and Porites, for example?-**>7,
However, in cases where heat-tolerant lineages occur primarily in
marginal or extreme environments, differences in growth could also
be explained by low pH, which can reduce calcification®°. The envi-
ronmental conditions experienced by lineages at smaller scales are
also important, as light intensity and other abiotic variables can vary
greatly within the three-dimensional reef environment. Additional
workis needed toidentify trade-offsin lineages with increased thermal
tolerance, as well as how interactions between morphology, physiology
and environmental conditions shape thermal tolerance.

In summary, a growing body of literature provides evidence for
functional differences between cryptic lineages with relevance to
survivalunder future ocean warming. This development underscores
the need to explicitly consider the presence of cryptic lineages when
designing studies. Quantifying functional differences is critical for
predicting coral responses to future climate change and can inform
management plans—especially for traits such as thermal tolerance.

Manipulative experiments and opportunistic sampling of cryptic
lineages across habitats in additional coral genera, along with linking
correlated phenotypic traits, willincrease our understanding of the link
between cryptic lineages, traits and persistence under future ocean
warming conditions.

Patterns of microbial community diversity
among cryptic coral lineages

The composition of coral-associated microbial communities, including
algal symbionts (thatis, Symbiodiniaceae), bacteriaand other microbial
entities (for example, archaea, fungi, viruses or apicomplexans) are
critical drivers of responses to environmental change™ 7%, Associations
with specific algal symbiont species allow corals to occupy distinct
niches along environmental gradients (Fig. 2) and have functional
consequences for thermal tolerance’*°, growth® and susceptibility to
disease®*, Variationin bacterial communities can also modulate coral
healthand acclimatization potential’®**"*, Yet, studies on cryptic coral
lineages often do notinclude surveys of algal symbionts (Symbiodini-
aceae communities were characterized in31of102 articles surveyed) or
bacterial associates (bacterial communities were characterized in 5 of
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Fig.2|Hypothetical distributions of four cryptic coral lineages with several
algal symbionts (Symbiodiniaceae) across an environmental gradient.
Some lineages with high symbiont fidelity may associate with specialized algal
symbionts thatare absentin other lineages (for example, the blue and orange
lineages). Other lineages may share algal symbionts (red and green lineages
sharing the green symbiont). Promiscuous lineages may associate with multiple
algal symbionts, extending their potential range (red lineage). Dashed vertical

One lineage with
multiple symbionts

Multiple lineages with

distinct symbionts
lines A-Dindicate hypothetical sampling sites and the corresponding rectangles
demonstrate how observed patterns of symbiont diversity is confounded
by the presence of cryptic lineages. For example, sampling at site B captures
two co-occurring cryptic lineages (green and red) with the same symbiont
species, whereas site C captures only one cryptic lineage (red) but with two
symbiont species. Characterizing cryptic lineages is therefore important for
understanding patterns of Symbiodiniaceae diversity and vice versa.

102reports; Table 1). To date, of the 24 identified coral genera harbour-
ing putative crypticlineages, studiesin13 characterized algal symbiont
populations (11of 18 stony coral genera; 2 of 6 octocoral genera; Table 1),
whereas bacterial communities have been explored in only 4 genera
(4 of 18 stony coral genera; O of 6 octocoral genera; Table 1).

Thus far, at least three lineage-specific scenarios for host-algal
symbiont associations have emerged (Table1): (1) algal symbiont spe-
cies hosted by each lineage overlap, but there are differences in the
relative proportions of colonies that host each symbiont species (for
example, all green lineage colonies host green symbionts, but the red
lineage colonies host either green or red symbiontsin Fig. 2); (2) each
lineage has high fidelity for a different algal symbiont (for example,
orange and blue lineages in Fig. 2); and (3) no discernable differences
in algal symbiont community patterns exist between lineages (for
example, green symbiont hosted by red and green lineages in Fig. 2).

