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linking light-response phenotypes and bleaching response 
with underlying symbiont species. Next, these correlations 
were used to train and then test a Random Forest algorithm-
based model using a bootstrap resampling technique. Cor-
relation between predicted and actual bleaching responses 
in test corals was significant (p < 0.0001) and increased with 
the number of corals used in model training (Peak average R2 
values of 0.45 and 0.35 for Fv/Fm and absorbance, respec-
tively). Strong concordance between photo-physiology-
based phenotypes and future bleaching severity may provide 
a highly scalable means for assessing reef corals.

Keywords  Coral bleaching · Coral photosymbiont 
phenotyping · Symbiodiniaceae photobiology · Bio-optical 
bleaching prediction · High-throughput trait selection

Introduction

Increasingly frequent coral bleaching events caused by ocean 
warming continue to decimate reef systems across the globe 
(Hughes et al. 2017, 2018). More than ever before, coral reef 
restoration initiatives are focused on combating ecosystem 
loss through the transplant of coral fragments onto impacted 
sites (Boström-Einarsson et al. 2020; Caruso et al. 2021; 
Voolstra et al. 2021). Such efforts are meant to mitigate fur-
ther ecosystem decline while more permanent solutions to 
ocean warming can be found. The success of many coral 
restoration initiatives, especially those on heavily impacted 
sites or areas expected to experience severe environmen-
tal perturbations, is reliant on establishing colonies with 
more environmentally resilient traits (Voolstra et al. 2020, 
2021; Grummer et al. 2022; Klepac et al. 2023). Indeed, 
high phenotypic variability in bleaching severity to ther-
mal stress exists within and across individual coral colonies 
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(Parkinson et al. 2015; Kenkel and Matz 2016), and envi-
ronments (Kenkel et al. 2013b; Palumbi et al. 2014; Barshis 
et al. 2018; Voolstra et al. 2020) and likely reflects the out-
come of various host and/or symbiont metabolic or cellular 
pathways which together regulate the expulsion of symbi-
ont cells (coral bleaching) from the host tissue (Weis 2008). 
However, initial identification of reef systems or individual 
coral colonies with desirable traits such as thermal resil-
ience is challenging (Parkinson et al. 2020), often requiring 
expensive and time-consuming efforts not available to most 
front-line restoration practitioners. Additionally, experimen-
tal exposures frequently require sacrificing coral fragments 
for research purposes, activities that require having excess 
biomass of already rare coral species and genotypes, which 
is becoming more difficult for groups to accommodate espe-
cially for critically endangered coral species. New tools are 
needed that utilize our collective knowledge of coral physi-
ology and/or genetics to inform on key traits and facilitate 
colony selection for restoration activities without the need 
for sacrificing precious coral biomass.

The intracellular symbiotic algae (family: Symbiodini-
aceae) are typified by high genetic variability within and 
across individual species (LaJeunesse et al. 2018). Our 
understanding of phenotypic variability across these algal 
species lags behind the genetics, largely due to challenges 
in measuring cellular characteristics of algae living within 
the host tissue. Nevertheless, coral thermal tolerance is often 
tied to specific symbiont species (Abrego et al. 2008; Sug-
gett et al. 2017; van Woesik et al. 2022) and further consid-
eration is needed for how functional traits link to underlying 
genetic variability across this algal lineage. Bio-optical tools 
such as the Pulse Amplitude Modulated (PAM) fluorometer 
that measures algal-specific traits such as variable chloro-
phyll a fluorescence have already provided critical insight 
into the variability of thermal resilience across coral species, 
and individual colonies (Warner et al. 1999; Voolstra et al. 
2020; Cunning et al. 2021). However, more sophisticated 
fast repetition rate fluorometers can offer greater insight into 
algal-centric thermal responses (Hoadley et al. 2019, 2021) 
or functional trait variability (Suggett et al. 2015, 2022), 
leading the way toward further integration of these tools for 
coral research. Recently, we developed a low-cost, multi-
spectral, and fast repetition rate fluorometer (FRRf) capable 
of generating over 1000 individual metrics within a short 
(11-min) timespan and showcased its utility in defining pho-
tosynthetic phenotypes across algal genera hosted by seven 
different coral species under active restoration in the Florida 
Keys (Hoadley et al. 2023). Importantly, this work and oth-
ers suggest that algal-centric photo-physiological metrics 
are correlated with bleaching severity and such information 
could provide a scalable means for identifying individual 
colonies, coral species, or reef sites with high tolerance to 
thermal stress or other desirable traits. However, further 

exploration is needed to understand if these highly dimen-
sional and algal-centric physiological metrics, along with 
machine learning techniques can be effectively utilized to 
develop predictive models for accurate trait-based selection 
of reef corals.

Here, we evaluate the use of a machine learning tech-
nique to generate a predictive model which estimates bleach-
ing tolerance based solely on rapid and non-destructive 
chlorophyll-a fluorescence, photo-physiological metrics 
measured with a low-cost and open access bio-optical tool. 
First, fluorescence-based phenotypes were measured on 156 
genotypes (genets) of Acropora palmata using bio-optical 
tools that assess algal photo-physiological metrics. This was 
followed by a 4-week long thermal bleaching experiment 
performed on all genets at a land-based restoration facil-
ity in the Florida Keys. Next, correlations between algal 
photo-physiological metrics and bleaching response (percent 
change in Fv/Fm or Absorbance at 675 nm) were ranked and 
corals were randomly selected for use in model training or 
testing. Evaluation was performed using a bootstrap tech-
nique to ensure robust model performance across all coral 
genotypes. Prior studies that have used host genetic infor-
mation for predicting thermal tolerance found that accuracy 
improved dramatically when environmental or information 
on the dominant symbiont type were also incorporated into 
their model (Fuller et al. 2020). Our study extends this pre-
dictive concept by focusing on the underlying phenotype of 
the symbiont as a tool for assessing coral tolerance. Artificial 
intelligence-based techniques are increasingly applied within 
conservation and earth sciences (Evans et al. 2012; Reich-
stein et al. 2019) and our study demonstrates its utility for 
trait-based selection of reef corals using low-cost and rapid, 
bio-optical measurements of symbiont physiology.

