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ABSTRACT
Symbiodiniacean dinoflagellates are fundamental to the functioning of coral reefs, underpinning primary production, nutrient 
cycling, and calcification through intimate intracellular symbioses with corals and other marine invertebrates. The identity 
and functional traits of these endosymbionts strongly influence host physiology, particularly thermal tolerance and stress resil-
ience. Despite their ecological importance, Symbiodiniaceae have not yet been characterized within a formal functional ecol-
ogy framework. Trait-based functional ecology enables standardized comparative analysis using metrics including functional 
diversity (richness, evenness, and divergence) and redundancy, which are critical for assessing ecosystem stability and vulner-
ability. Progress on this front requires elucidating clearly defined traits for Symbiodiniaceae. Here, we propose a standardized 
functional trait framework for these organisms. We identify key conceptual and methodological barriers that have hindered the 
integration of Symbiodiniaceae into formal descriptions of functional ecology, including unresolved species boundaries, lim-
ited trait standardization, and the context-dependent expression of traits in hospite versus in vitro. Building on principles from 
trait-based ecology, supported by empirical data and experimental measurements, we define and propose a set of 19 functional 
traits categorized into nine core functions: photosynthesis, photoprotection, cellular growth, population growth, energy reserves 
and composition, symbiotic relationship, nitrogen assimilation, ecological plasticity, and thermal tolerance. These traits capture 
fundamental dimensions of algal symbiont performance, including resource acquisition, stress tolerance, metabolic allocation, 
and host interaction, providing a foundation for calculating functional diversity metrics. Integrating Symbiodiniaceae into a 
functional trait framework will improve our capacity to assess functional redundancy, vulnerability, and resilience of coral reefs, 
ultimately strengthening forecasts of reef persistence under ongoing climate change.
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provided the original work is properly cited.
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1   |   Introduction: The Ecological Importance of 
Symbiodiniaceae

Photosynthetic dinoflagellates of the family Symbiodiniaceae 
(Figure  1) are critical structural elements of coral reefs 
(LaJeunesse et  al.  2018). Through highly specific intracellu-
lar symbioses with cnidarians, particularly reef-building cor-
als, these symbionts form the basis of coral reef ecosystems. 
This association is the foundation of the coral holobiont (the 
conglomerate of the animal host and its diverse assemblage of 
associated microbes), enabling these organisms to thrive in oli-
gotrophic tropical waters and, thereby, to build a diverse and 
complex ecosystem (Crossland et  al.  1991; Davy et  al.  2012; 
Vollmer et  al.  2013; Cardini et  al.  2015; Adams et  al. 2020). 
Symbiodiniaceae provide photosynthetically fixed carbon to 
cover almost entirely the metabolic requirements of their host 
(Muscatine et al. 1981; Tremblay et al. 2012; Tanaka et al. 2018). 
Besides, Symbiodiniaceae recycle nitrogen and phosphorus 
through the assimilation of coral metabolic waste and uptake of 
nitrogen from the seawater (Rädecker et al. 2015; Ferrier-Pagès 
et al. 2016; Li et al. 2023). In addition, Symbiodiniaceae photo-
synthetic activity enhances coral calcification by providing en-
ergy, elevating oxygen concentrations, and increasing pH within 
the host, thus promoting the precipitation of aragonite that 
forms the coral skeleton and, consequently, the reef framework 
(Gattuso et al. 1999; Cohen et al. 2016; Galli and Solidoro 2018; 
Venn et al. 2025). Therefore, these symbionts modulate key pro-
cesses that underpin the structure and function of coral reefs 
(Baker 2003; Stat et al. 2006; Fabina et al. 2013; Roth 2014).

The association between corals and Symbiodiniaceae has been 
the subject of much investigation, particularly in the context of 
climate change. As large-scale coral bleaching and mortality has 
increased in prevalence, so has a reduction in global marine bio-
diversity and ecosystem services, such as fisheries, tourism, and 
coastal protection (Woodhead et al. 2019; Eddy et al. 2021). The 
increasing intensity, duration, and frequency of marine heat-
waves (Oliver et al. 2018; Skirving et al. 2019; Hoegh-Guldberg 
et  al.  2023; Destri et  al.  2025; Eakin et  al.  2026) have led to 
widespread coral bleaching, the physical whitening that sig-
nifies the loss of algal symbionts, and their pigments resulting 
from the breakdown of the coral–Symbiodiniaceae association 
(Glynn 1996; Hughes et al. 2018). This dysbiosis creates an en-
ergetic deficit for the host that may, eventually, result in coral 

death (Grottoli et al. 2006; Rädecker et al. 2021, 2023). A major 
determinant of the overall thermal tolerance of the coral holo-
biont is the algal symbiont assemblage, given the pronounced 
differences in thermal tolerance among Symbiodiniaceae 
(Baker et al. 2004; Berkelmans and Van Oppen 2006; Sampayo 
et  al.  2008; Suggett et  al.  2017; Swain et  al.  2017; Hoadley 
et  al.  2021; Van Nynatten et  al.  2025). Therefore, the diverse 
physiological response spectra of Symbiodiniaceae with respect 
to changing physico-chemical conditions have critically shaped 
the persistence of coral reefs in the past and will continue to do 
so in the future. However, the link between taxonomy and func-
tional responses of Symbiodiniaceae remains poorly resolved, 
limiting the ability to formally link species composition to reef 
ecosystem functioning (Davies et al. 2023).

2   |   The Current Knowledge of Symbiodiniaceae 
Taxonomic and Functional Diversity

The understanding of Symbiodiniaceae diversity has under-
gone a significant shift over the last few decades (Figure 2). 
Initially, Symbiodiniaceae were assumed to comprise a 
single panmictic species, Symbiodinium microadriaticum 
(Freudenthal 1962). However, the application of molecular tools 
has fundamentally transformed this perspective. Using genetic 
markers, it was found that the original genus “Symbiodinium” 
sensu lato harbored tremendous genetic diversity (comparable 
to taxonomic orders in other dinoflagellate groups) and was 
initially divided into major “clades,” labeled A to J, to account 
for such divergence (Rowan and Powers 1991a, 1991b; Pochon 
et al. 2014; Yorifuji et al. 2021). In 2018, these “clades,” which 
had always been intended as a temporary construct, were 
formally recognized as broadly equivalent to genera, and the 
family Symbiodiniaceae was erected (LaJeunesse et al. 2018). 
To date, 11 genera have been formally described: Breviolum, 
Cladocopium, Durusdinium, Effrenium, Freudenthalidium, 
Fugacium, Gerakladium, Halluxium, Miliolidium, Philozoon, 
and Symbiodinium sensu stricto (LaJeunesse et al. 2018, 2022; 
Nitschke et al. 2020; Pochon and LaJeunesse 2021). Although 
only ~40 Symbiodiniaceae species have been formally de-
scribed, thus far, hundreds of species are assumed to exist, 
with large population sizes and regional genetic diversity 
(Parkinson et  al.  2025). Symbiodiniaceae diversity is most 
commonly assessed using the Internal Transcribed Spacer 

FIGURE 1    |    Symbiodiniaceae cells cultured at the Oceanographic Institute of the University of São Paulo, under a microscope (scale bar = 8 μm). 
(a) Cladocopium goreaui, ITS2 type profile C1, (b) Fugacium kawagutii, ITS2 type profile F1.
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FIGURE 2    |     Legend on next page.
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2 (ITS2) rDNA region, a multicopy noncoding molecular 
marker, often in the form of majority ITS2 sequence variants 
(LaJeunesse  2001; Sampayo et  al.  2009) or integrated ITS2 
type profiles (via the SymPortal pipeline; Hume et al. 2019). 
However, these classifications do not correspond directly to 
species boundaries, which still require multilocus genotyping 
for formal taxonomic description (Davies et al. 2023). Rather, 
multiple ITS2 type profiles may correspond to a single species. 
In fact, the current understanding is that ITS2 type profiles re-
solve subspecies lineages or even genotypes (Hume et al. 2019; 
Dubé et al. 2023). In this context, the absence of universal ge-
netic divergence cutoffs to resolve species boundaries within 
the Symbiodiniaceae complicates comparisons across stud-
ies. Nevertheless, the standardized use of ITS2 type profiles, 
through the SymPortal pipeline, has facilitated comparability 
across datasets and studies (Fiesinger et al. 2025). Current ef-
forts now seek to explicitly resolve how ITS2 type profiles map 
onto Symbiodiniaceae lineages and genotypes. Conversely, 
progress in resolving taxonomic relationships has not been ac-
companied widely by efforts to define Symbiodiniaceae traits 
to their ascribed taxonomic diversity. Even in instances where 
defined species or algal cultures are available (e.g., Röser 
et al. 2024), a general paucity of physiological trait data is ap-
parent. In cases where functional traits are investigated, high 
variability is observed within defined species (Parkinson and 
Baums 2014; Hawkins et al. 2016; Díaz-Almeyda et al. 2017).

Another obstacle is the lack of functional diversity assessments 
for Symbiodiniaceae, largely resulting from the absence of stan-
dardized and clearly defined functional traits. Once multiple 
functional traits become available, they can be incorporated 
into functional frameworks to derive several functional metrics. 
These formal functional models use the distribution of species in 
trait space (effectively the map of ecological niches—Lamanna 
et al. 2014; Carmona et al. 2024) to calculate specific indices that 
represent different facets of functional diversity (e.g., functional 
richness, evenness, divergence, and originality). These func-
tional indices can be related to environmental and geographical 
variables through statistical models or contrasted with null ex-
pectations in simulations to assess ecosystem stability and vul-
nerability to human-mediated and ecological drivers of change 
(Mouillot et al. 2014; Waechter et al. 2022). High functional di-
versity is often linked to greater ecosystem resilience, as it pro-
motes functional complementarity and enhances the capacity of 
a given assemblage to maintain ecological functions under envi-
ronmental disturbances (Mouillot et al. 2014; Nash et al. 2016). 
For instance, coral assemblages composed of species with di-
verse growth forms and light-harvesting morphologies, as well 
as fish assemblages encompassing a wide array of herbivores, 
detritivores, and predators, collectively contribute to essential 
processes such as nutrient cycling, bioerosion, and algal over-
growth control, which enhance ecosystem resilience (Bellwood 
et al. 2004; Darling et al. 2012; Richardson et al. 2018). Building 

on the concept of functional diversity, functional redundancy 
highlights how multiple species within a community can per-
form similar ecological roles (Rosenfeld  2002; Loreau  2004). 
This redundancy contributes to both ecological resistance and 
resilience by ensuring that key functions persist even when 
particular species decline or go extinct (Elmqvist et  al.  2003; 
Nyström  2006). When several species share overlapping func-
tional traits, they can compensate for one another, reducing the 
risk of functional loss under environmental disturbance caus-
ing species losses. This buffering effect is clearly illustrated in 
Caribbean coral reefs, where parrotfishes and sea urchins both 
fulfill the role of herbivores, removing algae and maintaining 
open substrate, essential processes for coral recruitment and 
reef accretion (Mumby et  al.  2007; Burkepile and Hay  2008; 
Bonaldo et  al.  2014). In such systems, high redundancy mini-
mizes the likelihood of functional collapse following species 
loss, thereby helping prevent shifts to degraded ecological states 
(Walker 1992; Hoey and Bellwood 2009). However, evaluating 
the role of functional redundancy in Symbiodiniaceae is cur-
rently constrained by the limited availability of data on the func-
tional traits of individual taxa. For instance, it remains unclear 
whether the strength of the coral–algal mutualism and host 
performance are preserved when locally extinct symbionts are 
replaced by more generalist taxa.

3   |   The Case for Symbiodiniaceae Trait Databases

Trait databases represent the compilation and standardization 
of individual- and species-level measurements of traits (i.e., 
attributes) relevant to organismal performance and function 
(Violle et al. 2007). These databases cover many species or lin-
eages (Leiva et  al.  2025), and functional ecology studies can 
be conducted across taxa and ecosystems (Pinsky et  al.  2022; 
Luza et  al.  2023). By querying these databases, “functional 
framework” or “trait-based” approaches can be implemented 
(e.g., Petchey and Gaston  2006; Villéger et  al. 2008; Mouillot 
et  al.  2013; Green et  al.  2022) to determine community-level 
descriptors of functional diversity, such as functional richness, 
evenness, redundancy, and turnover (Mason et al. 2005; Halpern 
and Floeter  2008; Rodriguez et  al.  2016). Such trait-based ap-
proaches have proven effective for linking species traits to eco-
system function and resilience, thus enabling predictions of how 
shifts in community composition may influence key processes 
(Douglas et  al.  2017; Gladstone-Gallagher et  al.  2019; Martini 
et al. 2021; Carturan et al. 2022; Green et al. 2022).