Evidence for scenario 1 has been identified in A. hyacinthus,
S. siderea, Pocillopora spp. and O. faveolata, with implications for
bleaching responses (Table 1). Promiscuous lineages appear to be
more thermally tolerant for both A. hyacinthus and S. siderea®®*. In
these cases, colonies withincreased thermal tolerance were more likely
to host Durusdinium (a genus of Symbiodiniaceae containing strains
linked toincreased thermal tolerance), suggesting higher promiscuity
promotes thermal tolerance by shifting to more thermally resistant
symbionts when it is advantageous. This is further evidenced by one
lineage of Pocilloporaspp.inthe easterntropical Pacific showing higher
propensity to shift to Durusdinium symbionts than a co-occurring
lineage, resulting in increased survivorship during ableaching event™.

Support for scenario 2 has been reported for depth-stratified
lineages of E. flexuosa and Madracis pharensis, where each lineage
associated with distinct algal symbionts®**2. Additionally, a survey
of host-symbiont associations in Mo’orea uncovered a pattern of
cophylogeny between five cryptic species of Pocillopora and specific
Cladocopium (another genus within Symbiodiniaceae) species.
Similarly, the reef flat lineage of P. damicornis (discussed in the previ-
ous section) hosted distinct Cladocopium strains compared with a
nearby lineage inhabiting the reef slope*, suggesting that ecological
specialization can involve both the coral host and its algal symbiont.
Although high symbiont fidelity itself may not be maladaptive, certain

host-symbiont associations might be costly under rapidly changing
environments. For example, three cryptic lineages of massive Porites
in Kiritimati that showed a pattern of cophylogeny with their symbi-
onts exhibited differential survival after a heatwave, with one lineage
showing higher mortality”’. In the rare cases where colonies from this
lineage survived, they had shifted to asymbiont commoninthe other
two lineages, showcasing erosion of this tight partnership®”.

Evidence for scenario 3 has been reported from P. speciosa, which
exhibits tight fidelity with Cladocopium goreaui regardless of lineage
or environment®. A recent study*® observed similar patterns, with all
lineages of Acropora aspera associating with Cladocopium symbionts
regardless of sampling location (thatis, intertidal versus subtidal; but
note that symbiont diversity was only characterized at the genus level).
Additionally, another study* demonstrated that two cryptic species of
Porites differed in their bleaching responses despite associating with
the same dominant algal symbiont species. These studies highlight the
complexity that crypticlineages introduce even when algal symbiont
communities are similar. However, it isimportant to acknowledge that
genetictoolsavailable for coral hosts are more sophisticated thanthose
currently available for Symbiodiniaceae, potentially limiting our ability
to capture detailed patterns of symbiont genetic diversity®,

As aresult of variation in symbiont associations between cryptic
lineages, sampling coral populations in a given habitat may be con-
founded by the presence of multiple lineages with differing symbiont
fidelity or promiscuity (as showninFig.2 rectangles A-D). Moreover, it
ispossible that acombination of these patterns occurs within asingle
coral species complex (that comprises all closely related lineages),
complicating these patterns amongst crypticlineages. Understanding
patterns of algal symbiont communities across crypticlineages canalso
be complicated by the mode of symbiont transmission. For example,
vertically transmitting species may be more likely to associate with
particular algal symbiont species, which can lead to co-evolution®,
while horizontally transmitting species may inherently exhibit more
variable symbiont communities®~*2, Surveys of algal symbiont diver-
sity among cryptic lineages should therefore be conducted along
environmental gradients, especially in areas where multiple lineages
coexist, to disentangle lineage- and environment-specific patterns of
symbiont associations.
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Bacterial microbiome structure and flexibility have been shown
to differ across the coral phylogeny and may facilitate acclimatiza-
tion to local environments®***, Based on the limited data available,
microbiome structure and flexibility may also differ among cryptic
coral lineages. For example, low-abundance bacterial taxa, but not
core microbiomes, differed betweentwo S. siderea lineages (note that
microbiomes were sampled after acommon garden experiment, pos-
sibly resulting in microbiome convergence)”. Additionally, patterns of
bacterial diversity differed amonglineages of S. pistillata along abroad
geographicrangeinthe Red Sea®. Specifically, amplicon sequence vari-
ants belonging to Endozoicomonas, which are emerging asimportant
coralassociates (forexample, refs. 95,96), exhibited different patterns
of relative abundance across lineages and environments’. By contrast,
bacterial communities across P. speciosa cryptic lineages were primar-
ily structured by region, and not by lineage". Comparative surveys
of bacterial diversity across cryptic coral lineages and environments
are needed to better understand these patterns and their potential
functionalroles.