Materials and methods

Coral selection and husbandry

Mote’s International Center for Coral Reef Research and 
Restoration (MML-IC2R3) on Summerland Key, Florida 
contains approximately 60 land-based raceways, supplied 
with filtered, UV sterilized, temperature-controlled, near-
shore seawater and maintained underneath 60% shade cloth 
canopies and corrugated clear-plastic rain guards as needed. 
Peak midday irradiance within these outdoor raceway 
aquaria was measured (Walz, 4pi sensor) in 2021 (Hoadley 
et al. 2023) at ~ 400 µmol m−2 s−1 under full sunlight, in the 
month of May. Individual coral genotypes were pulled from 
Mote’s restoration broodstock, with fragments mounted to 
ceramic disks (Boston Aqua Farms, 3 cm diameter) using 
cyanoacrylate gel (Bulk Reef Supply). Of the 156 A. pal-
mata within the study, 30 were reared as sexual recruits from 
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a batch cross collected from the Upper Florida Keys in 2013 
(29 genets) and 2015 (1 genet), 80 genets were the prod-
uct of a batch cross sourced from Elbow/Biscayne in 2017, 
42 genets were the product of a batch cross sourced from 
the lower keys in 2020, and 4 were sourced as collections 
directly from Looe Key, Sand Key, and Turtle reef in 2018, 
2021, 2021, and 2014, respectively. Genotype identification 
was confirmed using single nucleotide polymorphism loci 
(Kitchen et al. 2020). All coral fragments utilized in this 
study had been propagated in Mote’s ex-situ nursery and 
acclimated to the Climate and Acidification Ocean Simulator 
(CAOS) system for 4 weeks prior to the start of experimental 
conditions.

Phenotyping coral photosymbionts using chlorophyll a 
fluorescence

Prior to experimental bleaching, phenotypic measure-
ments were derived using FRRf (between March 31st and 
April 5th, 2022) from a single coral fragment (ramet) per 
A. palmata genotype. Each fragment was dark acclimated 
for 20 min prior to fluorescence measurements. All meas-
urements were taken between roughly 2–8 h after sunrise. 
Importantly, the fragment used for capturing phenotypic 
data is separate from the two fragments used to assess 
bleaching response metrics at the end of the experiment. 
Within-colony physiological variability is common across 
coral species due to differences in their microclimate (light, 
water flow, inter-species interactions), and is thus a serious 
consideration when evaluating physiology. While Hoadley 
et al. (2023) and McQuagge et al. (2023) both show ramets 
from the same colony tend to cluster together within the 
same light-response phenotype when measured using our 
FRRf protocol, results can vary across species. Phenotyping 
and bleaching multiple fragments per colony would be ideal 
for assessing colony response but goes beyond the scope of 
this study. Nevertheless, the use of three separate fragments 
colony−1 in this study allows for some intra-colony variabil-
ity to be incorporated into our predictive design.

Fluorescence excitation in our phenotyping protocol was 
achieved using four excitation wavelengths (415, 448, 470 
and 505 nm) which preferentially target different photopig-
ments within the symbiotic algae. Fluorescence induction, 
which consists of the lowest initial fluorescent measurement 
(Fo) to maximal fluorescence where the signal appears to 
plateau (Fm) consisted of a series of brief excitation pulses, 
each 1.3-μs long and followed by a 3.4-μs dark interval. For 
our samples, 32 flashlets was sufficient to reach a plateau in 
our induction curve which was then used to calculate spec-
trally dependent Fo and Fm values, along with subsequent 
metrics ((ΦPSII, NPQ, and qP) as previously described in 
Hoadley et al. (2023)). Additionally, spectrally dependent 

excitation pressure over PSII (Qm) was also calculated using 
the equation:

The excitation pressure over PSII equation is adapted 
from (Iglesias-Prieto et al. 2004) where maximum quan-
tum yield reflects the highest quantum yield value within 
the actinic light protocol for a given sample and excitation 
wavelength. Power (irradiance in PAR) estimates were used 
to determine the spectrally dependent functional absorption 
cross section of PSII (σPSII) and antennae bed quenching 
(ABQ) according to previously published methods (Kolber 
et al. 1998; Oxborough et al. 2012). A 300-ms fluorescent 
relaxation measurement followed immediately after induc-
tion and utilized the same 1.3-μs excitation flash but fol-
lowed by an exponentially increasing dark period (starting 
with 59-μs). This induction and relaxation process was run 
sequentially for each excitation color with a 200-ms delay 
in between each run. Measured values reflect an average 
of 6 repeats per sampling time point. Fluorescent measure-
ments were acquired during a 6-min actinic light protocol 
which began with an initial dark period, followed by three 
different light intensities (200, 50, 400 µmol m−2 s−1) and a 
dark recovery period (See PAR profile in Fig. 1). A total of 
28 evenly spaced sampling time points were recorded dur-
ing this actinic light protocol. Definitions and units for each 
of our 8 spectrally dependent photo-physiological metrics 
calculated for each sampling time point in our phenotyping 
protocol can be reviewed in Table 1.