Trait databases and trait-based functional models have become 
central tools in modern ecology for understanding how organ-
isms interact with their environment and how communities 
respond to environmental change. Functional traits are mor-
phological, physiological, biochemical, or behavioral character-
istics that define how organisms acquire and utilize resources, 

FIGURE 2    |    Timeline with milestones illustrating the progression of scientific knowledge on Symbiodiniaceae, from the initial description to 
recent conceptual and molecular advances. The production of functional trait databases and functional diversity models is still lacking. Information 
taken from Cienkowski  (1871), Hovasse  (1937), Kawaguti  (1944), Muscatine and Hand  (1958), Freudenthal  (1962), Loeblich and Sherley  (1979), 
Glynn (1983), Rowan and Powers (1991), Fensome et al. (1993), Buddemeier and Fautin (1993), Lesser (1997), Baker (2001), LaJeunesse (2001), Finney 
et al. (2010), Huertas et al. (2011), Shoguchi et al. (2013), LaJeunesse et al. (2018), and Garrido et al. (2021).
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withstand environmental stressors, grow, reproduce, and ulti-
mately affect ecosystem functioning (McGill et al. 2006; Violle 
et al. 2007; Díaz et al. 2016; Kearney et al. 2021; Alfaro-Lucas 
et al. 2024). Specifically, functional traits describe how organ-
isms respond to environmental conditions—such as variation in 
photosynthetic efficiency along light gradients—and how they 
influence their environment and interact with other organisms, 
for example, through host specificity in symbiotic relation-
ships, ultimately affecting host productivity (McGill et al. 2006; 
Cadotte et al. 2015; Dawson et al. 2021).

Functional trait databases have been developed recently for 
reef fish, corals, and macroalgae. These databases compile in-
formation on species functional traits and integrate data from 
multiple studies and geographic regions, enabling comprehen-
sive global and regional data-mining analyses. The “Traits of 
Fish” (TOFF) database (Lecocq et al. 2019), for example, is an 
online resource accessible via R scripts that encompasses dozens 
of fish functional traits, such as maximum length, age at ma-
turity, and body shape. Additional fish functional trait datasets 
are available in the Supporting Information of published articles 
(e.g., Parravicini et al. 2021; Quimbayo et al. 2021). For corals, 
the “Coral Traits” database (Madin et al. 2016) compiles infor-
mation on 172 traits for more than 5000 species, encompassing 
traits such as growth form, corallite width, depth range, and 
even associated Symbiodiniaceae genera (“clades”). Primary 
producers, such as macroalgae, also have dedicated databases, 
such as “Algae Traits,” which compiles data on traits including 
lifespan, dispersion mode, gametophyte arrangement, and cyto-
morphology for European seaweeds (Vranken et al. 2023). For 
Symbiodiniaceae, however, functional trait databases remain 
entirely absent.

4   |   Defining a Map of Meaningful Functional 
Traits for Symbiodiniaceae

Differences among Symbiodiniaceae species manifest in a range 
of physiological traits, including photosynthetic performance, 
thermal tolerance, oxidative stress response, and nutrient utili-
zation, all of which influence the stability and resilience of the 
coral–algal symbiosis under a changing environment (Robison 
and Warner 2006; Suggett et al. 2008; Howells et al. 2012; Loures 
et al. 2026). As a result, the presence of a specific symbiont lin-
eage within a host can confer an adaptive advantage, enhancing 
the capacity of the holobiont to withstand and recover from dis-
turbances (Stat and Gates 2011; Cunning et al. 2015).

Members of the family Symbiodiniaceae exhibit a wide range of 
functional responses to environmental conditions, most notably 
with respect to thermal tolerance; such variation is both inter- 
and intra-specific. For example, Symbiodinium microadriaticum 
withstands high temperatures by maintaining antioxidant de-
fenses and photochemical stability under heat stress, whereas 
S. tridacnidorum is thermally sensitive and S. necroappetens is 
heat-tolerant or -sensitive depending on the clonal strain under 
consideration (Díaz-Almeyda et al. 2017; Swain et al. 2017; Mies 
et  al.  2018, 2025). Additionally, some symbiodiniaceans are 
adapted to high irradiance in shallow waters (e.g., C. infistulum; 
Gonzalez-Pech et  al. 2024), while others are adapted to low-
light conditions found in turbid or mesophotic locations (e.g., 

multiple lineages within Cladocopium and the C3 radiation) 
(LaJeunesse 2005; Chan et al. 2009; Bongaerts et al. 2011; Rouzé 
et al. 2021). Therefore, the diversity of environmental conditions 
likely shaped the functional differentiation and ecological spe-
cialization observed among Symbiodiniaceae lineages.

Symbiodiniaceae also display distinct ecological strategies when 
interacting with hosts. Some are specialists and exhibit strong 
host specificity, such as Cladocopium pacificum (restricted to 
pocilloporid coral hosts; Turnham et al. 2021), Breviolum den-
drogyrum (restricted to the Caribbean pillar coral Dendrogyra 
cylindrus; Lewis et al. 2019), and Gerakladium endoclionum (re-
stricted to sponges in the family Clionaidae; Ramsby et al. 2017). 
Others, however, are generalists and form symbioses with mul-
tiple host species, sometimes across different phyla (e.g., C. 
proliferum and C. vulgare; Butler et  al.  2023). Moreover, some 
symbiodiniaceans are highly effective mutualistic partners, 
translocating substantial amounts of organic carbon to their 
hosts, whereas others contribute little (Loram et al. 2007; Stat 
et al. 2008; Leal et al. 2015). In fact, some are parasitic oppor-
tunists, such as S. necroappetens, which monopolizes diseased 
coral tissue (Lesser et  al.  2013; LaJeunesse et  al.  2015; Villela 
et al. 2025). Finally, some species, such as Effrenium voratum, 
do not form stable symbioses, and are functionally free-living 
symbiodiniaceans. These examples illustrate just a fraction 
of the remarkable diversity in functional adaptations and re-
sponses within Symbiodiniaceae.

5   |   A Proposed Set of 19 Ecologically Relevant 
Symbiodiniaceae Functional Traits

A well-defined functional trait should (i) capture a biologically 
relevant dimension of organismal performance, (ii) be quanti-
fiable through standardized and replicable methods, and (iii) 
demonstrate a causal link to an ecological function such as nu-
trient exchange, stress tolerance, or symbiotic stability (McGill 
et al. 2006; Violle et al. 2007). Based on these principles, we pro-
pose a set of 19 functional traits (Table 1, Figure 3) encompassing 
eight broad functional categories that are ecologically meaning-
ful and operationally measurable to support the establishment 
of functional trait databases and models for Symbiodiniaceae. 
Many of these traits draw on well-established, routinely applied 
metrics in coral reef studies, while others remain comparatively 
underrepresented in the literature.

5.1   |   Photosynthesis

The main ecological process driven by Symbiodiniaceae is pho-
tosynthesis, which supports primary productivity in reef envi-
ronments. We propose the adoption of two commonly measured 
functional traits related to the photosynthetic process: (i) chlo-
rophyll-a (chla) content, a photosynthetic pigment, which serves 
as a proxy for microalgae biomass and is also a key indicator of 
ecological disturbances (Kalaji et al. 2017; Xu et al. 2025); and (ii) 
the maximum quantum yield of Photosystem II (Fv/Fm), used 
to quantify the efficiency of light energy conversion during pho-
tosynthesis, which serves as a critical diagnostic measurement 
of symbiont health and can be readily measured with a portable 
fluorometer (Kangasjärvi et al. 2014; Amario et al. 2023).
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5.2   |   Photoprotection

Photoprotection refers to any process that reduces damage from 
ultraviolet radiation (which is key in shallow and well-lit reef envi-
ronments). We propose two photoprotection traits: (i) chlorophyll 
a/c2 and chlorophyll/carotens ratios, which indicate the relative 
abundance of light-harvesting pigments and are associated with 
photoacclimation strategies, since these pigments absorb light in 
a different form (Oakley et al. 2022; Martins et al. 2023); and (ii) 
mycosporine-like amino acid concentrations, which are photopro-
tective compounds that absorb ultraviolet radiation and mitigate 
oxidative stress through reactive oxygen species (ROS) scavenging, 
thereby reducing cellular damage and enhancing symbiont stress 
tolerance under high irradiance conditions (Banaszak et al. 2006; 
Rosic and Dove 2011; Rosic 2012).

5.3   |   Cellular Growth

We propose one functional trait pertaining to physiological 
growth: (i) individual cell size (diameter or longest axis), which in-
fluences metabolic processes and nutrient uptake in the symbiont 
and can enable flexible mechanisms in a changing environment 
(Kemp et al. 2020; Fung and Bergmann 2023). From individual 
cell size, other relevant metrics may be derived, such as volume.

5.4   |   Population Growth

We propose one functional trait for population growth: (i) max-
imum specific growth rate under controlled conditions, esti-
mated in  vitro across an ecologically relevant thermal range. 
This trait reflects the intrinsic proliferative capacity of a given 
Symbiodiniaceae lineage and serves as a comparative proxy 
for colonization potential and ecological performance (Klueter 
et  al.  2017; Cui et  al.  2022). However, specific growth rate is 
limited to lineages that can be cultured in vitro (in culture con-
ditions) and does not account for in hospite (within the host) 
dynamics.

5.5   |   Energy Reserves and Composition

Energy reserves in Symbiodiniaceae can buffer short-term 
fluctuations in photosynthesis and serve as a major source 
of translocated carbon to the coral host, directly influenc-
ing coral growth, reproduction, and calcification (Wang 
et al. 2015; Cunning et al. 2017). We propose three traits for 
this function: (i) organic carbon storage capacity, essential for 
maintaining energy balance under stress and closely linked 
to symbiont resilience and carbon retention capacity (Ros 
et al. 2020); (ii) polyunsaturated fatty acids (PUFA) content, 
which support membrane fluidity, thermal stress, and oxi-
dative stress tolerance, functioning as vital components of 
energy storage, growth, reproduction, and symbiotic signal-
ing (Imbs et al. 2014; Botana et al. 2022); and (iii) elemental 
composition (i.e., ecological stoichiometry, addressed through 
“elementome” assessments—see Camp et  al.  2025), which 
characterizes the balance of cellular elemental ratios includ-
ing key macronutrients such as carbon, nitrogen, phosphorus, 
and calcium as well as a suite of micronutrients and trace T
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metals (e.g., iron, manganese, strontium, zinc, and copper). 
This serves as an integrative measure of nutrient acquisition, 
metabolic allocation, as well as trade-offs between environ-
mental nutrient availability and energy storage (Meunier 
et al. 2017; Luza et al. 2023).

5.6   |   Symbiotic Relationship

In a functional photosymbiosis, both partners regulate nutri-
ent and carbon exchange in ways that promote mutual benefit 
and ensure stability. We propose three relevant traits: (i) carbon 
translocation (in hospite), to quantify the amount of photosyn-
thates transferred from the symbiont to the host (Tremblay 
et al. 2014; Ros et al. 2021; Ianniello et al. 2025); (ii) host specific-
ity, a species trait, which indicates the degree of specialization, 

which is important because generalist symbiont lineages may 
offer resilience by colonizing multiple hosts, while specialists 
often show tighter metabolic integration with their limited hosts 
(Berkelmans and Van Oppen 2006; Thornhill et al. 2009); this 
trait can be defined by the number of host species a symbiont 
lineage associates with; and (iii) predominant lifestyle (symbi-
otic or free-living), to address whether a given Symbiodiniaceae 
lineage has been recorded as the dominant mutualistic partner 
within a host or seems to exist primarily in a free-living state 
(Mohamed et al. 2020; Fujise et al. 2021; Li et al. 2024).