Overall, cryptic coral lineages exhibit divergent strategies regard-
ing associations with Symbiodiniaceae and bacterial communities.
Cryptic lineages often differ in their algal symbiont associations, as
wellasintheir ability to associate with different symbionts along envi-
ronmental gradients (Fig. 2). Although data are limited, emerging
patterns suggest that cryptic lineages may also associate with distinct
bacterial communities, or have different levels of microbiome flex-
ibility, potentially affecting their resistance to anthropogenic dis-
turbances. Functional studies combining cryptic lineage delineation
with microbial community profiling are needed to identify susceptible
host-microorganism pairings”.

Processes that promote, maintain and structure
cryptic coral diversity

Understanding the mechanisms that generate and maintain cryptic
lineages remains a key research priority and can ultimately inform
how speciation occurs more broadly (Box 1). The co-occurrence of
cryptic coral lineages over relatively small spatial scales suggests the
potential for gene flow between lineages. Infact, the five studies to date
that have modelled historical gene flow between crypticlineages have
each demonstrated a pattern of divergence with gene flow'>'**"*-% If
these crypticlineages occur sympatrically and exhibit historical gene
flow, why have they not collapsed into a single species?

There are many hypothesized scenarios of divergence with gene
flow (for example, ref. 99); we outline some here that may beimportant
in the context of cryptic speciation in corals and other marine taxa.
Broadly speaking, populations can diverge with gene flow if there is
strong selection, a period of strict geographic isolation followed by
secondary contact, or acombination of some degree of spatial seg-
regation and divergent selection'*®'’, Divergence owing to selection
is particularly evident when the genetic loci subjected to divergent
ecological selection coincide with those contributing to intrinsic
reproductive barriers (reviewed in ref. 102). Transient separation of
coral populations, resulting from geological changes such as sea-level
fluctuations'®, can persist long enough to drive reproductive isolation
before ranges overlap during secondary contact. However, lineages
can also diverge on the same reef when separated by oceanographic
barriersimposed by depth, bathymetric factors or currents (Fig.1). For
example, differencesin gamete packaging (Table 1) can affect gamete
buoyancy'™, potentially leading to distinct patterns of gamete mixing
and affecting gene flow between depth-stratified lineages. Further-
more, lineages that occur primarily at inshore sites may experience
low flow'®, isolating gametes and leading to low cross-fertilization
with offshore populations.

Once some degree of reproductive isolation is achieved, spe-
cies boundaries can be maintained in sympatry via prezygotic or
postzygoticisolation. Prezygotic barriers can include mismatches of

sperm-egg interacting proteins'°*%’, temporal variation in spawning
(for example, refs.110-112) or small windows of overlap, but low*$11*
tono fertilization success'>" (Table 1). When inter-lineage hybridiza-
tion does occur, postzygotic barriers could lead to hybrid sterility or
inviability. For example, backcrosses of inter-lineage hybrids showed
reduced fertilization rates in A. hyacinthus*®. Hybrid sterility or invi-
ability may be caused by incompatibilities of certain combinations
of alleles at different loci (for example, Bateson-Dobzhansky-Muller
incompatibilities'”), or differential selection across habitats resulting
intheimmigrantinviability (see first section). Bateson-Dobzhansky-
Mullerincompatibilities can accumulate during reproductive isolation
and represent alleles that, while functional in their lineage-specific
genetic backgrounds, cause fitness loss when combined in hybrids™’.
Reproductive barriers, selection in the early life-history stages, and
genomicincompatibilities could actindependently or synergistically
to increase reproductive isolation among lineages. As divergence
increases, reproductive isolation also increases, eventually leading
to fullyincompatible gametes, inviable embryos or sterile hybrids.