Thermal bleaching experiment

Using the Climate and Acidification Ocean Simulator 
(CAOS) system located at MML-IC2R3, a four-week long 
thermal bleaching experiment was performed on the coral 
species, Acropora palmata (n = 156 genotypes) from April 
2 to May 6, 2022. All coral fragments utilized in this study 
were acclimated for 1 month within the CAOS system prior 
to the start of the experimental treatment. Control and heat 
treatments consisted of three shallow raceways per treat-
ment; however, only a single fragment from one control and 
one high-temperature raceway was utilized in the present 
study. Filtered seawater was continuously supplied to each 
raceway (118 L hr−1), with recirculating flow provided by a 
5679 L hr−1 external pump to supply the heat exchange sys-
tem. Additional circulation was provided by four submers-
ible pumps (454 L hr−1, Dwyer). All experimental systems 
were maintained underneath 60% shade cloth canopies and 
clear plastic rain guards. Experimental systems experienced 
similar light levels as described above (~ 400 µmol m−2 s−1 
peak midday sunlight). At the start of the experiment (April 

Qm = 1 −

(

quantum yield

maximum quantumyield

)
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2, 2022), the high-temperature raceway increased from 27.5 
to 31.5 °C by 0.5 °C each day (8 days total). Control race-
ways remained at 27.5 °C C for the duration of the 1-month 
experiment and high-temperature raceways remained at 

31.5 °C for 3 weeks and 32.0 °C for the remainder of the 
1-month experiment (~ 13 DHW total). This final 0.5 °C 
increase was done to further induce bleaching response 
within corals. It is worth mentioning that 0.5 °C per day is 

Fig. 1   Experimental Setup: For each Acropora palmata colony, three 
fragments were removed for use in the experiment. Chlorophyll-a 
fluorescence-based measurements were recorded from one fragment 
using a single turnover, multispectral fluorometer. Bottom left graphs 
reflect the multispectral data and actinic light protocol used in our 
analysis. The other two fragments were placed into control and treat-
ment tanks and exposed to a four-week-long thermal experiment. At 

the end of the thermal experiment, Fv/Fm and Absorbance readings 
were measured from the two fragments (control and treatment) and 
utilized to calculate the %Δ in response to high temperature. Bottom 
right photograph reflects the experimental bleaching raceways and 
tanks used in the study (corals in photograph are A. cervicornis and 
not part of this work)

Table 1   Table of photo-physiological parameters: Each defined parameter is represented by spectrally dependent values at each sampling time 
point (Fig. 1)

Term Definition Units

ΦPSII Quantum yield of PSII. Measures the proportion of light energy captured by chlorophyll which is then utilized by the 
PSII reaction center for photosynthesis

No units

qP Photochemical quenching. Fraction of PSII reaction centers able to utilize light energy for photosynthesis No units
NPQ Non-photochemical quenching. Light energy dissipation pathway describing the downregulation of PSII No units
σPSII Absorption cross section of PSII. A measure of photon capture by light-harvesting compounds connected to a PSII reac-

tion center
nm2

ABQ Antennae Bed Quenching, Light energy dissipation pathway involving reorientation of light-harvesting compounds No units
Qm Excitation pressure over PSII No units
τ1

ST Rate constant for reoxidation of the Qa site of the D1 protein within the PSII reaction center μ-seconds
τ2

ST Rate constant for reoxidation within and downstream of the plastoquinone pool μ-seconds
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(from an environmental perspective) a relatively fast change 
in average temperature and results may have differed using 
a slower ramping rate.

Genera level Symbiodiniaceae relative abundance 
determination

While initial phenotyping was done in late March-early 
April, all ramets were snap frozen in LN2 for genotyping 
at the end of the experiment (May 6–7). The data depicted 
here are from control systems where temperatures remained 
constant. However, changes in symbiont community may 
nevertheless have occurred over the 4 week period. Except 
for four colonies (where a different control ramet from 
the same colony was used), all DNA extracts are from the 
same ramet used for initial phenotyping. Holobiont DNA 
was extracted from snap frozen tissue samples following a 
modified CTAB-choloroform protocol (Cunning et al. 2016). 
20 ng of DNA per was used to quantify symbiont:host (S:H) 
cell ratios (a metric of symbiont density) via qPCR follow-
ing Cunning and Baker (2013). A TaqMan (Thermo Fisher 
Scientific) multiplex assay was used to amplify Cladoco-
pium and Durusdinium actin genes via qPCR (Cunning and 
Baker 2013). Briefly, duplicate reactions were carried out 
for each sample using 20 ng template in a 25 µl reaction vol-
ume with final concentrations of 100 nM per probe, 50 nM 
forward primer, and 75 nM reverse primer per primer set. A 
separate TaqMan master mix was used for Symbiodinuium 
following (Palacio-Castro et al. 2021) again with duplicate 
reactions per sample using 20 ng template per reaction in 
a 25 µl total volume with final concentrations of 300 nM 
probe, 300 nM Aact forward primer, and 200 nM Aact 
reverse primer. Host DNA concentrations were quantified 
using 20 ng of template in duplicate 25 µl reactions using 
calmodulin gene (CaM) primers at 200 nM final concentra-
tion in SYBR-Green assays following (Palacio-Castro et al. 
2021). All reactions were adapted for use on the Agilent 
AriaMX system.

Cycle threshold (CT) values generated from qPCR runs 
were used to calculate symbiont:host cell ratios. CT values 
for TaqMan assays were adjusted for differences in fluores-
cence intensity based on Cunning and Baker (2013). Calcu-
lations for relative symbiont to host ratios were completed 
following the equation from Cunning and Baker (2013). Tar-
get copy numbers used in this study were based on Palacio-
Castro et al. (2021).

Bleaching response metrics

Measurements of the maximum quantum yield (Fv/Fm) 
using 448 nm excitation and absorbance spectra were meas-
ured from all experimental fragments on experimental days 
39–42 (May 7–8th and 9-10th of 2022 for high temperature 

and control treatment groups, respectively). Maximum 
quantum yield measurements were derived from control and 
high-temperature fragments after a 20-min dark acclimation 
period and using the same induction and relaxation protocol 
described above. Absorption-based measurements were cal-
culated on all coral fragments and achieved by measuring the 
reflectance spectra according to previously established meth-
ods (Rodriguez-Román et al. 2006). A custom fiber optic 
cable (Berkshire Photonics) coupled a white LED (Luxeon) 
to a USB2000 spectrophotometer (Ocean Optics) for assess-
ing spectral reflectance from all coral fragments in control 
and treatment conditions. Reflectance measurements were 
normalized to a bleached A. palmata skeleton and then con-
verted into absorbance measurements which can serve as a 
non-invasive proxy for changes in cell density/chlorophyll a 
content associated with coral bleaching (Rodriguez-Román 
et al. 2006; Hoadley et al. 2016). Here, absorbance read-
ings were measured at 675 nm which reflects the maximum 
chlorophyll-a absorbance band.