5.7   |   Nitrogen Assimilation

Nitrogen assimilation is a key regulator of Symbiodiniaceae 
growth and metabolism because it is required for the synthesis 

FIGURE 3    |    Conceptual diagram of the 19 functional traits proposed in this study for Symbiodiniaceae, grouped into nine core functions that to-
gether describe major dimensions of physiology, ecological performance, and symbiotic behavior: Photosynthesis, photoprotection, cellular growth, 
population growth, energy reserve and composition, symbiosis, nitrogen assimilation, ecological plasticity, and thermal tolerance. These functions 
are not independent but are mechanistically and ecologically interconnected (see dashed outside boxes), illustrating a network of feedbacks and de-
pendencies among functions and reflecting the integrated nature of Symbiodiniaceae phenotypes across free-living and symbiotic contexts.
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of proteins, nucleic acids, and photosynthetic machinery (Davy 
et al. 2012; Kopp et al. 2013; Xiang et al. 2020). In coral–algal 
symbioses, nitrogen availability strongly influences carbon allo-
cation (Baker et al. 2013; Wong et al. 2021; McIlroy et al. 2022), 
with limitation often promoting carbon translocation to the host 
(Morris et al. 2019; Rädecker et al. 2021). Conversely, nitrogen 
enrichment can destabilize this balance by increasing symbi-
ont proliferation and reducing host energy supply (Rädecker 
et  al.  2021). Nitrogen status also modulates photosynthetic 
performance and stress tolerance, linking nutrient dynamics 
directly to bleaching susceptibility (Baker et al. 2013; Nitschke 
et  al. 2022). As a result, nitrogen assimilation functions as a 
central control point in the regulation and stability of the coral 
holobiont. We propose one functional trait within the nitrogen 
assimilation function, which is (i) nitrogen acquisition and ad-
aptation to changing concentrations (recorded as Vmax, Km, and/
or Cmin—only measurable in  vitro), which measures the abil-
ity of Symbiodiniaceae to modulate physiology in response to 
changing nitrogen levels, influencing growth and photosynthe-
sis (Lesser 1996; Morris et al. 2019).

5.8   |   Ecological Plasticity

We propose the following four traits, which relate to how 
Symbiodiniaceae respond to environmental conditions. They 
are (i) bathymetric amplitude (the depth range over which the 
lineage has been observed), which reflects exposure to differ-
ent light regimes, indicating tolerance to light variation across 
depth gradients (Bongaerts et  al.  2015; Camp et  al.  2020); (ii) 
turbidity adaptation, which allows for Symbiodiniaceae survival 
in marginal reef environments by enabling efficient photosyn-
thesis under low-light conditions, thereby also supporting coral 
persistence where light is limited (Millán-Márquez et al. 2024; 
Toullec et al. 2024); lineages may be considered as clear-water 
specialists if found in areas with Kd490 (a proxy for turbidity 
and underwater light attenuation) value of ≤ 0.1 m−1, while 
turbidity-adapted species occur under higher Kd490 conditions 
(Shi and Wang 2010); and (iii) geographic range, an indicator of 
ecological success across widespread environments (Pontasch 
et al. 2014; Sturm et al. 2022).

5.9   |   Thermal Tolerance

We propose three traits related to thermal tolerance given the 
importance of this functional trait in the context of the cli-
mate crisis: (i) maximum specific growth rate under thermal 
stress (in vitro), because growth performance at elevated tem-
peratures serves as a good proxy for physiological tolerance to 
heat (Chakravarti and van Oppen  2018; Zweifler et  al.  2024); 
(ii) heat-induced photobleaching (in hospite), which reflects 
the susceptibility of Symbiodiniaceae to thermal stress, where 
lineages that preserve photosystem function can mitigate 
bleaching (Maruyama et  al.  2022; Wang et  al.  2023); and (iii) 
production of ROS (in vitro), a direct measure of oxidative stress 
in the algal cell (Amario et al. 2023). Standardized assessments 
are especially important in the case for these traits (Grottoli 
et al. 2021). While exposure to temperatures 3°C above the local 
maximum monthly mean may be ecologically relevant under 
projected climate change scenarios (IPCC  2021), the use of 

thermal performance curves would provide a more comprehen-
sive characterization of thermal tolerance (Dilernia et al. 2023; 
Scharfenstein et  al.  2024). Alternatively, thermal stress could 
be standardized using anomaly accumulation metrics such 
as Experimental Degree Heating Weeks (eDHW), or shorter-
duration variants including Degree Heating Days (DHD) and 
Degree Heating Hours (DHH) (Leggat et  al.  2022; Voolstra 
et al. 2025), thereby facilitating comparisons across studies and 
species.

The proposed set of 19 functional traits offers an integrative 
framework for beginning to understand the ecological roles and 
adaptive capacities of Symbiodiniaceae. These traits span a wide 
range of biological functions, from core metabolic processes to 
ecological plasticity, and are selected for their measurability and 
direct relevance to symbiont performance under environmental 
stressors. Together, these traits form a coherent and operation-
ally measurable suite for trait-based ecology in Symbiodiniaceae, 
supporting the development of more accurate and predictive 
models of coral-symbiont dynamics under global environmental 
change. Rather than representing isolated functions, the nine 
trait categories should be viewed as interacting components of 
an integrated physiological network that collectively determines 
Symbiodiniaceae performance and ecological success.

Importantly, these 19 traits have already been measured for 
several Symbiodiniaceae lineages and corresponding data is 
available. Using the Symbiodinium microadriaticum species as 
a study case, multiple of these traits have been assessed: chlo-
rophyll-a (~3.0 pg chl-a cell−1—Hennige et al. 2009), photosyn-
thetic efficiency (Fv/Fm of 0.5—Oakley et  al.  2023), cell size 
(up to ~13 μm—Lee et al. 2015), maximum specific growth rate 
(0.34 μm day−1—McLenon and DiTullio  2012), host specific-
ity (it is a generalist species—Mies et al. 2020), lifestyle (it can 
be found both free-living and in symbiosis—LaJeunesse 2001; 
Takabayashi et  al.  2012), bathymetric amplitude (0–20 m—
Ziegler et al. 2015), carbon translocation (78% of photosynthet-
ically fixed carbon was transferred to host Stylophora pistillata 
after 48 h—Tremblay et  al.  2012), growth rate under thermal 
stress (−2.2 to 1.7 μm day−1 under a ramp up to +8°C—Arossa 
et al. 2026), and ROS production under thermal stress (12.5 flu-
orescence units of probe per cell volume for overall ROS at +9°C 
for 4 h—Wietheger et al. 2018).

It is important to emphasize that functional traits in 
Symbiodiniaceae are inherently context-dependent. The expres-
sion and ecological relevance of a given trait may vary across 
environmental gradients, host identity, life-history stage, and 
whether the organism is studied in hospite or in vitro (Suggett 
et  al.  2017; Rädecker et  al.  2021; Oakley and Davy  2018; 
Aichelman et al. 2024). Although presented individually for clar-
ity and standardization, many traits are physiologically inter-
connected and should not be viewed as independent dimensions 
of performance. For example, photosynthetic efficiency, pigment 
composition, photoprotective compounds, and reactive oxygen 
species production are linked through mechanisms regulating 
light harvesting and photodamage. Such trait covariance is com-
mon in functional ecology (Walker et al. 2017) and can be useful 
as it often reveals broader functional patterns. Future studies 
may therefore benefit from multivariate approaches that identify 
major axes of functional variation and trait relationships.
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The next step for guiding future trait-based research is to com-
pile global-scale data on these 19 traits for Symbiodiniaceae 
lineages and integrate them into a unified database. Given the 
context dependence, a future trait database should systemat-
ically include ecological and experimental metadata (e.g., life 
stage, host association, and culture conditions) to ensure correct 
interpretation and comparability of trait values, as well as taxo-
nomic identifiers where available.

6   |   Challenges for Assessing Symbiodiniaceae 
Functional Traits

Developing functional frameworks is particularly challenging 
due to the unique biological characteristics of Symbiodiniaceae, 
particularly while engaged in endosymbiosis. Unlike corals or 
fishes, these dinoflagellates pose inherent difficulties to con-
ventional trait-based approaches, which are typically tailored 
to macroscopic organisms with readily observable morpholog-
ical or behavioral traits. Symbiodiniaceae exhibit limited mor-
phological variability, especially when inside the host, with 
most lineages appearing identical under optical microscopy, 
thereby limiting the utility of cell morphology for ecological 
inference (Suggett et al. 2017; LaJeunesse et al. 2018). Instead, 
their functional identity and ecological roles are primarily de-
fined by physiological and biochemical attributes, including 
thermal tolerance, nutrient uptake, and oxidative stress re-
sponses. For example, distinct lineages may vary markedly in 
their production of ROS, growth rates, pigment profiles, lipid 
and metabolite composition, as well as mortality under envi-
ronmental stressors, such as heat or light exposure (Tchernov 
et  al.  2004; Parkinson and Baums  2014; Goyen et  al.  2017; 
Botana et  al.  2022; Amario et  al.  2023). These traits, while 
functionally meaningful, often require specialized analytical 
methods for measurement.

Assessing Symbiodiniaceae functional traits can be approached 
in hospite, ex hospite (free-living in the environment), or 
in vitro, with each method offering distinct strengths and lim-
itations. In  vitro assays provide greater experimental control 
and enable the isolation of symbiont-specific responses with-
out host interference, thereby enabling precise measurements 
of photosynthetic performance, ROS production, and cell divi-
sion under controlled conditions (Goyen et al. 2017). However, 
such artificial settings do not accurately capture the complex 
physiological interactions between host and symbiont that in-
fluence holobiont performance in  situ. Furthermore, it is im-
portant to keep in mind that these in vitro responses are related 
to the culture conditions (type of medium, pH, and irradiance) 
and by the growth phase assessed. Moreover, nutrient-replete 
media are not representative of the nutrient-limited conditions 
most Symbiodiniaceae experience within host cells (Maruyama 
and Weis  2021; Herrera et  al.  2021). Therefore, in hospite as-
sessments may provide a more ecologically relevant context, 
preserving the metabolic coupling, signaling, and feedback 
mechanisms that occur within the holobiont (Fitt et  al.  2001; 
Tchernov et  al.  2004). Yet, this ecological realism comes with 
trade-offs, where host-mediated effects on nutrient availability, 
immune modulation, and cellular homeostasis can obscure the 
attribution of specific traits to the symbiont alone (Weis 2008; 
Davy et al. 2012; Parkinson et al. 2016; Aichelman et al. 2024).

Another key challenge lies in the isolation and maintenance of 
Symbiodiniaceae strains under laboratory conditions, which is 
essential for in vitro experimentation, but often proves difficult 
due to the specific physicochemical requirements of different 
symbiodiniaceans (Krueger and Gates 2012; Fujise et al. 2018; 
Rodriguez and Ho  2018; Romero et  al.  2022). In hospite mea-
surements present additional challenges, as they demand careful 
sampling techniques that preserve the integrity of the host–sym-
biont association. These technical barriers are compounded by 
persistent gaps in the understanding of Symbiodiniaceae di-
versity. Although recent phylogenomic efforts have uncovered 
extensive diversity, the functional implications of this molec-
ular variation remain largely uncharacterized (LaJeunesse 
et al. 2018; Quigley et al. 2019; Dougan et al. 2022). As a result, 
field-based trait research on Symbiodiniaceae remains rela-
tively scarce compared to that of reef fishes and scleractinian 
corals, which benefit from more accessible morphofunctional 
frameworks and a longer history of ecological trait assessment 
(Mouillot et al. 2014; McWilliam et al. 2018).

An additional challenge is the substantial phenotypic varia-
tion that may occur among strains, genotypes, or ITS2 lineages 
belonging to the same Symbiodiniaceae species. Traits can 
vary considerably among closely related isolates, sometimes 
approaching or exceeding differences observed among spe-
cies (Hawkins et  al.  2016; Díaz-Almeyda et  al.  2017; Hoadley 
et al. 2021). This variability is most readily quantified in vitro, 
where clonal cultures can be maintained under controlled con-
ditions and host effects minimized. Rather than treating such 
variation as a source of noise, future trait databases should pre-
serve measurements at the finest possible taxonomic resolution 
and record associated environmental and methodological meta-
data. Trait values can then be aggregated hierarchically across 
strains, species, and genera depending on the ecological ques-
tion and level of taxonomic confidence. Such an approach would 
allow the framework to explicitly incorporate intraspecific vari-
ation while maintaining compatibility with broader functional 
analyses. Within this context, an important intermediate step 
toward the development of a comprehensive Symbiodiniaceae 
functional trait database will be the systematic synthesis of 
existing trait information scattered throughout the scientific 
literature. Such efforts will also need to evaluate the extent of 
taxonomic coverage, compare measurements obtained in hos-
pite and in vitro, identify methodological inconsistencies among 
studies, and quantify the availability of data across different 
functional categories. However, the reliability of any large-scale 
synthesis will depend on robust taxonomic curation, as histor-
ical inconsistencies in lineage designation complicate the attri-
bution of trait values to specific Symbiodiniaceae taxa.