Genomicislands of divergence (loDs; that s, genomic regions with
high differentiation) between coral lineages™'** offer insightinto the
evolutionary processes responsible for the origin and maintenance
of cryptic lineages. loDs have been referred to as ‘speciation islands’,
because during divergence with gene flow they are predicted to form
around genomic regionsinvolvedinlocal adaptation or reproductive
isolation"®", Alternatively, loDs can emerge without gene flow and
represent ancient balanced polymorphisms that were sieved in the
descendent lineages. In this scenario, each lineage carries the haplo-
type thatselection favoured in their respective habitat, in addition to
genes with adaptive significance. This pattern contrasts with the rest
ofthe genome where there may be little to no differentiation between
lineages'™. Another alternative is loD formation without gene flow via
either genetic hitchhiking or background selection in regions of low
recombination'?. In this case, loDs have no function in adaptation.
Although some support exists for loDs in the octocoral E. flexuosa
probably as a result of adaptation to depth®, the three models of loD
formation require more testing and represent useful avenues for future
research.

The development of reproductive barriers between lineages is
probably a complex process driven by multiple factors. Cases have
been made for all scenarios of divergence with gene flow in lineage
differentiation outlined above*"*%, Future research investigating
contemporary reproductive barriers by studying reproductive phe-
nology and inter-lineage crosses and backcrosses are warranted. No
studies to date have investigated inter-lineage hybrid fitness and only
one*®has examined hybrid sterility in cryptic lineages. Natural history
observations, including spawn timing, egg size and buoyancy, and
cross-fertilization assays will be key to determining the factors driving
crypticlineage persistence in corals. Additionally, using demographic
tools on existing single nucleotide polymorphism (SNP) data'®'**'**
can disentangle divergence scenarios and reveal genomic signatures
associated with the evolution of cryptic coral lineages through time
across environments (Box 2).

Challenges and opportunities presented by
crypticdiversity

The prevalence of cryptic coral lineages and paucity of knowledge
surrounding their relative distributions profoundly limits biodiversity
estimations, which can lead to dramatic underestimation of biodi-
versity loss following large-scale mortality events and complicates
assessments of reef diversity in response to disturbances. The pres-
ence of crypticlineages canalso cloud interpretations of ‘winners’ and
‘losers’ during coral bleaching events®*'**, For example, not account-
ing for the presence of cryptic lineages would have led to the conclu-
sion that massive Porites had relatively low mortality during a severe

bleaching episode compared with other species in the same region'>.
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Yet, sequencing revealed that one lineage experienced 75% mortality
island-wide, while overall mortality of other massive Porites lineages
was only 20%*". Systematic quantification of cryptic lineages, their
distributions and their microbial partners over large environmental
scalesis needed toidentify baseline levels of biodiversity, understand
coralbleaching patterns, predict future coral distributions, and design
successful conservation and restoration efforts.

Going forward, we have identified five questions that are critical
for understanding the processes shaping cryptic speciationin corals
and their repercussions for coral reef management:

1. How much of our understanding of coral ecology and evolution
is confounded by the presence of diverse cryptic lineages?

2. How often do cryptic lineages differ in thermal tolerance (and
other key adaptations) across the anthozoan tree of life, and
what are the trade-offs?

3. How do patterns of symbiont and microbiome associations
shape ecological functions and evolutionary trajectories of
cryptic lineages, and what are the relative contributions of host,
symbiont and microbiome to these differences?

4. What are the biophysical and molecular mechanisms driving
cryptic lineage divergence, and how do they evolve and coexist
in sympatry?