Statistical analysis and bleaching response model 
generation

All analyses were conducted in R (v.3.5.1) (Team 2017). For 
each coral genotype, bleaching response metrics (Fv/Fm and 
absorbance at 675 nm) were calculated as the percent change 
between control and high-temperature fragments (Fig. 2). 
To minimize bias associated with high correlation between 
certain photo-physiological traits, a correlation matrix was 
first used to identify and then remove individual metrics with 
high correlation (Rho > 0.99) to one another. All remaining 
photo-physiological metrics were then used to build a pheno-
typic dendrogram using the R packages pvclust (Suzuki and 
Shimodaira 2013) and dendextend (Galili 2015). Resulting 
dendrogram with 10,000 bootstrap iterations was then used 
to cluster individual genotypes into four distinct clusters/
phenotypes. Next, significant differences across our cluster-
based phenotypes for thermally-induced changes in absorb-
ance and Fv/Fm were measured using a one-way ANOVA 
with a Tukey post hoc (all data fit assumptions of normality). 
The average proportion of clade D symbionts within colony 
ramets in each cluster-based phenotype were found to not fit 
the assumptions of normality (Shapiro-Wilks) and signifi-
cance was thus assessed using a pairwise Wilcoxon test with 
Bonferroni correction.

For each photo-physiological metric, a repeated meas-
ures linear mixed model with Tukey post hoc (with Bonfer-
roni correction) was used to identify significant differences 
between identified light-response phenotypes (with colony, 
light step and excitation color as nested factors) using the 
lmerTest (Kuznetsova et al. 2017) and multicomp (Hothorn 
et al. 2008) packages in R.
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For assessing individual photo-physiological metrics and 
their correlation to bleaching response, all photo-physiological 
parameters were first screened for correlation with one another 
(autocorrelation scores < 0.85 Rho) and then individually tested 
for correlation (spearman) with bleaching response metrics (% 
change in absorbance and Fv/Fm). Only photo-physiological 
metrics with significant (p < 0.05) correlation were included in 
Fig. 4 (and Supplementary Tables S1 and S2).

Selecting which photo-physiological metrics to use to opti-
mize a predictive bleaching model is a critical step in our ana-
lytical pipeline. First, we screened for autocorrelation between 
photo-physiological metrics. Different correlation cutoff val-
ues were used when selecting metrics for the assessment of % 
change in absorbance (Rho > 0.85) and Fv/Fm (Rho > 0.75) and 
are based on resulting predictive performance. Next the Boruta 
R package (Kursa and Rudnicki 2010) was used to carryout 
feature selection on the remaining photo-physiological met-
rics using a random forest-based assessment and prioritization. 
Resulting prioritized photo-physiological metrics were then 
used to develop separate models for predicting percent change 
in Fv/Fm and absorbance (at 675 nm) between control and treat-
ment fragments. Randomly selected coral genotypes were used 
in model training which consisted of using the Random For-
est (RF) regression algorithm to generate each model iteration. 
The strength of each individual RF model was then tested by 
predicting bleaching response on 40 randomly selected colo-
nies which were not used to generate the model. Accuracy of 
each model was then measured using goodness of fit (R2) and 
the root mean square error (RMSE—describes the model error) 
between predicted and observed bleaching responses (% change 
in Fv/Fm or absorbance). In addition to goodness of fit, the 40 
‘test’ corals were also ranked based on model predictions, and 
then the significance of actual bleaching responses between the 
top and bottom 10 corals was statistically compared using a t 
test (Fig. 4c,f). Accuracy or our RF models was evaluated as a 
function of the number of corals (between 20 and 80) used for 
training, with each model repeated 100 times with randomly 
selected corals (Bootstrap resampling technique). Importantly, 
outcomes were always tested using 40 different corals (also 
randomly selected and separate from those used in training). 
Bootstrap model scores enable us to evaluate stability and ensure 
performance was not biased through inclusion/exclusion of a 
given coral genotype. Raw data along with analytical scripts for 
generating Figs. 2, 3, 4 and 5 are available via github (khoadley/
bleaching-prediction-2023).

Results

Bleaching response

Of the 156 A. palmata colonies that were evaluated for 
thermal stress resilience, 32 were removed prior to the 

end of the 2-month experiment due to extreme bleaching 
(> 75%) leading to early mortality or obvious signs of tis-
sue loss, while another 4 were not properly measured for 
photo-physiology at the onset of the experiment. Because 
these corals were either pulled from the experiment early, 
or were missing critical data, they are not included in any 
downstream analyses or predictive bleaching model testing 
shown here. For the remaining corals (n = 120), the average 
percent change in bleaching response metrics for Fv/Fm and 
absorbance was − 14.58% (± 45% SD) and − 23.36% (± 24% 
SD), respectively (Fig. 2a,b). Correlation between the two 
bleaching response metrics was evaluated using correlation 
(R2 = 0.016, p value = 0.639) and reflects no significant lin-
ear relationship (Fig. 2c).