To ensure meaningful comparisons across studies and lin-
eages, functional trait assessments in Symbiodiniaceae must 
be conducted using standardized methods and clearly defined 
protocols. Each trait should ideally be linked to a specific, re-
producible measurement, obtained with calibrated instruments 
that quantify physiological performance under controlled condi-
tions (Suggett et al. 2015; Oakley and Davy 2018). Furthermore, 
trait measurements should be performed under environmental 
conditions that closely resemble those experienced by the organ-
ism in its natural habitat, particularly regarding light and tem-
perature, to minimize confounding stress effects and restrict the 
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phenotypic range to the inherent functional potential of the or-
ganism rather than stress responses (Warner et al. 1996; Goyen 
et al. 2017). However, when assessing traits related to stressors, 
experimental conditions must replicate the stressor itself (and 
potentially interactions with other stressors) to elicit meaningful 
functional responses. Recent technological advances now offer 
new avenues to quantify functional diversity more precisely, 
especially through high-resolution molecular tools. Genomic, 
transcriptomic, proteomic, metabolomic, and lipidomic plat-
forms enable detailed characterization of symbiont function 
and plasticity across environmental gradients, often reveal-
ing cryptic but ecologically significant trait variation (Aranda 
et al. 2016; González-Pech et al. 2021; Botana et al. 2022, 2025; 
Roach et al. 2025; Timmins-Schiffman et al. 2025). Overcoming 
these challenges in Symbiodiniaceae functional ecology will 
ultimately require the creation of a centralized, accessible, and 
ecologically meaningful trait database. Ideally, a comprehensive 
trait repository would include parallel in hospite and in  vitro 
trait records for each lineage where possible.

7   |   Perspective and Future Directions

Advancing Symbiodiniaceae research will require a coordinated 
framework that integrates foundational taxonomy with trait-
based ecological approaches (Figure 4). A first critical and chal-
lenging step is to resolve the persistent taxonomic uncertainty 
surrounding much of Symbiodiniaceae diversity, as numerous 
lineages remain undescribed or unassigned to formal species, 
thereby constraining efforts to associate ecological functions 
with specific symbiont identities (Davies et al. 2023). A refined 
and comprehensive taxonomic baseline, including the formal 
description of new species and the systematic classification of 
lineages, is essential. In parallel, fundamental research must pri-
oritize the generation of trait data for both ecologically abundant 
and rare Symbiodiniaceae lineages. Such effort requires both 
laboratory-based experimentation and in situ fieldwork to cap-
ture trait expression across natural and controlled environments. 
Data generated from these efforts should contribute to the cre-
ation of a centralized, open-access functional trait database for 
Symbiodiniaceae, designed after established platforms for reef 
corals and fishes. Moreover, the expansion of trait-based mod-
eling across broader spatial scales will enable the quantification 

of key ecological parameters, such as functional diversity, re-
dundancy, and vulnerability. This will facilitate systematic 
comparisons across reef regions and environmental gradients. 
Ultimately, such a framework will enhance decision-making in 
coral reef conservation by offering insights into ecosystem vul-
nerability or resilience, anchored not only in coral responses but 
also in those of their primary symbiotic partners. As biological 
indicators of thermal stress tolerance, Symbiodiniaceae provide 
a critical yet underutilized perspective for forecasting the stabil-
ity and future of coral reef ecosystems. Given their central role 
in coral health and their response to temperature fluctuations, 
it is fundamental that future models incorporate functional ap-
proaches to Symbiodiniaceae to better understand and predict 
reef resilience under climate change.
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FIGURE 4    |    Conceptual roadmap for advancing trait-based research in Symbiodiniaceae. The framework illustrates a sequential process that be-
gins with the proposition of ecologically relevant baseline traits (see Section 4), followed by the acquisition of functional data under both laboratory 
and field conditions. These datasets should then be compiled into a standardized and unified database that integrates taxonomic, physiological, and 
ecological information across lineages. The final step involves the development of functional models capable of quantifying functional diversity and 
redundancy. In parallel with continuous progress in resolving taxonomic uncertainties, this roadmap provides a foundation for identifying vulner-
able or functionally irreplaceable assemblages, thereby improving early prediction of ecosystem decline, refining conservation prioritization, and 
informing decision-makers and stakeholders. The estimated time to complete each step is provided.

 20457758, 2026, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.74237, W

iley O
nline L

ibrary on [01/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



12 of 18 Ecology and Evolution, 2026

Data Availability Statement

The authors have nothing to report.

References

Adams, M. S., B. Demmig-Adams, R. Li, D. Zarate, and J. Li. 2020. 
“Coral Reef Productivity and Diversity—Contributions From Enhanced 
Photosynthesis via Demand for Carbohydrate From the Host.” Marine 
Ecology 41, no. 6: 12618.

Aichelman, H. E., A. K. Huzar, D. M. Wuitchik, et al. 2024. “Symbiosis 
Modulates Gene Expression of Symbionts, but Not Coral Hosts, Under 
Thermal Challenge.” Molecular Ecology 33: e17318.

Alfaro-Lucas, J. M., A. S. Chapman, V. Tunnicliffe, and A. E. Bates. 
2024. “High Functional Vulnerability Across the World's Deep-
Sea Hydrothermal Vent Communities.” Proceedings of the National 
Academy of Sciences of the USA 121, no. 45: e2403899121.

Amario, M., L. B. Villela, D. Jardim-Messeder, et al. 2023. “Physiological 
Response of Symbiodiniaceae to Thermal Stress: Reactive Oxygen Species, 
Photosynthesis, and Relative Cell Size.” PLoS One 18, no. 8: e0284717.

Aranda, M., Y. Li, Y. J. Liew, et al. 2016. “Genomes of Coral Dinoflagellate 
Symbionts Highlight Evolutionary Adaptations Conducive to a 
Symbiotic Lifestyle.” Scientific Reports 6: 39734.

Arossa, S., S. G. Klein, J. V. Alva Garcia, et  al. 2026. “Differential 
Responses to Heat Stress Between Freshly Isolated and Long-Term 
Cultured Symbiodinium.” Microorganisms 14, no. 2: 455.

Baker, A. C. 2001. “Reef Corals Bleach to Survive Change.” Nature 411, 
no. 6839: 765–766.

Baker, A. C. 2003. “Flexibility and Specificity in Coral–Algal Symbiosis: 
Diversity, Ecology, and Biogeography of Symbiodinium.” Annual 
Review of Ecology, Evolution, and Systematics 34: 661–689.

Baker, A. C., C. J. Starger, T. R. McClanahan, and P. W. Glynn. 2004. 
“Corals' Adaptive Response to Climate Change.” Nature 430: 741.

Baker, D. M., J. P. Andras, A. G. Jordán-Garza, and M. L. Fogel. 2013. 
“Nitrate Competition in a Coral Symbiosis Varies With Temperature 
Among Symbiodinium Clades.” ISME Journal 7: 1248–1251.

Banaszak, A. T., M. G. B. Santos, T. C. LaJeunesse, and M. P. Lesser. 
2006. “The Distribution of Mycosporine-Like Amino Acids (MAAs) 
and the Phylogenetic Identity of Symbiotic Dinoflagellates in 
Cnidarian Hosts From the Mexican Caribbean.” Marine Biology 337: 
131–146.

Bellwood, D. R., T. P. Hughes, C. Folke, and M. Nyström. 2004. 
“Confronting the Coral Reef Crisis.” Nature 429: 827–833.

Berkelmans, R., and M. J. H. Van Oppen. 2006. “The Role of 
Zooxanthellae in the Thermal Tolerance of Corals: A “Nugget of Hope” 
for Coral Reefs in an Era of Climate Change.” Proceedings of the Royal 
Society B: Biological Sciences 273: 2305–2312.

Bonaldo, R. M., A. S. Hoey, and D. R. Bellwood. 2014. “The Ecosystem 
Roles of Parrotfishes on Tropical Reefs.” Annual Review of Marine 
Science 6: 81–101.

Bongaerts, P., M. Carmichael, K. B. Hay, L. Tonk, P. R. Frade, and O. 
Hoegh-Guldberg. 2015. “Prevalent Endosymbiont Zonation Shapes the 
Depth Distributions of Scleractinian Coral Species.” Royal Society Open 
Science 2: 140297.

Bongaerts, P., E. M. Sampayo, T. C. L. Bridge, et  al. 2011. 
“Symbiodinium Diversity in Mesophotic Coral Communities on the 
Great Barrier Reef: A First Assessment.” Marine Ecology Progress 
Series 439: 117–126.

Botana, M. T., A. B. Chaves-Filho, A. Inague, et  al. 2022. “Thermal 
Plasticity of Coral Reef Symbionts Is Linked to Major Alterations 
in Their Lipidome Composition.” Limnology and Oceanography 67: 
1456–1469.

Botana, M. T., R. E. Lewis, A. Quaranta, O. Salamin, J. Revol-
Cavalier, and C. A. Oakley. 2025. “Octadecanoids as Emerging Lipid 
Mediators in Cnidarian-Dinoflagellate Symbiosis.” Communications 
Biology 8: 1519.

Buddemeier, R. W., and D. G. Fautin. 1993. “Coral Bleaching as an 
Adaptive Mechanism.” Bioscience 43: 320–326.

Burkepile, D. E., and M. E. Hay. 2008. “Herbivore Species Richness and 
Feeding Complementarity Affect Community Structure and Function 
on a Coral Reef.” Proceedings of the National Academy of Sciences of the 
United States of America 105, no. 42: 16201–16206.

Butler, C. C., K. E. Turnham, A. M. Lewis, et  al. 2023. “Formal 
Recognition of Host-Generalist Species of Dinoflagellate (Cladocopium, 
Symbiodiniaceae) Mutualistic With Indo-Pacific Reef Corals.” Journal 
of Phycology 59: 698–711.

Cadotte, M. W., C. A. Arnillas, S. W. Livingstone, and S. L. E. Yasui. 
2015. “Predicting Communities From Functional Traits.” Trends in 
Ecology & Evolution 30: 510–511.

Camp, E. F., D. Clases, D. Bishop, et  al. 2025. “Coral Elementomes 
Diverge for Colonies Persisting in Vegetative Lagoons Versus Reef 
Environments.” Science of the Total Environment 979: 179455.

Camp, E. F., T. Kahlke, M. R. Nitschke, et al. 2020. “Revealing Changes 
in the Microbiome of Symbiodiniaceae Under Thermal Stress.” 
Environmental Microbiology 22: 1294–1309.

Cardini, U., V. N. Bednarz, M. S. Naumann, et  al. 2015. “Functional 
Significance of Dinitrogen Fixation in Sustaining Coral Productivity 
Under Oligotrophic Conditions.” Proceedings of the Royal Society B: 
Biological Sciences 282: 20152257.

Carmona, C. P., N. Pavanetto, and G. Puglielli. 2024. “funspace: An R 
Package to Build, Analyse and Plot Functional Trait Spaces.” Diversity 
and Distributions 30, no. 4: e13820.

Carturan, B. S., L. Parrott, and J. Pither. 2022. “Functional Richness 
and Resilience in Coral Reef Communities.” Frontiers in Ecology and 
Evolution 10: 780406.

Chakravarti, L. J., and M. J. H. van Oppen. 2018. “Experimental 
Evolution in Coral Photosymbionts as a Tool to Increase Thermal 
Tolerance.” Frontiers in Marine Science 5: 227.

Chan, Y. L., X. Pochon, M. A. Fisher, et  al. 2009. “Generalist 
Dinoflagellate Endosymbionts and Host Genotype Diversity Detected 
From Mesophotic (67–100 m Depths) Coral Leptoseris.” BMC Ecology 
9: 21.

Cienkowski, L. 1871. “On the Production of Spores in the Radiolaria.” 
Archiv für Mikroskopische Anatomie 7: 396–403.

Cohen, I., Z. Dubinsky, and J. Erez. 2016. “Light-Enhanced Calcification 
in Hermatypic Corals: New Insights From Light Spectral Responses.” 
Frontiers in Marine Science 2: 122.

Crossland, C. J., B. G. Hatcher, and S. V. Smith. 1991. “Role of Coral 
Reefs in Global Ocean Production.” Coral Reefs 10: 55–64.

Cui, G., Y. J. Liew, M. K. Konciute, et  al. 2022. “Nutritional Control 
Regulates Symbiont Proliferation and Life History in Coral–
Dinoflagellate Symbiosis.” BMC Biology 20: 103.

Cunning, R., E. B. Muller, R. D. Gates, and R. M. Nisbet. 2017. “A 
Dynamic Bioenergetic Model for Coral–Symbiodinium Symbioses and 
Coral Bleaching as an Alternate Stable State.” Journal of Theoretical 
Biology 431: 49–62.