5. How can cryptic species be harnessed to bolster coral conserva-
tion and restoration?

Given that cryptic lineages represent distinct evolutionary units
with unique functional traits, it is important to explicitly account for
them when designing studies and conducting analyses. In population
genetics studies, cryptic lineages must first beidentified and then par-
titioned into lineages to accurately assess effective population sizes,
fixationindex (Fsy), gene flow and so on (for example, refs. 4,13,16,41).
We also strongly advocate for the use of molecular tools to identify
crypticlineagesin ecological studies, and especially when quantifying
species responses to climate change'**%?*%%*5 Assessing host lineages
isprobably equally important to the identification of Symbiodiniaceae
species within corals'****%%¢ and when conducted in concert, these
host-symbiont pairings have the potential to transform our under-
standing and propel the field forward. That said, molecular tools canbe
laborious and expensive, and represent a substantial barrier toresearch
progress. When possible, we encourage the development of low-cost
rapid tools for lineage identification, including diagnostic morphologi-
caltraits (Box 1) or rapid genetic assays (Box 2). Observational datasuch
asreproductive compatibility and larval development and settlement
dynamics are also essential to understanding cryptic coral lineages.
Low-cost resources will increase accessibility, equity and inclusion,
and will maximize research capital to better understand how cryptic
diversity may shape coral reef responses under future global change.

Whenreporting the presence of crypticlineages, we urge the use
of clear and consistent language to prevent confusion. We suggest
using the term ‘cryptic lineage’ when distinct sympatric populations
areidentified. Newly identified lineages awaiting formal descriptions
should have voucher specimens, fieldimages and reference sequence
data (or archived DNA) to examine potential morphological differences
between putatively cryptic species®'?°. Additionally, newly uncovered
crypticlineages should be compared with junior species synonyms to
prevent the assignment of novel names to previously described spe-
cies®'?, Extraction of ancient DNA may facilitate comparison to historic
voucher specimens if tissue samples are not available'®, Integration
among datasets and international collaboration to provide access to
resources will prevent the duplication of work, and facilitate discover-
ies of phylogenetically informative characters and genes to develop a
more robust taxonomic framework. In some genera, taxonomic revi-
sions may be necessary.

Given the uneven distributions of cryptic lineages, conserva-
tion strategies should aim to preserve coral diversity across diverse
habitat types, including marginal habitats such as shallow lagoons

that tend to harbour lineages adapted to elevated temperatures’
(Fig.1). The designation of marine protected areas, for example, may
help mitigate the effects of climate change by eliminating compound-
inglocal stressors, including pollution and overfishing'***°. Suchlocal
conservation efforts may facilitate natural dispersal and range expan-
sion of thermally tolerant lineages as temperatures increase, and may
in some cases provide genetic rescue>>2,

As practitioners and scientists increasingly discuss coral trans-
locations', it is critical to recognize that ecological specialization
of cryptic lineages may strongly influence coral transplant success
(for example, ref.16). Not accounting for this may lead to widespread
mortality of transplanted corals**, whichis costly in terms of coral loss,
effort and funding. Additionally, if transplantation goals are aimed at
increasing local genetic diversity via cross-fertilization of local corals
with transplants, these cryptic lineages may not interbreed due to a
variety of pre- and postzygotic mechanisms (discussed in the previ-
ous section).

In cases where lineages can hybridize, estimates of standing
genetic diversity upon which selection can act may currently be mis-
represented, resultinginan underestimation of the evolutionary poten-
tial of many coral species complexes. Hybridization between closely
related non-cryptic species has been proposed to promote reticulate
evolutionin corals™?, Forexample, Acroporapalmataand A. cervicornis
can successfully hybridize to form A. prolifera’®”**, and these hybrids
canbecome dominant on Caribbean reefs”>*¢. If different lineages can
cross-fertilize, even via ex situ spawning efforts, this recombination of
genomes might offer novel genetic variation.

Finally, it isimportant to acknowledge that the level of crypsis
recently reported in corals is by no means exclusive to cnidarians or
marinetaxa. Cryptic lineages have beenidentified in many eukaryotic
phyla, ranging from amoebae™” to elephants™®. The pervasiveness of
hidden diversity in the tree of life'* suggests that this diversity may
affect ecosystem function and responses to anthropogenic change.
Leveraging this cryptic diversity can bolster conservation and resto-
ration efforts, especially in critically endangered ecosystems such as
coral reefs. We therefore hope that these findings provide cautious
optimism for coral reef conservationin the Anthropocene and encour-
ageresearcherstoreevaluate research priorities for coral biology and
conservation.
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