Linking light‑response phenotypes with underlying 
symbiont type and bleaching response

Our photo-physiology-based dendrogram separated our 
120 coral colonies into four distinct clusters with high 
bootstrap support (Fig. 3a). We then used quantitative PCR 
to calculate the relative proportion of Clade D in each 
coral colony, maintained under ambient conditions. The 
average relative proportion of clade D for phenotypes 2–4 
was above 0.8 and significantly higher than that found in 
phenotype 1 (average proportion = 0.28, p < 0.0001). We 
next wanted to see if significant differences in bleaching 
sensitivity existed between our four identified clusters/
phenotypes. A one-way ANOVA with a Tukey post hoc 
found differences in the observed % change in absorbance 
and Fv/Fm across clusters (p < 0.0001). For Absorbance, 

Fig. 2   Bleaching Response Metrics: Results of the six-week ther-
mal stress experiment were characterized by recording Fv/Fm and 
Absorbance (at 675  nm) measurements from each coral colony and 
represented as the percent change between control and high-temper-
ature conditions. Distribution of colony responses are displayed as 
separate histograms for %Δ in Fv/Fm (a) and %Δ in Absorbance (b). 
Individual colony responses for both bleaching response metrics are 
reflected in the correlation plot in panel (c) where the red line repre-
sents the best linear fit to the data
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phenotype 1 displayed a significantly (p < 0.044) larger 
response to thermal stress as compared to phenotypes 2 
and 3 (Fig. 3c). Phenotypes 2 (p = 0.01) and 4 (p = 0.004) 
also had a significantly larger response to thermal stress as 
compared to the most resistant phenotype (phenotype3). 
For high-temperature-induced changes in Fv/Fm, pheno-
type 1 had a significantly (p < 0.002) larger reduction as 
compared to phenotypes 2 and 4 (Fig. 3e–h).

Contrasting light‑response phenotypes

Quantum yield of PSII (ΦPSII) light-response profiles were 
significantly different as yields in Phenotype 4 were gener-
ally higher than those in phenotypes 1, 2 and 3 (p < 0.0001, 
Fig. 3e–h). A minor, although significant, difference in 
partial pressure over PSII (Qm) profiles between pheno-
type 3 and phenotypes 2 and 4 was also found (p < 0.001, 
Fig. 3i–l). Photochemical quenching response profiles (qP) 
also differed across phenotypes as initial quenching were 

Fig. 3   Coral Photosymbiont Phenotypic Variability: Phenomic den-
drogram (a) derived from 716 photo-physiological metrics (autocor-
relation values < 0.99 Rho). The largest four clusters are color coded 
(a). Bootstrap values are based on 10,000 iterations and are indicated 
for major nodes delineating the four phenotypes. Middle bar graph 
reflects the average ± se proportion of clade D symbionts within coral 
colonies in each cluster (b). Lower bar graphs reflect the average ± se 
for observed temperature-induced changes in absorbance (c) and Fv/
Fm (d) for the four identified clusters/phenotypes from the dendro-
gram. Letters under individual bars represent significant differences 
across phenotypes as measured using a one-way ANOVA with a 

Tukey post hoc or pairwise Wilcoxon. Mean photo-physiological 
traces for each identified phenotype are reflected in panels e–jj where 
line color indicates excitation wavelength with purple representing 
415 nm; dark blue, 448 nm; light blue, 470 nm; and teal blue, 505 
nm. The gray line directly above panels e–h displays the variable 
light protocol. Panels e–h reflect the Quantum Yield of PSII (ΦPSII), 
i–l reflects the partial pressure over PSII (Qm), m–p reflects photo-
chemical quenching (qP), q–t reflects non-photochemical quenching 
(NPQ), u–x reflects the absorption cross section of PSII (σPSII), y–bb 
reflects antennae bed quenching, cc–ff and gg–jj reflects the reoxida-
tion constants τ1

ST and τ2
ST, respectively
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significantly lower in phenotype 4 as compared to all others 
(p < 0.05, Fig. 3m–p). NPQ response profiles were signifi-
cantly higher in phenotype 1 as compared to phenotypes 2, 
3 and 4 (p < 0.05) while significant differences were also 
noted for phenotypes 2 and 3 which were also significantly 
elevated compared to phenotype 4 (p < 0.01, Fig. 3q–t). 
The functional absorption cross section of PSII was sig-
nificantly lower in phenotype 3 as compared to all others 
(p < 0.0001), while differences between phenotypes 2 and 4 
were also noted (p = 0.005, Fig. 3u–x). With the exception 
of phenotypes 3 and 4, significant differences in antennae 
bed quenching profiles were observed across all phenotypes 
(p < 0.002, Fig. 3y–bb). Phenotype 2 profiles for Tau 1 and 
Tau 2 were significantly higher than all other phenotypes 
(p < 0.005, Fig. 3cc–jj). Tau 1 profiles for phenotype 1 were 
also significantly lower than phenotype 4 (p < 0.0001) while 
Tau 2 profiles for phenotype 3 were significantly higher than 
phenotype 4 (p < 0.0001).

Correlations between algal phenomics and bleaching 
response metrics

A total of 896 photo-physiological responses (8 photo-
physiological responses * 4 excitation wavelengths * 28 
sampling time points) were measured as part of our photo-
physiologic-based phenometric assay. Using data from 
all 120 colonies, these photo-physiological metrics were 

first screened for high-correlation (Rho > 0.85) with one 
another and then those remaining (311 photo-physiolog-
ical metrics) were directly tested for significant correla-
tion (p < 0.05) with the two individual bleaching metrics. 
Only 66 and 170 photo-physiological metrics were deemed 
to have significant correlation with % change in Absorb-
ance and Fv/Fm, respectively. The absolute range in Rho 
for significant metrics was between 0.179 and 0.448 for 
Absorbance and 0.184–0.455 for Fv/Fm (See Supplemen-
tal Tables S1 and S2). Correlations were then plotted as 
a function of which step in the actinic light protocol the 
phenometric values were derived (Fig. 4a,c). For both 
bleaching response metrics, significant correlations are 
predominantly made with phenometrics derived immedi-
ately (within 10 s) after an increase in light intensity (sam-
pling time points 3–5 and 17–19), and strongly suggest 
these transitional periods contain important photochemi-
cal signatures related to how symbionts cope with envi-
ronmental stress. Next, significant correlations for each 
bleaching response metric were further evaluated by which 
photo-physiological metrics they reflect (Fig. 4b,d). The 
most common photo-physiological metrics significantly 
correlated with %Δ in FvFm were τ1

ST (28%), τ2
ST (21%), 

and antennae bed quenching (37%) while the most com-
mon for %Δ in absorbance were the absorbance cross sec-
tion of PSII (39%), and Antennae Bed Quenching (36%).