Cunning, R., R. N. Silverstein, and A. C. Baker. 2015. “Investigating 
the Causes and Consequences of Symbiont Shuffling in a Multi-Partner 
Reef Coral Symbiosis Under Environmental Change.” Proceedings of the 
Royal Society B: Biological Sciences 282: 20141725.

Darling, E. S., L. Alvarez-Filip, T. A. Oliver, T. R. McClanahan, and I. 
M. Côté. 2012. “Evaluating Life-History Strategies of Reef Corals From 
Species Traits.” Ecology Letters 15, no. 12: 1378–1386.

 20457758, 2026, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.74237, W

iley O
nline L

ibrary on [01/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



13 of 18Ecology and Evolution, 2026

Davies, S. W., M. H. Gamache, L. I. Howe-Kerr, et  al. 2023. 
“Building Consensus Around the Assessment and Interpretation of 
Symbiodiniaceae Diversity.” PeerJ 11: e15023.

Davy, S. K., D. Allemand, and V. M. Weis. 2012. “Cell Biology of 
Cnidarian–Dinoflagellate Symbiosis.” Microbiology and Molecular 
Biology Reviews 76: 229–261.

Dawson, S. K., C. P. Carmona, M. González-Suárez, M. Jönsson, 
F. Chichorro, and M. Mallen-Cooper. 2021. “The Traits of “Trait 
Ecologists”: An Analysis of the Use of Trait and Functional Trait 
Terminology.” Ecology and Evolution 11: 16434–16445.

Destri, G., A. Z. Güth, A. L. Luza, et  al. 2025. “The Thermal Stress 
History of South Atlantic Reefs Reveals Increasing Intensity, Duration, 
Frequency, and Likely Undocumented Bleaching Episodes.” Global 
Change Biology 31: e70162.

Díaz, S., J. Kattge, J. H. C. Cornelissen, et al. 2016. “The Global Spectrum 
of Plant Form and Function.” Nature 529: 167–171.

Díaz-Almeyda, E. M., C. Prada, A. H. Ohdera, et al. 2017. “Intraspecific 
and Interspecific Variation in Thermotolerance and Photoacclimation 
in Symbiodinium Dinoflagellates.” Proceedings of the Royal Society B: 
Biological Sciences 284: 20171767.

Dilernia, N. J., E. F. Camp, N. Bartels, and D. J. Suggett. 2023. 
“Contrasting the Thermal Performance of Cultured Coral Endosymbiont 
Photo-Physiology.” Journal of Experimental Marine Biology and Ecology 
561: 151865.

Dougan, K. E., R. A. González-Pech, T. G. Stephens, et  al. 2022. 
“Genome-Powered Classification of Microbial Eukaryotes: Focus on 
Coral Algal Symbionts.” Trends in Microbiology 30: 831–840.

Douglas, E. J., C. A. Pilditch, C. Kraan, L. A. Schipper, A. M. Lohrer, 
and S. F. Thrush. 2017. “Macrofaunal Functional Diversity Provides 
Resilience to Nutrient Enrichment in Coastal Sediments.” Ecosystems 
20: 1324–1336.

Dubé, C. E., B. C. Hume, E. Boissin, et  al. 2023. “Algal Symbioses 
With Fire Corals Demonstrate Host Genotype Specificity and Niche 
Adaptation at Subspecies Resolution.” bioRxiv, 2023.04.05.535744.

Eakin, C. M., S. F. Heron, S. R. Connolly, et  al. 2026. “Severe and 
Widespread Coral Reef Damage During the 2014–2017 Global Coral 
Bleaching Event.” Nature Communications 17, no. 1: 1318.

Eddy, T. D., V. W. L. Lam, G. Reygondeau, et al. 2021. “Global Decline 
in Capacity of Coral Reefs to Provide Ecosystem Services.” One Earth 
4: 1278–1285.

Elmqvist, T., C. Folke, M. Nyström, et  al. 2003. “Response Diversity, 
Ecosystem Change, and Resilience.” Frontiers in Ecology and the 
Environment 1: 488–494.

Fabina, N. S., H. M. Putnam, E. C. Franklin, M. Stat, and R. D. Gates. 
2013. “Symbiotic Specificity, Association Patterns, and Function 
Determine Community Responses to Global Changes: Defining Critical 
Research Areas for Coral–Symbiodinium Symbioses.” Global Change 
Biology 19: 3306–3316.

Fensome, R. A., F. J. R. Taylor, G. Norris, W. A. S. Sarjeant, D. I. 
Wharton, and G. L. Williams. 1993. “A Classification of Living and 
Fossil Dinoflagellates.” Micropaleontology Special Publication 7: 
1–351.

Ferrier-Pagès, C., C. Godinot, C. D'Angelo, J. Wiedenmann, and R. 
Grover. 2016. “Phosphorus Metabolism of Reef Organisms With Algal 
Symbionts.” Ecological Monographs 86: 262–277.

Fiesinger, A., R. Alderdice, L. Colin, et  al. 2025. “Symbiodiniaceae 
Shifts Over the Last Decade on the Hottest Coral Reefs on Earth.” Coral 
Reefs 44: 2049–2064.

Finney, J. C., D. T. Pettay, E. M. Sampayo, M. E. Warner, H. A. Oxenford, 
and T. C. LaJeunesse. 2010. “The Relative Significance of Host–Habitat, 
Depth, and Geography on the Ecology, Endemism, and Speciation of 

Coral Endosymbionts in the Genus Symbiodinium.” Microbial Ecology 
60: 250–263.

Fitt, W. K., B. E. Brown, M. E. Warner, and R. P. Dunne. 2001. “Coral 
Bleaching: Interpretation of Thermal Tolerance Limits and Thermal 
Thresholds in Tropical Corals.” Coral Reefs 20: 51–65.

Freudenthal, H. D. 1962. “Symbiodinium gen. nov. and Symbiodinium 
microadriaticum sp. nov., a Zooxanthella: Taxonomy, Life Cycle, and 
Morphology.” Journal of Protozoology 9: 45–52.

Fujise, L., M. R. Nitschke, J. C. Frommlet, et  al. 2018. “Cell 
Cycle Dynamics of Cultured Coral Endosymbiotic Microalgae 
(Symbiodinium) Across Different Types (Species) Under Alternate 
Light and Temperature Conditions.” Journal of Eukaryotic Microbiology 
65: 505–517.

Fujise, L., D. J. Suggett, M. Stat, et al. 2021. “Unlocking the Phylogenetic 
Diversity, Primary Habitats, and Abundances of Free-Living 
Symbiodiniaceae on a Coral Reef.” Molecular Ecology 30: 343–360.

Fung, H. F., and D. C. Bergmann. 2023. “Function Follows Form: How 
Cell Size Is Harnessed for Developmental Decisions.” European Journal 
of Cell Biology 102: 151312.

Galli, G., and C. Solidoro. 2018. “ATP Supply May Contribute to Light-
Enhanced Calcification in Corals More Than Abiotic Mechanisms.” 
Frontiers in Marine Science 5: 68.

Garrido, A. G., L. F. Machado, C. Zilberberg, and D. C. Leite. 2021. 
“Insights Into the Symbiodiniaceae Phycosphere in a Coral Holobiont.” 
Symbiosis 83: 25–39.

Gattuso, J. P., D. Allemand, and M. Frankignoulle. 1999. “Photosynthesis 
and Calcification at Cellular, Organismal and Community Levels 
in Coral Reefs: A Review on Interactions and Control by Carbonate 
Chemistry.” Integrative and Comparative Biology 39: 160–183.

Gladstone-Gallagher, R. V., C. A. Pilditch, F. Stephenson, and S. F. 
Thrush. 2019. “Linking Traits Across Ecological Scales Determines 
Functional Resilience.” Trends in Ecology & Evolution 34: 1080–1091.

Glynn, P. W. 1983. “Extensive Bleaching and Death of Reef Corals on 
the Pacific Coast of Panama.” Environmental Conservation 10: 149–154.

Glynn, P. W. 1996. “Coral Reef Bleaching: Facts, Hypotheses and 
Implications.” Global Change Biology 2: 495–509.

González-Pech, R. A., J. Shepherd, Z. L. Fuller, T. C. LaJeunesse, and 
J. E. Parkinson. 2024. “The Genome of a Giant Clam Zooxanthella 
(Cladocopium infistulum) Offers Few Clues to Adaptation as an 
Extracellular Symbiont With High Thermotolerance.” BMC Genomics 
25, no. 1: 914.

González-Pech, R. A., T. G. Stephens, Y. Chen, et al. 2021. “Comparison of 
15 Dinoflagellate Genomes Reveals Extensive Sequence and Structural 
Divergence in Family Symbiodiniaceae and Genus Symbiodinium.” 
BMC Biology 19: 1.

Goyen, S., M. Pernice, M. Szabó, M. E. Warner, P. J. Ralph, and D. J. 
Suggett. 2017. “A Molecular Physiology Basis for Functional Diversity 
of Hydrogen Peroxide Production Amongst Symbiodinium spp. 
(Dinophyceae).” Marine Biology 164: 46.

Green, S. J., C. B. Brookson, N. A. Hardy, and L. B. Crowder. 2022. 
“Trait-Based Approaches to Global Change Ecology: Moving From 
Description to Prediction.” Proceedings of the Royal Society B: Biological 
Sciences 289: 20220071.

Grottoli, A. G., L. J. Rodrigues, and J. E. Palardy. 2006. “Heterotrophic 
Plasticity and Resilience in Bleached Corals.” Nature 440: 1186–1189.

Grottoli, A. G., R. J. Toonen, R. van Woesik, et  al. 2021. “Increasing 
Comparability Among Coral Bleaching Experiments.” Ecological 
Applications 31: e02262.

Halpern, B. S., and S. R. Floeter. 2008. “Functional Diversity Responses 
to Changing Species Richness in Reef Fish Communities.” Marine 
Ecology Progress Series 364: 147–156.

 20457758, 2026, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.74237, W

iley O
nline L

ibrary on [01/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



14 of 18 Ecology and Evolution, 2026

Hawkins, T. D., J. C. G. Hagemeyer, and M. E. Warner. 2016. 
“Temperature Moderates the Infectiousness of Two Conspecific 
Symbiodinium Strains Isolated From the Same Host Population.” 
Environmental Microbiology 18: 5204–5217.

Hennige, S. J., D. J. Suggett, M. E. Warner, K. E. McDougall, and D. 
J. Smith. 2009. “Photobiology of Symbiodinium Revisited: Bio-Physical 
and Bio-Optical Signatures.” Coral Reefs 28, no. 1: 179–195.

Herrera, M., Y. J. Lieu, A. Venn, et  al. 2021. “New Insights From 
Transcriptomic Data Reveal Differential Effects of CO2 Acidification 
Stress on Photosynthesis of an Endosymbiotic Dinoflagellate in 
Hospite.” Frontiers in Microbiology 12: 666510.

Hoadley, K. D., D. T. Pettay, A. Lewis, et al. 2021. “Different Functional 
Traits Among Closely Related Algal Symbionts Dictate Stress 
Endurance for Vital Indo-Pacific Reef-Building Corals.” Global Change 
Biology 27: 5295–5309.

Hoegh-Guldberg, O., W. Skirving, S. G. Dove, et al. 2023. “Coral Reefs in 
Peril in a Record-Breaking Year.” Science 382: 1238–1240.

Hoey, A. S., and D. R. Bellwood. 2009. “Limited Functional Redundancy 
in a High Diversity System: Single Species Dominates Key Ecological 
Process on Coral Reefs.” Ecosystems 12, no. 8: 1316–1328.

Hovasse, R. 1937. “Les Zooxanthelles Sont des Dinoflagellés.” Comptes 
Rendus Hebdomadaires des Séances de l'Académie des Sciences 205: 
1015–1018.

Howells, E. J., V. H. Beltran, N. W. Larsen, L. K. Bay, B. L. Willis, and 
M. J. H. Van Oppen. 2012. “Coral Thermal Tolerance Shaped by Local 
Adaptation of Photosymbionts.” Nature Climate Change 2: 116–120.

Huertas, I. E., M. Rouco, V. López-Rodas, and E. Costas. 2011. 
“Warming Will Affect Phytoplankton Differently: Evidence Through a 
Mechanistic Approach.” Proceedings of the Royal Society B: Biological 
Sciences 278: 3534–3543.

Hughes, T. P., K. D. Anderson, S. R. Connolly, et al. 2018. “Spatial and 
Temporal Patterns of Mass Bleaching of Corals in the Anthropocene.” 
Science 359: 80–83.