Predictive bleaching model evaluation

For both bleaching response metrics, Random Forest-based 
models were able to generate predictions which were signifi-
cantly correlated with observed trends in thermal bleaching 
responses (Fig. 5b,e). Importantly, average bootstrapped 
correlations between observed and predicted responses 
improved by incorporating additional coral genotypes for 
model generation (Fig. 5d,g). However, the bootstrapped-
averaged accuracy of predicting changes in Fv/Fm peaked 
with an R2 value of 0.42 (± 0.018 CI, using 80 colonies for 
model testing). Accuracy in predicting changes in absorb-
ance peaked at 0.33 (± 0.019 CI, using 80 colonies for model 
testing). While our R2 plots suggest that model accuracy 
may have improved with additional colonies used in training, 
the root mean squared error for both metrics plateaued at 
roughly 23 and 19 (for Fv/Fm and absorbance, respectively) 
with at least 60 colonies used for model generation. When 
used to evaluate the average bleaching response for the top- 
and bottom-ranked corals, model results for changes in Fv/
Fm were between 67 and 71% accurate when at least 60 
colonies were used to generate the model whereas results 
for changes in absorbance peaked between 89 and 91% accu-
rate when using at least 60 colonies for model generation 
(Fig. 5c,f).

Fig. 4   Phenomic versus Bleaching Response Correlations: A cor-
relation matrix was used to assess relationships between bleaching 
response metrics (%Δ in Fv/Fm and %Δ in absorbance) and all algal 
photo-physiological metrics derived from the multispectral single-
turnover fluorometer. Panels a and c reflect significant correlations 
(spearman) between photo-physiological metrics and %Δ in Fv/Fm or 
%Δ in absorbance (170 and 66 total/resulting metrics, respectively) 
and are summarized according to the sampling time point (black line) 
from which they are derived. The gray line in each figure reflects the 
PAR values for each step in the actinic light protocol. Pie charts in 
panels b and d reflect the fraction of each algal metric significantly 
correlated with %Δ in Fv/Fm and %Δ in absorbance, respectively
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Fig. 5   Model Training and Evaluation with Bootstrap Resampling: 
Overall model performance was evaluated based on the total num-
ber of colonies utilized in training (between 20 and 80 colonies) 
while model testing was always carried out using a total of 40 colo-
nies. For each evaluation, samples were randomly selected for train-
ing and testing as reflected in panel a (steps 1–3). Each evaluation 
process was bootstrapped 100 times to ensure model outcomes were 
robust and not reflective of any specific colony sample. Representa-
tive test data sets reflecting the Predicted versus Observed bleaching 
responses as %Δ in Fv/Fm and %Δ in absorbance (675 nm) are found 
in panels (b) and (e), respectively. Observed bleaching response 
scores for the top (black) and bottom (red) ranked samples were then 

tested for significant differences using a t test. The number (out of 
100) of bootstrapped samples with significant (p < 0.05) differences in 
observed bleaching scores between the top- and bottom-ranked colo-
nies are reflected in panels c (for %Δ in Fv/Fm) and f (%Δ in absorb-
ance 675  nm). Inset bar graphs in panels c and f reflect the mean 
(± standard deviation) observed bleaching responses for the top- and 
bottom-ranked colonies as evaluated with a model using 68 colonies 
for training. Panels d and g reflect the mean (± 95% CI) R2 correla-
tion (black dots) and RMSE (gray dots) values between the Observed 
and Predicted data (as represented in panels b and e) as a function of 
the number of colonies utilized to train each model
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Discussion

Our objective was to determine if easily measured, chlo-
rophyll-a fluorescence-based photo-physiological metrics 
could be used as a predictive tool for determining thermal 
tolerance among different genotypes of the coral Acropora 
palmata. Identifying the degree of thermal tolerance among 
different genotypes of the same coral species (or different 
corals) is a common goal for many field studies and res-
toration initiatives (Voolstra et al. 2020, 2021; Grummer 
et al. 2022; Evensen et al. 2023), yet current practices often 
require labor-intensive experimental procedures, includes 
sacrificing biomass of critically endangered coral species, 
and the outcome is limited to only coral genotypes utilized in 
the study. Establishing an Artificial Intelligence (AI) based 
approach where non-invasive measurements can be used to 
predict thermal tolerance in novel colonies could remove 
a major bottleneck in trait-based identification/selection 
of reef corals within basic and applied research settings. 
Despite low correlation between our two bleaching response 
metrics (Fv/Fm and absorbance, Fig. 2c), our phenomic-
based dendrogram indicated that significant differences 
in bleaching sensitivity existed across identified clusters 
(Fig. 3a) which appear driven by the underlying symbiont 
species (Fig. 3b). This correlation suggests that underlying 
photo-physiological data can be used to forecast thermal 
response within individual colonies. To test this concept, 
we trained a Random Forest-based algorithm using algal 
phenotypic data, along with bleaching response metrics to 
predict temperature tolerance in novel coral species (Fig. 4, 
5). Such an approach can extend results of an experiment 
using data derived from bleaching assays to train a model to 
infer information on novel coral genotypes, thereby vastly 
increasing the value and utility of an individual experiment. 
High-throughput assays for identification of thermal stress 
already rely on photochemical signatures to assess holobiont 
response (Voolstra et al. 2020; Cunning et al. 2021), and our 
approach builds on these ideas through a massive increase 
in the quantity and dimensionality of photosynthetic-data 
available.

Phenotypic variability in bleaching response

Bleaching response metrics were evaluated for each coral gen-
otype as a percent change between fragments from control and 
high-temperature treatments. Percent change in Fv/Fm varied 
broadly across individual genotypes yet collectively averaged 
close to zero, indicating relative thermal stability of the sym-
bionts (Fig. 2a). While A. palmata colonies in situ are com-
monly found to host Symbiodinium fitti (LaJeunesse 2002), 
colonies acclimated to MML-IC2R3’s land-based nurseries 
are often dominated by the more thermally tolerant symbiont, 
Durusdinium trenchii (Gantt et al. 2023) and can retain this 

symbiosis even 2 years after transplant back onto nearby reefs 
(Elder et al. 2023). Indeed, all the colonies used in our experi-
ment were previously housed in Mote’s land-based nursery on 
Summerland Key (Mote International Center for Coral Reef 
Research and Restoration) and qPCR analyses indicate a high 
proportion of Clade D symbionts within the majority of colo-
nies (Fig. 3b) and thus likely indicate the presence of the ther-
mally tolerant D. trenchii symbiont. Dominance by D. trenchii 
symbionts may explain the minimal average reduction in Fv/
Fm observed in response to 30 days of elevated temperatures 
for phenotypes 2–4. However, greater reductions in both Fv/
Fm and absorbance were observed for Phenotype 1 where col-
onies contained on average, a much lower proportion of Clade 
D symbionts. Reductions in absorbance indicate a decline in 
photograph pigmentation most likely associated with a decline 
in symbiont cell density or chlorophyll a cell−1. Despite dis-
cordant responses to thermal stress (Fig. 2), significant differ-
ences in the two bleaching response metrics were still found 
across cluster-assigned phenotypes (Fig. 3) and consistent with 
clade D dominance (Fig. 3). These findings suggest a strong 
linkage between the underlying photo-physiological poise of 
the coral colony, relative dominance by Clade D symbionts, 
and its resilience to future thermal stress. Notably, such link-
age extends past intra-colony variability as different ramets 
were used for bleaching response (post-experiment) and photo-
physiological assessment (pre-experiment), highlighting the 
strength and potential utility of our technique within restora-
tion/conservation settings.

Concordant responses in Fv/Fm and absorbance found 
in prior studies assume that bleaching is the result of ther-
mal damage to the algal photosynthetic apparatus which 
induces the over-production of radical oxygen species (ROS) 
which leach out into the host environment and promote the 
signaling cascade that triggers cell expulsion (bleaching) 
(Weis 2008; Hawkins and Davy 2012; Hawkins et al. 2015). 
Indeed, this thermal stress pathway is common among many 
coral species, especially those considered thermally sensi-
tive (Weis et al. 2008; Weis 2008). However, thermal stress 
may also reduce ROS scavenging activity by the host (Baird 
et al. 2009), potentially leading to cell expulsion without 
any degradation to the photosynthetic apparatus within the 
symbiont. Such discrepancies can lead to discordant inter-
pretations of bleaching tolerance based on what bleaching 
response metrics are utilized. Identifying what physiological 
traits link to these separate responses is thus a critical step 
toward understanding and predicting discordant patterns of 
thermal response, such as those observed here.

Linkage between bleaching response and fluorescent 
signatures of photosynthetic poise

Standard Photosynthesis to irradiance curve protocols incre-
mentally raise light intensity and monitor photochemical 
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response to understand light stress and acclimation mecha-
nisms in marine algae (Warner et al. 2010). Typically, each 
incremental light step is followed by a brief (20 s to 5 min) 
period to allow for acclimation prior to measuring the pho-
tochemical response. However, our protocol continuously 
records photochemical responses throughout our actinic 
light protocol, capturing the acclimation phase as well (see 
Figs. 1 and 3). This unique protocol thus allows for a higher-
resolution understanding of rapid photochemical changes 
in response to variable light. Notably, measurement periods 
immediately after transitioning from dark (or low light) to 
higher light intensity were most correlated with bleaching 
response metrics (Fig. 4a,c). Prior studies have highlighted 
the importance of understanding photochemical responses 
to quick transitions in light intensity (Allahverdiyeva and 
Suorsa 2015; Andersson et al. 2019) and variability is indeed 
notable across species of Symbiodiniaceae (Hoadley et al. 
2023). Here, our light-response profiles (Fig. 3e–jj) indi-
cate differences in how each of our phenotypes respond to 
changes in light. Specifically, initial responses to the onset of 
actinic light (sampling time point 3) are particularly different 
for ABQ, τ1

ST and τ2
ST within the more thermally sensitive of 

the identified phenotypes (phenotype 1). Better performance 
via smaller or faster acclimatization to rapid changes in light 
may serve as a proxy for overall stress mitigation and may 
explain why these metrics are more correlated with bleach-
ing response as compared with subsequent measurements of 
each light acclimation step. However, further research that 
focuses on understanding the phenotypic variability within 
individual coral species or even across multiple coral and 
symbiont types will be required to understand if such con-
nections are prevalent across the Symbiodiniaceae family or 
if the relative importance of individual photo-physiological 
metrics or acclimatization periods differ across species or 
environments. Other metrics such as NPQ also appear higher 
within phenotype 1 and are consistent with previous obser-
vations across thermally sensitive and tolerant symbiont 
types (Hennige et al. 2011; Hoadley et al. 2023).