Hume, B. C. C., E. G. Smith, M. Ziegler, et al. 2019. “SymPortal: A Novel 
Analytical Framework and Platform for Coral Algal Symbiont Next-
Generation Sequencing ITS2 Profiling.” Molecular Ecology Resources 
19: 1063–1080.

Ianniello, C. F., J. S. McAlister, C. Ferrier-Pagès, and R. D. Rotjan. 2025. 
“A Review of the Current Knowledge of the Flow of Carbon and Energy 
in Scleractinian Corals.” Coral Reefs 44: 1–43.

Imbs, A. B., I. M. Yakovleva, T. N. Dautova, L. H. Bui, and P. Jones. 
2014. “Diversity of Fatty Acid Composition of Symbiotic Dinoflagellates 
in Corals: Evidence for the Transfer of Host PUFAs to the Symbionts.” 
Phytochemistry 101: 76–82.

IPCC. 2021. “Climate Change 2021: The Physical Science Basis.” In 
Contribution of Working Group I to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change, edited by V. Masson-
Delmotte, P. Zhai, A. Pirani, et al., 2391. Cambridge University Press.

Kalaji, H. M., G. Schansker, M. Brestic, et al. 2017. “Frequently Asked 
Questions About Chlorophyll Fluorescence, the Sequel.” Photosynthesis 
Research 132: 13–66.

Kangasjärvi, S., M. Tikkanen, G. Durian, and E. M. Aro. 2014. 
“Photosynthetic Light Reactions—An Adjustable Hub in Basic 
Production and Plant Immunity Signaling.” Plant Physiology and 
Biochemistry 81: 128–134.

Kawaguti, S. 1944. “On the Physiology of Reef Corals. VII. Zooxanthellae 
of the Reef Corals Is Gymnodinium sp., Dinoflagellata; Its Culture 
In Vitro.” Palao Tropical Biological Station Studies 2: 675–679.

Kearney, M. R., M. Jusup, M. A. McGeoch, S. A. L. M. Kooijman, and S. 
L. Chown. 2021. “Where Do Functional Traits Come From? The Role of 
Theory and Models.” Functional Ecology 35: 1385–1396.

Kemp, D. W., S. C. Kempf, and W. K. Fitt. 2020. “The Weight of It All: 
Symbiotic Dinoflagellates in Caribbean Reef-Building Corals.” Marine 
Biology 167: 121.

Klueter, A., J. Trapani, F. I. Archer, S. E. McIlroy, and M. A. Coffroth. 
2017. “Comparative Growth Rates of Cultured Marine Dinoflagellates 
in the Genus Symbiodinium and the Effects of Temperature and Light.” 
PLoS One 12: e0187707.

Kopp, C., M. Pernice, I. Domart-Coulon, et al. 2013. “Highly Dynamic 
Cellular-Level Response of Symbiotic Coral to a Sudden Increase in 
Environmental Nitrogen.” MBio 4: e00052-13.

Krueger, T., and R. D. Gates. 2012. “Cultivating Endosymbionts—Host 
Environmental Mimics Support the Survival of Symbiodinium C15 
ex Hospite.” Journal of Experimental Marine Biology and Ecology 413: 
169–176.

LaJeunesse, T. C. 2001. “Investigating the Biodiversity, Ecology, 
and Phylogeny of Endosymbiotic Dinoflagellates in the Genus 
Symbiodinium Using the ITS Region: In Search of a “Species” Level 
Marker.” Journal of Phycology 37: 866–880.

LaJeunesse, T. C. 2005. ““Species” Radiations of Symbiotic 
Dinoflagellates in the Atlantic and Indo-Pacific Since the Miocene–
Pliocene Transition.” Molecular Biology and Evolution 22: 570–581.

LaJeunesse, T. C., S. Y. Lee, D. L. Gil-Agudelo, N. Knowlton, and H. J. 
Jeong. 2015. “Symbiodinium Necroappetens sp. nov. (Dinophyceae): 
An Opportunist “Zooxanthella” Found in Bleached and Diseased 
Tissues of Caribbean Reef Corals.” European Journal of Phycology 50: 
223–238.

LaJeunesse, T. C., J. E. Parkinson, P. W. Gabrielson, et  al. 2018. 
“Systematic Revision of Symbiodiniaceae Highlights the Antiquity 
and Diversity of Coral Endosymbionts.” Current Biology 28: 
2570–2580.

LaJeunesse, T. C., J. Wiedenmann, P. Casado-Amezúa, et  al. 2022. 
“Revival of Philozoon Geddes for Host-Specialized Dinoflagellates 
(“Zooxanthellae”) in Animals From Coastal Temperate Zones.” 
European Journal of Phycology 57: 166–180.

Lamanna, C., B. Blonder, C. Violle, et al. 2014. “Functional Trait Space 
and the Latitudinal Diversity Gradient.” Proceedings of the National 
Academy of Sciences of the United States of America 111, no. 38: 
13745–13750.

Leal, M. C., K. Hoadley, D. T. Pettay, A. Grajales, R. Calado, and M. E. 
Warner. 2015. “Symbiont Type Influences Trophic Plasticity of a Model 
Cnidarian–Dinoflagellate Symbiosis.” Journal of Experimental Biology 
218: 858–863.

Lecocq, T., A. Benard, A. Pasquet, et  al. 2019. “TOFF, a Database of 
Traits of Fish to Promote Advances in Fish Aquaculture.” Scientific 
Data 6: 301.

Lee, S. Y., H. J. Jeong, N. S. Kang, T. Y. Jang, S. H. Jang, and T. C. Lajeunesse. 
2015. “Symbiodinium tridacnidorum sp. nov., a Dinoflagellate Common 
to Indo-Pacific Giant Clams, and a Revised Morphological Description 
of Symbiodinium microadriaticum Freudenthal, Emended Trench & 
Blank.” European Journal of Phycology 50, no. 2: 155–172.

Leggat, W., S. F. Heron, A. Fordyce, D. J. Suggett, and T. D. Ainsworth. 
2022. “Experiment Degree Heating Week (eDHW) as a Novel Metric 
to Reconcile and Validate Past and Future Global Coral Bleaching 
Studies.” Journal of Environmental Management 301: 113919.

Leiva, F. P., J. Ellers, M. P. Berg, et  al. 2025. “ShareTrait: Towards 
Interoperable and Reusable Individual Trait-Based Data in Ectotherms.” 
Functional Ecology 39: 3124–3138.

Lesser, M. P. 1996. “Elevated Temperatures and Ultraviolet Radiation 
Cause Oxidative Stress and Inhibit Photosynthesis in Symbiotic 
Dinoflagellates.” Limnology and Oceanography 41: 271–283.

Lesser, M. P. 1997. “Oxidative Stress Causes Coral Bleaching During 
Exposure to Elevated Temperatures.” Coral Reefs 16: 187–192.

 20457758, 2026, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.74237, W

iley O
nline L

ibrary on [01/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



15 of 18Ecology and Evolution, 2026

Lesser, M. P., M. Stat, and R. D. Gates. 2013. “The Endosymbiotic 
Dinoflagellates (Symbiodinium sp.) of Corals Are Parasites and 
Mutualists.” Coral Reefs 32: 603–611.

Lewis, A. M., A. N. Chan, and T. C. LaJeunesse. 2019. “New Species 
of Closely Related Endosymbiotic Dinoflagellates in the Greater 
Caribbean Have Niches Corresponding to Host Coral Phylogeny.” 
Journal of Eukaryotic Microbiology 66: 469–482.

Li, M., H. X. Sheng, M. Dai, and S. J. Kao. 2023. “Understanding 
Nitrogen Dynamics in Coral Holobionts: Comprehensive Review of 
Processes, Advancements, Gaps, and Future Directions.” Frontiers in 
Marine Science 10: 1203399.

Li, R., Y. Deng, L. Shang, et al. 2024. “Evidence for the Production of 
Asexual Resting Cysts in a Free-Living Species of Symbiodiniaceae 
(Dinophyceae).” Harmful Algae 137: 102658.

Loeblich, A. R., and J. L. Sherley. 1979. “Observations on the Theca of 
the Motile Phase of Free-Living and Symbiotic Isolates of Zooxanthella 
Microadriatica.” Journal of the Marine Biological Association of the 
United Kingdom 59: 195–205.

Loram, J. E., H. G. Trapido-Rosenthal, and A. E. Douglas. 2007. 
“Functional Significance of Genetically Different Symbiotic Algae 
Symbiodinium in a Coral Reef Symbiosis.” Molecular Ecology 16: 
4849–4857.

Loreau, M. 2004. “Does Functional Redundancy Exist?” Oikos 104: 
606–611.

Loures, A., N. Rädecker, C. R. Voolstra, et  al. 2026. “The Larva-
Symbiodiniacee Association at Risk: Putative Impacts of Climate 
Change on Reproduction, Dispersal, and Recruitment in Coral Reefs.” 
Coral Reefs 45: 1015–1037.

Luza, A. L., D. R. Barneche, C. A. M. M. Cordeiro, et al. 2023. “Going 
Across Taxa in Functional Ecology: Review and Perspectives of an 
Emerging Field.” Functional Ecology 37: 3091–3110.

Madin, J. S., K. D. Anderson, M. H. Andreasen, et al. 2016. “The Coral 
Trait Database, a Curated Database of Trait Information for Coral 
Species From the Global Oceans.” Scientific Data 3: 160017.

Martini, S., F. Larras, A. Boyé, et  al. 2021. “Functional Trait-Based 
Approaches as a Common Framework for Aquatic Ecologists.” 
Limnology and Oceanography 66: 965–994.

Martins, T., A. N. Barros, E. Rosa, and L. Antunes. 2023. “Enhancing 
Health Benefits Through Chlorophylls and Chlorophyll-Rich Agro-
Food: A Comprehensive Review.” Molecules 28: 5344.

Maruyama, S., J. R. Unsworth, V. Sawiccy, Students of Oregon State 
University's Z362 Spring 2021, and V. M. Weis. 2022. “Algae From 
Aiptasia Egesta Are Robust Representations of Symbiodiniaceae in the 
Free-Living State.” PeerJ 10: e13796.

Maruyama, S., and V. M. Weis. 2021. “Limitations of Using Cultured 
Algae to Study Cnidarian-Algal Symbioses and Suggestions for Future 
Studies.” Journal of Phycology 57: 30–38.

Mason, N. W. H., D. Mouillot, W. G. Lee, and J. B. Wilson. 2005. 
“Functional Richness, Functional Evenness and Functional Divergence: 
The Primary Components of Functional Diversity.” Oikos 111: 112–118.

McGill, B. J., B. J. Enquist, E. Weiher, and M. Westoby. 2006. “Rebuilding 
Community Ecology From Functional Traits.” Trends in Ecology & 
Evolution 21: 178–185.

McIlroy, S. E., C. P. TerHorst, M. Teece, and M. A. Coffroth. 2022. 
“Nutrient Dynamics in Coral Symbiosis Depend on Both the Relative 
and Absolute Abundance of Symbiodiniaceae Species.” Microbiome 10: 
192.

McLenon, A. L., and G. R. DiTullio. 2012. “Effects of Increased 
Temperature on Dimethylsulfoniopropionate (DMSP) Concentration 
and Methionine Synthase Activity in Symbiodinium microadriaticum.” 
Biogeochemistry 110, no. 1: 17–29.

McWilliam, M., M. O. Hoogenboom, A. H. Baird, C. Y. Kuo, J. S. 
Madin, and T. P. Hughes. 2018. “Biogeographical Disparity in the 
Functional Diversity and Redundancy of Corals.” Proceedings of the 
National Academy of Sciences of the United States of America 115: 
3084–3089.

Meunier, C. L., M. Boersma, R. El-Sabaawi, et al. 2017. “From Elements 
to Function: Toward Unifying Ecological Stoichiometry and Trait-
Based Ecology.” Frontiers in Environmental Science 5: 18.

Mies, M., R. B. Francini-Filho, C. Zilberberg, et al. 2020. “South Atlantic 
Coral Reefs Are Major Global Warming Refugia and Less Susceptible to 
Bleaching.” Frontiers in Marine Science 7: 514.

Mies, M., A. G. Garrido, C. Zilberberg, et  al. 2025. “Anatomical 
Complexity Allows for Heat-Stressed Giant Clams to Undergo 
Symbiont Shuffling at Both Organism and Organ Levels.” Marine 
Biology 172: 4.

Mies, M., A. Z. Güth, C. B. Castro, et  al. 2018. “Bleaching in Reef 
Invertebrate Larvae Associated With Symbiodinium Strains Within 
Clades A–F.” Marine Biology 165: 6.