Correlation matrices identified separate algal phenomet-
rics as providing the best correlations with the two bleach-
ing response metrics (Fv/Fm and absorbance, Fig. 4b–d). 
Changes in reoxidation kinetics (τ1

ST and τ2
ST) represented 

the largest portion of metrics with a significant correla-
tion to temperature-induced changes in Fv/Fm (Fig. 4b) 
and describe the rate of electron transport through and the 
downstream of the PSII reaction center (Schuback et al. 
2021). Reoxidation kinetics are often used to identify stress 
or degradation at different sites that may lower or inhibit 
photosynthetic capacity (Hoadley et al. 2021, 2023; Sug-
gett et  al. 2022) and may explain the relationship with 
changes in Fv/Fm observed here (Supplemental Figure S2, 
and Table S1). In contrast, changes in absorbance due to 
high temperatures were most linked to measurements of the 

absorption cross section of PSII which reflects the size of 
light-harvesting compounds connected to a PSII reaction 
center. Given this direct connection to photopigments, it is 
perhaps not surprising that this metric was well correlated 
with the percent change in absorbance during thermal stress 
(Fig. 4d, Supplemental Figure S1, and Table S2). Addition-
ally, antennae bed quenching (ABQ) was also well corre-
lated with both bleaching response metrics (absorbance and 
Fv/Fm) and describes the reorientation of light harvesting 
pigments to dissipate excess light energy. Changes in ABQ 
may therefor serve as an important proxy for the bleaching 
response pathway which starts in the symbiont and leads to 
host driven cell expulsion. Understanding what traits are best 
utilized to assess thermal response is critical for evaluating 
the bleaching phenotype and our results here indicate that 
each response metric has unique sets of biomarkers. How-
ever, future use of specific photo-physiological metrics as 
biomarkers will also need to incorporate seasonal and envi-
ronmental impacts on photobiology which may alter rela-
tionships with bleaching sensitivity. Future studies that test 
predictive power across seasons could be a logical next step.

AI‑based predictive models for coral thermal resilience

Model-based predictions using genomic data have previ-
ously been applied to evaluating the thermal tolerance of 
individual colonies of the coral A. millepora (Fuller et al. 
2020). However, predictive accuracy was low when based 
solely on host genetics and improved notably once infor-
mation on environmental conditions and symbiont domi-
nance was included. On a larger spatial scale, survival rates 
of coral larvae sourced from different locations have been 
used to predict which reefs along the Great Barrier Reef are 
most likely to produce thermally tolerant corals (Quigley 
and van Oppen 2022). Indeed, AI-based predictive mod-
els for coral research and restoration are already in use but 
lack the high-throughput applicability required for scalable 
recommendations. Here, our predictive pipeline first uses a 
correlation matrix to prioritize individual algal photo-phys-
iological metrics which are then fed into a Random Forest 
AI model and converted into predictions of coral bleaching 
severity, concordant with experimentally produced observa-
tions after long-term (4 weeks) exposure to high-tempera-
ture stress (Fig. 4 and 5). Although overall average model 
strength peaked at 0.42 and 0.33 R2 (for Fv/Fm and absorb-
ance, respectively), the use of additional colonies for initial 
training would improve accuracy. In addition, our results do 
not incorporate colonies with the highest thermal sensitiv-
ity as those fragments were removed prior to the end of the 
experiment and we were thus unable to capture their signal. 
The lack of low tolerance corals within our training dataset 
may also have impacted the overall strength of our predictive 
model. Model improvements through better training data, 
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additional colonies or incorporation of additional (easily 
measured) traits or measurement time points (to capture the 
thermally sensitive individuals) could help strengthen our 
approach, providing a robust and broadly applicable tech-
nique. Future work will also need to assess prediction accu-
racy across coral species with and without thermally tolerant 
symbiont types to assess how discordant responses (Fig. 2) 
impact overall modeling efforts.

While our method largely focuses on the symbiont photo-
physiology to make predictions, the coral host’s influence 
on symbiont physiology is well documented as skeletal fea-
tures, tissue thickness and host-fluorescence proteins all may 
impact symbiont light acclimation (Enriquez et al. 2005; 
Enríquez et al. 2017; Wangpraseurt et al. 2017; Xiang et al. 
2020; Bollati et al. 2022). Such host-centric physiological 
variability presumably drives differences in symbiont physi-
ology which can be measured using chlorophyll-a fluores-
cence techniques (Hoadley et al. 2019). In this context, our 
technique incorporates direct and indirect metrics of physiol-
ogy from both the symbiont and host, respectively. However, 
future predictive techniques that also incorporate additional 
and direct host-centric physiological metrics such as GFP 
production or ROS scavenging could further improve pre-
dictive accuracy and align with known host genomic traits 
that infer thermal tolerance (Kenkel et al. 2013a; Dixon et al. 
2015; Drury and Lirman 2021; Rose et al. 2021; Quigley and 
van Oppen 2022).

Conclusion

By capturing a more complex fluorescent signature that 
includes rapid responses to varying light using a low cost 
and open-source instrument, our approach allows for more 
nuanced photo-physiological differences to be identified 
and then applied within our modeling pipeline. Tools that 
increase our capacity to evaluate traits in a highly scalable 
and accessible fashion are well suited for use toward ongoing 
coral reef restoration initiatives. Here, chlorophyll-a fluores-
cence-based algal phenotyping combined with AI predictive 
models converts our large physiological datasets into action-
able products. The relatively low cost of our instrumenta-
tion, along with the potential for broad application of trained 
models, and non-destructive sampling approach, could be 
highly beneficial as a tool for rapidly selecting coral colonies 
with desirable traits. Although our focus for this study was 
thermal tolerance, light, and water quality stress are also 
common challenges for coral nurseries and outgrowth opera-
tions (Vardi et al. 2021; Voolstra et al. 2021) and acclimati-
zation to these stressors is also regulated through a combina-
tion of host and symbiont physiology (Hennige et al. 2010; 
Suggett et al. 2012; Hoadley and Warner 2017; Xiang et al. 
2020). Using a similar model training/testing approach, our 

phenotyping pipeline could prove useful for informing on 
light and nutrient acclimatization traits as well. Future ver-
sions of our multispectral/actinic light protocol could serve 
as a highly scalable and standardized means for trait-based 
selection and comparison of coral/algal phenotypes across 
reef systems worldwide.
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