Millán-Márquez, A. M., D. A. Velasco-Montoya, T. I. Terraneo, 
F. Benzoni, C. Bocanegra-Castaño, and F. A. Zapata. 2024. 
“Symbiodiniaceae Diversity in Pocillopora Corals in Different 
Environments of the Colombian Eastern Pacific: Symbiont Specificity 
in Spite of Coral-Host Flexibility.” Coral Reefs. https://​doi.​org/​10.​1007/​
s00338-​024-​02552-​2.

Mohamed, A. R., N. Andrade, A. Moya, et  al. 2020. “Dual RNA-
Sequencing Analyses of a Coral and Its Native Symbiont During the 
Establishment of Symbiosis.” Molecular Ecology 29: 3921–3937.

Morris, L. L., C. R. Voolstra, K. M. Quigley, D. G. Bourne, and L. K. 
Bay. 2019. “Nutrient Availability and Metabolism Affect the Stability of 
Coral–Symbiodiniaceae Symbioses.” Trends in Microbiology 27, no. 8: 
678–689.

Mouillot, D., N. A. J. Graham, S. Villéger, N. W. H. Mason, and D. 
R. Bellwood. 2013. “A Functional Approach Reveals Community 
Responses to Disturbances.” Trends in Ecology & Evolution 28, no. 3: 
167–177.

Mouillot, D., S. Villéger, V. Parravicini, et al. 2014. “Functional Over-
Redundancy and High Functional Vulnerability in Global Fish Faunas 
on Tropical Reefs.” Proceedings of the National Academy of Sciences of 
the United States of America 111: 13757–13762.

Mumby, P. J., A. Hastings, and H. J. Edwards. 2007. “Thresholds and the 
Resilience of Caribbean Coral Reefs.” Nature 450: 98–101.

Muscatine, L., and C. Hand. 1958. “Direct Evidence for the Transfer 
of Materials From Symbiotic Algae to the Tissues of a Coelenterate.” 
Proceedings of the National Academy of Sciences of the United States of 
America 44: 1259–1263.

Muscatine, L., L. R. McCloskey, and R. E. Marian. 1981. “Estimating 
the Daily Contribution of Carbon From Zooxanthellae to Coral Animal 
Respiration.” Limnology and Oceanography 26: 601–611.

Nash, K. L., N. A. J. Graham, S. Jennings, S. K. Wilson, and D. R. 
Bellwood. 2016. “Herbivore Cross-Scale Redundancy Supports 
Response Diversity and Promotes Coral Reef Resilience.” Journal of 
Applied Ecology 53, no. 3: 646–655.

Nitschke, M. R., S. C. Craveiro, C. Brandão, et  al. 2020. “Description 
of Freudenthalidium gen. nov. and Halluxium gen. nov. to Formally 
Recognize Clades Fr3 and H as Genera in the Family Symbiodiniaceae.” 
Journal of Phycology 56: 923–940.

Nitschke, M. R., S. L. Rosset, C. A. Oakley, et al. 2022. “The Diversity 
and Ecology of Symbiodiniaceae: A Traits-Based Review.” Advances in 
Marine Biology 92: 55–127.

Nyström, M. 2006. “Redundancy and Response Diversity of Functional 
Groups: Implications for the Resilience of Coral Reefs.” Ambio 35, no. 
1: 30–35.

 20457758, 2026, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.74237, W

iley O
nline L

ibrary on [01/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s00338-024-02552-2
https://doi.org/10.1007/s00338-024-02552-2


16 of 18 Ecology and Evolution, 2026

Oakley, C. A., and S. K. Davy. 2018. “Cell Biology of Coral Bleaching.” In 
Coral Bleaching. Ecological Studies, 189–211. Springer.

Oakley, C. A., G. I. Newson, L. Peng, and S. K. Davy. 2023. “The 
Symbiodinium Proteome Response to Thermal and Nutrient Stresses.” 
Plant and Cell Physiology 64, no. 4: 433–447.

Oakley, C. A., S. Pontasch, P. L. Fisher, et  al. 2022. “Thylakoid Fatty 
Acid Composition and Response to Short-Term Cold and Heat Stress in 
High-Latitude Symbiodiniaceae.” Coral Reefs 41: 343–353.

Oliver, E. C. J., M. G. Donat, M. T. Burrows, et al. 2018. “Longer and 
More Frequent Marine Heatwaves Over the Past Century.” Nature 
Communications 9: 1324.

Parkinson, J. E., S. Baumgarten, C. T. Michell, I. B. Baums, T. C. LaJeunesse, 
and C. R. Voolstra. 2016. “Gene Expression Variation Resolves Species and 
Individual Strains Among Coral-Associated Dinoflagellates Within the 
Genus Symbiodinium.” Genome Biology and Evolution 8: 665–680.

Parkinson, J. E., and I. B. Baums. 2014. “The Extended Phenotypes 
of Marine Symbioses: Ecological and Evolutionary Consequences of 
Intraspecific Genetic Diversity in Coral–Algal Associations.” Frontiers 
in Microbiology 5: 445.

Parkinson, J. E., R. S. Peixoto, and C. R. Voolstra. 2025. 
“Symbiodiniaceae.” In Coral Reef Microbiome, edited by R. S. Peixoto 
and C. R. Voolstra, 9–23. Springer.

Parravicini, V., M. G. Bender, S. Villéger, et al. 2021. “Coral Reef Fishes 
Reveal Strong Divergence in the Prevalence of Traits Along the Global 
Diversity Gradient.” Proceedings of the Royal Society B: Biological 
Sciences 288: 20211712.

Petchey, O. L., and K. J. Gaston. 2006. “Functional Diversity: Back to 
Basics and Looking Forward.” Ecology Letters 9: 741–758.

Pinsky, M. L., L. Comte, and D. F. Sax. 2022. “Unifying Climate Change 
Biology Across Realms and Taxa.” Trends in Ecology & Evolution 37: 
672–682.

Pochon, X., and T. C. LaJeunesse. 2021. “Miliolidium n. Gen., a New 
Symbiodiniacean Genus Whose Members Associate With Soritid 
Foraminifera or Are Free-Living.” Journal of Eukaryotic Microbiology 
68: e12856.

Pochon, X., H. M. Putnam, and R. D. Gates. 2014. “Multi-Gene Analysis 
of Symbiodinium Dinoflagellates: A Perspective on Rarity, Symbiosis, 
and Evolution.” PeerJ 2: e394.

Pontasch, S., A. Scott, R. Hill, T. Bridge, P. L. Fisher, and S. K. Davy. 
2014. “Symbiodinium Diversity in the Sea Anemone Entacmaea 
Quadricolor on the East Australian Coast.” Coral Reefs 33: 537–542.

Quigley, K. M., L. K. Bay, and M. J. H. van Oppen. 2019. “The Active 
Spread of Adaptive Variation for Reef Resilience.” Ecology and Evolution 
9: 11122–11135.

Quimbayo, J. P., F. C. Silva, T. C. Mendes, et  al. 2021. “Life-History 
Traits, Geographical Range, and Conservation Aspects of Reef Fishes 
From the Atlantic and Eastern Pacific.” Ecology 102: e03251.

Rädecker, N., S. Escrig, J. E. Spangenberg, C. R. Voolstra, and A. 
Meibom. 2023. “Coupled Carbon and Nitrogen Cycling Regulates the 
Cnidarian–Algal Symbiosis.” Nature Communications 14: 6948.

Rädecker, N., C. Pogoreutz, H. M. Gegner, et  al. 2021. “Heat Stress 
Destabilizes Symbiotic Nutrient Cycling in Corals.” Proceedings of 
the National Academy of Sciences of the United States of America 118: 
e2022653118.

Rädecker, N., C. Pogoreutz, C. R. Voolstra, J. Wiedenmann, and C. Wild. 
2015. “Nitrogen Cycling in Corals: The Key to Understanding Holobiont 
Functioning?” Trends in Microbiology 23: 490–497.

Ramsby, B. D., M. S. Hill, D. J. Thornhill, et al. 2017. “Sibling Species 
of Mutualistic Symbiodinium Clade G From Bioeroding Sponges in the 
Western Pacific and Western Atlantic Oceans.” Journal of Phycology 53: 
951–960.

Richardson, L. E., N. A. J. Graham, M. S. Pratchett, J. G. Eurich, and A. 
S. Hoey. 2018. “Mass Coral Bleaching Causes Biotic Homogenization 
of Reef Fish Assemblages.” Global Change Biology 24, no. 7: 3117–3129.

Roach, T. N., C. Drury, C. Caruso, et  al. 2025. “Intergenerational 
Metabolomic Signatures of Bleaching Resistance in Corals.” Nature 
Communications 16: 5971.

Robison, J. D., and M. E. Warner. 2006. “Differential Impacts of 
Photoacclimation and Thermal Stress on the Photobiology of Four 
Different Phylotypes of Symbiodinium (Pyrrhophyta).” Journal of 
Phycology 42: 568–579.

Rodriguez, I. B., and T. Y. Ho. 2018. “Trace Metal Requirements and 
Interactions in Symbiodinium kawagutii.” Frontiers in Microbiology 9: 
142.

Rodriguez, S., A. P. Martin, I. Sousa-Pinto, and F. Arenas. 2016. 
“Biodiversity Effects on Macroalgal Productivity: Exploring the Roles of 
Richness, Evenness and Species Traits.” Marine Ecology Progress Series 
562: 79–91.

Romero, J. M., M. T. Botana, A. D. Elias, C. S. Nomura, F. Saldanha-
Corrêa, and B. P. Espósito. 2022. “Effect of Iron Speciation on Growth 
and Heat Resistance of Symbiodiniaceae.” Ocean and Coastal Research 
70: e22016.

Ros, M., E. F. Camp, D. J. Hughes, et al. 2020. “Unlocking the Black-Box 
of Inorganic Carbon-Uptake and Utilization Strategies Among Coral 
Endosymbionts (Symbiodiniaceae).” Limnology and Oceanography 65: 
1747–1763.

Ros, M., D. J. Suggett, J. Edmondson, et al. 2021. “Symbiont Shuffling 
Across Environmental Gradients Aligns With Changes in Carbon 
Uptake and Translocation in the Reef-Building Coral Pocillopora 
Acuta.” Coral Reefs 40: 595–607.

Rosenfeld, J. S. 2002. “Functional Redundancy in Ecology and 
Conservation.” Oikos 98: 156–162.

Röser, P., K. Glaser, D. Juchem, J. E. Parkinson, C. R. Voolstra, and 
U. Karsten. 2024. “Species-Specific Effects of Light and Temperature 
on Photosynthesis and Respiration Among Symbiodiniaceae 
(Dinophyceae).” Coral Reefs 43: 1–15.

Rosic, N. N. 2012. “Phylogenetic Analysis of Genes Involved 
in Mycosporine-Like Amino Acid Biosynthesis in Symbiotic 
Dinoflagellates.” Applied and Environmental Microbiology 78: 29–37.

Rosic, N. N., and S. Dove. 2011. “Mycosporine-Like Amino Acids From 
Coral Dinoflagellates.” Applied and Environmental Microbiology 77: 
8478–8486.

Roth, M. S. 2014. “The Engine of the Reef: Photobiology of the Coral–
Algal Symbiosis.” Frontiers in Microbiology 5: 422.

Rouzé, H., P. E. Galand, M. Medina, et al. 2021. “Symbiotic Associations 
of the Deepest Recorded Photosynthetic Scleractinian Coral (172 m 
Depth).” ISME Journal 15: 1564–1568.

Rowan, R., and D. A. Powers. 1991a. “A Molecular Genetic Classification 
of Zooxanthellae and the Evolution of Animal–Algal Symbioses.” 
Science 251: 1348–1351.

Rowan, R., and D. A. Powers. 1991b. “Molecular Genetic Identification 
of Symbiotic Dinoflagellates (Zooxanthellae).” Marine Ecology Progress 
Series 71: 65–73.

Sampayo, E. M., S. Dove, and T. C. Lajeunesse. 2009. “Cohesive Molecular 
Genetic Data Delineate Species Diversity in the Dinoflagellate Genus 
Symbiodinium.” Molecular Ecology 18: 500–519.

Sampayo, E. M., T. Ridgway, P. Bongaerts, and O. Hoegh-Guldberg. 2008. 
“Bleaching Susceptibility and Mortality of Corals Are Determined by 
Fine-Scale Differences in Symbiont Type.” Proceedings of the National 
Academy of Sciences of the United States of America 105: 10444–10449.

Scharfenstein, H. J., L. M. Peplow, C. Alvarez-Roa, et  al. 2024. 
“Pushing the Limits: Expanding the Temperature Tolerance of a Coral 

 20457758, 2026, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.74237, W

iley O
nline L

ibrary on [01/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



17 of 18Ecology and Evolution, 2026

Photosymbiont Through Differing Selection Regimes.” New Phytologist 
243: 2130–2145.

Shi, W., and M. Wang. 2010. “Characterization of Global Ocean 
Turbidity From Moderate Resolution Imaging Spectroradiometer 
Ocean Color Observations.” Journal of Geophysical Research: Oceans 
115: C11.

Shoguchi, E., C. Shinzato, T. Kawashima, et al. 2013. “Draft Assembly 
of the Symbiodinium minutum Nuclear Genome Reveals Dinoflagellate 
Gene Structure.” Current Biology 23: 1399–1408.

Skirving, W. J., S. F. Heron, B. L. Marsh, et al. 2019. “The Relentless 
March of Mass Coral Bleaching: A Global Perspective of Changing Heat 
Stress.” Coral Reefs 38: 547–557.

Stat, M., D. Carter, and O. Hoegh-Guldberg. 2006. “The Evolutionary 
History of Symbiodinium and Scleractinian Hosts—Symbiosis, 
Diversity, and the Effect of Climate Change.” Perspectives in Plant 
Ecology, Evolution and Systematics 8: 23–43.

Stat, M., and R. D. Gates. 2011. “Clade D Symbiodinium in Scleractinian 
Corals: A “Nugget” of Hope, a Selfish Opportunist, an Ominous Sign, or 
All of the Above?” Journal of Marine Biology 2011: 730715.

Stat, M., E. Morris, and R. D. Gates. 2008. “Functional Diversity in 
Coral–Dinoflagellate Symbiosis.” Proceedings of the National Academy 
of Sciences of the United States of America 105: 9256–9261.

Sturm, A. B., R. J. Eckert, A. M. Carreiro, N. Simões, and J. D. Voss. 
2022. “Depth-Dependent Genetic Structuring of a Depth-Generalist 
Coral and Its Symbiodiniaceae Algal Communities at Campeche Bank, 
Mexico.” Frontiers in Marine Science 9: 835789.

Suggett, D. J., S. Goyen, C. Evenhuis, et al. 2015. “Functional Diversity 
of Photobiological Traits Within the Genus Symbiodinium Appears To 
Be Governed by the Interaction of Cell Size With Cladal Designation.” 
New Phytologist 208: 370–381.

Suggett, D. J., M. E. Warner, and W. Leggat. 2017. “Symbiotic 
Dinoflagellate Functional Diversity Mediates Coral Survival Under 
Ecological Crisis.” Trends in Ecology & Evolution 32: 735–745.

Suggett, D. J., M. E. Warner, D. J. Smith, P. Davey, S. Hennige, and N. 
R. Baker. 2008. “Photosynthesis and Production of Hydrogen Peroxide 
by Symbiodinium (Pyrrhophyta) Phylotypes With Different Thermal 
Tolerances.” Journal of Phycology 44: 948–956.

Swain, T. D., J. Chandler, V. Backman, and L. A. Marcelino. 2017. 
“Consensus Thermotolerance Ranking for 110 Symbiodinium 
Phylotypes: An Exemplar Utilization of a Novel Iterative Partial-Rank 
Aggregation Tool.” Functional Ecology 31: 172–183.

Takabayashi, M., L. M. Adams, X. Pochon, and R. D. Gates. 2012. 
“Genetic Diversity of Free-Living Symbiodinium in Surface Water and 
Sediment of Hawai ‘i and Florida.” Coral Reefs 31, no. 1: 157–167.

Tanaka, Y., A. Suzuki, and K. Sakai. 2018. “The Stoichiometry of Coral-
Dinoflagellate Symbiosis: Carbon and Nitrogen Cycles Are Balanced 
in the Recycling and Double Translocation System.” ISME Journal 12: 
860–868.

Tchernov, D., M. Y. Gorbunov, C. de Vargas, et  al. 2004. “Membrane 
Lipids of Symbiotic Algae Are Diagnostic of Sensitivity to Thermal 
Bleaching in Corals.” Proceedings of the National Academy of Sciences of 
the United States of America 101: 13531–13535.

Thornhill, D. J., Y. Xiang, W. K. Fitt, and S. R. Santos. 2009. “Reef 
Endemism, Host Specificity and Temporal Stability in Populations of 
Symbiotic Dinoflagellates From Two Ecologically Dominant Caribbean 
Corals.” PLoS One 4: e6262.

Timmins-Schiffman, E. B., R. Khanna, T. Brown, et al. 2025. “Proteomic 
Plasticity in the Coral Montipora capitata Gamete Bundles After Parent 
Thermal Bleaching.” Journal of Proteome Research 24: 1317–1328.

Toullec, G., N. Rädecker, C. Pogoreutz, et  al. 2024. “Host Starvation 
and in Hospite Degradation of Algal Symbionts Shape the Heat Stress 

Response of the Cassiopea–Symbiodiniaceae Symbiosis.” Microbiome 
12: 42.

Tremblay, P., R. Grover, J. F. Maguer, M. Hoogenboom, and C. Ferrier-
Pagès. 2014. “Carbon Translocation From Symbiont to Host Depends 
on Irradiance and Food Availability in the Tropical Coral Stylophora 
pistillata.” Coral Reefs 33: 1–13.

Tremblay, P., R. Grover, J. F. Maguer, L. Legendre, and C. Ferrier-
Pagès. 2012. “Autotrophic Carbon Budget in Coral Tissue: A New 13C-
Based Model of Photosynthate Translocation.” Journal of Experimental 
Biology 215: 1384–1393.

Turnham, K. E., D. C. Wham, E. Sampayo, and T. C. LaJeunesse. 
2021. “Mutualistic Microalgae Co-Diversify With Reef Corals That 
Acquire Symbionts During Egg Development.” ISME Journal 15: 
3271–3285.

Van Nynatten, A., R. Cunning, K. L. Tietjen, and J. K. Baum. 2025. 
“Marine Heatwaves Transform Coral Symbioses With Enduring 
Effects.” Ecology Letters 28: e70263.

Venn, A. A., E. Tambutté, L. Crovetto, and S. Tambutté. 2025. “pH 
Regulation in Coral Photosymbiosis and Calcification: A Compartmental 
Perspective.” New Phytologist 247: 487–503.

Villéger, S., N. W. H. Mason, and D. Mouillot. 2008. “New 
Multidimensional Functional Diversity Indices for a Multifaceted 
Framework in Functional Ecology.” Ecology 89, no. 8: 2290–2301.

Villela, L. B., Y. R. A. Aiube, A. W. Silva-Lima, R. L. Moura, and P. 
S. Salomon. 2025. “Symbiodinium Necroappetens Outbreak and 
Persistence in Southwestern Atlantic Corals Following a Bleaching 
Event.” Coral Reefs 44: 1433–1438.

Violle, C., M. L. Navas, D. Vile, et al. 2007. “Let the Concept of Trait Be 
Functional!” Oikos 116: 882–892.

Vollmer, S. V., A. C. Baker, M. A. Coffroth, C. D. Harvell, and M. 
Medina. 2013. “Understanding the Coral Holobiont Through Science 
and Scuba.” Smithsonian Contributions to the Marine Sciences 39: 
173–186.

Voolstra, C. R., R. Alderdice, L. Colin, S. Staab, A. Apprill, and J. B. 
Raina. 2025. “Standardized Methods to Assess the Impacts of Thermal 
Stress on Coral Reef Marine Life.” Annual Review of Marine Science 17: 
193–226.

Vranken, S., M. Robuchon, S. Dekeyzer, et  al. 2023. “AlgaeTraits: A 
Trait Database for (European) Seaweeds.” Earth System Science Data 
15: 2711–2754.

Waechter, L. S., O. J. Luiz, F. Leprieur, and M. G. Bender. 2022. 
“Functional Biogeography of Marine Vertebrates in Atlantic Ocean 
Reefs.” Diversity and Distributions 28, no. 8: 1680–1693.

Walker, A. P., M. L. McCormack, J. Messier, I. H. Myers-Smith, and S. 
D. Wullschleger. 2017. “Trait Covariance: The Functional Warp of Plant 
Diversity?” New Phytologist 216: 976–980.

Walker, B. H. 1992. “Biodiversity and Ecological Redundancy.” 
Conservation Biology 6, no. 1: 18–23.

Wang, C., X. Zheng, H. Kvitt, et al. 2023. “Lineage-Specific Symbionts 
Mediate Differential Coral Responses to Thermal Stress.” Microbiome 
11: 197.

Wang, L. H., H. K. Chen, C. S. Jhu, J. O. Cheng, L. S. Fang, and C. S. 
Chen. 2015. “Different Strategies of Energy Storage in Cultured and 
Freshly Isolated Symbiodinium sp.” Journal of Phycology 51: 1127–1136.

Warner, M. E., W. K. Fitt, and G. W. Schmidt. 1996. “The Effects 
of Elevated Temperature on the Photosynthetic Efficiency of 
Zooxanthellae in Hospite From Four Different Species of Reef Coral: A 
Novel Approach.” Plant, Cell & Environment 19: 291–299.

Weis, V. M. 2008. “Cellular Mechanisms of Cnidarian Bleaching: Stress 
Causes the Collapse of Symbiosis.” Journal of Experimental Biology 211: 
3059–3066.

 20457758, 2026, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.74237, W

iley O
nline L

ibrary on [01/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



18 of 18 Ecology and Evolution, 2026

Wietheger, A., D. E. Starzak, K. S. Gould, and S. K. Davy. 2018. 
“Differential ROS Generation in Response to Stress in Symbiodinium 
spp.” Biological Bulletin 234, no. 1: 11–21.

Wong, J. C., S. Enríquez, and D. M. Baker. 2021. “Towards a Trait-Based 
Understanding of Symbiodiniaceae Nutrient Acquisition Strategies.” 
Coral Reefs 40: 625–639.

Woodhead, A. J., C. C. Hicks, A. V. Norström, G. J. Williams, and N. A. 
J. Graham. 2019. “Coral Reef Ecosystem Services in the Anthropocene.” 
Functional Ecology 33: 1023–1034.

Xiang, T., E. Lehnert, R. E. Jinkerson, et al. 2020. “Symbiont Population 
Control by Host-Symbiont Metabolic Interaction in Symbiodiniaceae-
Cnidarian Associations.” Nature Communications 11: 108.

Xu, Y., J. Liang, L. Qin, et al. 2025. “The Dynamics of Symbiodiniaceae 
and Photosynthetic Bacteria Under High-Temperature Conditions.” 
Microbial Ecology 87: 169.

Yorifuji, M., H. Yamashita, G. Suzuki, et al. 2021. “Unique Environmental 
Symbiodiniaceae Diversity at an Isolated Island in the Northwestern 
Pacific.” Molecular Phylogenetics and Evolution 161: 107158.

Ziegler, M., C. Roder, C. Büchel, and C. R. Voolstra. 2015. “Niche 
Acclimatization in Red Sea Corals Is Dependent on Flexibility of Host-
Symbiont Association.” Marine Ecology Progress Series 533: 149–161.

Zweifler, A., R. D. Evans, N. K. Browne, and L. Thomas. 2024. “Symbiont 
Community Dynamics in the Turbid Reef Specialist Turbinaria reni-
formis Along a Latitudinal and Environmental Gradient in Western 
Australia.” Coral Reefs 43: 1161–1171.

 20457758, 2026, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.74237, W

iley O
nline L

ibrary on [01/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Advancing Symbiodiniaceae Functional Ecology Through a Trait-Based Framework
	ABSTRACT
	1   |   Introduction: The Ecological Importance of Symbiodiniaceae
	2   |   The Current Knowledge of Symbiodiniaceae Taxonomic and Functional Diversity
	3   |   The Case for Symbiodiniaceae Trait Databases
	4   |   Defining a Map of Meaningful Functional Traits for Symbiodiniaceae
	5   |   A Proposed Set of 19 Ecologically Relevant Symbiodiniaceae Functional Traits
	5.1   |   Photosynthesis
	5.2   |   Photoprotection
	5.3   |   Cellular Growth
	5.4   |   Population Growth
	5.5   |   Energy Reserves and Composition
	5.6   |   Symbiotic Relationship
	5.7   |   Nitrogen Assimilation
	5.8   |   Ecological Plasticity
	5.9   |   Thermal Tolerance

	6   |   Challenges for Assessing Symbiodiniaceae Functional Traits
	7   |   Perspective and Future Directions
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


