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Abstract
Active chlorophyll a fluorometry is a well-established tool for noninvasively diagnosing coral functional

state, but has not yet been developed as a rapid phenotyping (functional screening) platform as for agriculture
and forestry. Here, we present a proof-of-concept using Light-Induced Fluorescence Transient-Fast Repetition
Rate fluorometry (LIFT-FRRf) to identify coral photobiological-based phenotypes in the context of rapidly scal-
ing coral propagation practices on the northern Great Barrier Reef. For example, resolving light niche plasticity
to inform transplantation, and identifying functionally diverse colonies to maximize stock selection. We first
used optically diverse laboratory-reared corals and coral endosymbiont (Symbiodiniaceae) isolates to develop a
phenotyping approach integrating FRRf instantaneous kinetic parameters (light harvesting, electron turnover
rates) and light-dependent parameters (dynamic “quenching” terms, saturating light intensity [EK]). Subsequent
field-based LIFT-FRRf phenotyping of coral from a selective (2-4 m depth) reef habitat revealed that widely topo-
graphically dispersed plating Acropora taxa exhibited broad light niche plasticity (EK variance) underpinned by
multiple phenotypes that were predominantly differentiated by minimum electron turnover capacity; fluorome-
ter configurations that cannot resolve kinetic parameters will thus likely have more limited capacity to resolve
phenotypes. As such, plating Acropora have broad propagation potential in terms of multiple functional variants
for stock and across diverse light environments (growth, transplantation). In contrast, coral taxa (Pocillopora
verrucosa, Echinopora lamellosa) with relatively restricted topographic dispersion exhibited less light niche plastic-
ity and only single phenotypes, thereby imposing more constraints for propagation. We discuss the core techni-
cal, operational, and conceptual steps required to develop more sophisticated coral phenotyping platforms.

Coral reefs are degrading worldwide, with many stakeholders
adopting “coral farming” propagation practices to maintain or
rebuild local coral stocks (Boström-Einarsson et al. 2020) as part
of locally targeted management toolkits. Such propagation of
coral stocks is becoming increasingly industrialized as practices
continue to scale, driving the desire for high-throughput
biomarkers to guide the choice of corals that are grown
(or outplanted) (Parkinson et al. 2019). Molecular-based
markers of within-coral species genotypes and/or functional
variants are in various stages of development and application
(Baums et al. 2019; Morikawa and Palumbi 2019; Parkinson
et al. 2019). In contrast, bio-optical-based markers remain rela-
tively unexplored within coral reef restoration practices despite
their well-developed applications into agriculture and forestry
restoration (Yang et al. 2020). Active chlorophyll a (Chl a)
fluorescence-based bio-optical methodologies and protocols to
assess trait expression (i.e., “phenotyping,” Yang et al. 2020)
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have notably been established as new tools for crop manage-
ment, with applications ranging from screening photosynthetic
performance under altered gas availability in wheat
(McAusland et al. 2019), to identifying barley with photochem-
ical indicators of water–stress tolerance (Fern�andez-Calleja
et al. 2020). Increasingly this bio-optical phenotyping is
transitioning to smaller, cheaper fluorometers that can aid
broad-scale high-throughput on-site surveying in real time
(e.g., MultispeQ, Kuhlgert et al. 2016, Fern�andez-Calleja
et al. 2020).

When applied to corals, active Chl a fluorometry rapidly
and noninvasively assays photosystem II (PSII) photochemical
activity of densely packed endosymbiotic dinoflagellates
(Symbiodiniaceae) within the host tissues (Warner et al. 2010)
but are also tailored to examine other endolithic or surface
tissue-associated microalgae (Leggat et al. 2019). Decades of
research on reef-forming corals and on cultured
Symbiodiniaceae isolates have established that PSII activity var-
ies with changing environmental factors that govern growth
(Gorbunov et al. 2001; Suggett et al. 2015; Roberty et al. 2020)
and stress susceptibility (Warner et al. 1999, 2006; Hoo-
genboom et al. 2012; Camp et al. 2019). In part, this variability
reflects evolution of diverse modes of photosynthetic operation
across Symbiodiniaceae species (or genotypes) (Roberty
et al. 2014; Suggett et al. 2015; Wong et al. 2021) adapted to
different environmental optima (Suggett et al. 2017), which in
part may be driven by physical changes across host properties
(e.g., tissue thickness; Wangpraseurt et al. 2019). Consequently,
fluorescence-based parameters of PSII activity can be used to
describe diverse functional types (i.e., phenotypes). Such phe-
notypes should inform how Symbiodiniaceae—and in turn
their coral hosts—are photosynthetically adapted to long term
environmental histories (e.g., low vs. high light types; Iglesias-
Prieto et al. 2004, Suggett et al. 2015) as well as short-term envi-
ronmental perturbations (e.g., heat stress; Goyen et al. 2017,
Nitschke et al. 2018).

While Symbiodiniaceae photosynthetic performance certainly
does not exclusively determine the extent of stress tolerance for
reef-building corals (Cleves et al. 2020), how well corals process
excitation (light) energy is a well-evidenced selecting agent
towards growth and survival (reviewed by Warner and
Suggett 2016) and therefore a significant factor underpinning eco-
logical fitness. As such, the rapidly increasing pool of new fluores-
cence instruments and protocols for assaying PSII activity of corals
(Szab�o et al. 2017; Leggat et al. 2019; Gorbunov and
Falkowski 2021)—including low-cost open-source variants
(Hoadley and Warner 2017)—provides a logical framework to
develop rapid phenotyping methods from active Chl
a fluorescence that are already well established in terrestrial
research and agriculture, but for targeted applicationswith corals.

We recently established the Great Barrier Reef’s (GBR) first
multispecies coral nursery and intensive mass out-planting
practices (Suggett et al. 2020; Howlett et al. 2021) to aid

maintenance and rehabilitation of “high-value” tourism reef
sites. To date, selection of coral colonies—as well as “frag-
ments of opportunity” (see Suggett et al. 2020)—has been at
random from the neighboring reef site, adhering to permitting
criteria of coral species population density and colony size.
However, how well this random selection captures the inher-
ent functional diversity for any given species remains
unknown. Building on our recent use of basic active Chl
a fluorescence parameters to resolve different Symbiodiniaceae
phenotypes (“ecotypes,” Suggett et al. 2015, Goyen
et al. 2017), and of more sophisticated active fluorescence-
based phenotyping of optically thick plants (Keller et al. 2019;
Pleban et al. 2020), we therefore examined how Light-Induced
Fluorescence Transient-Fast Repetition Rate fluorometry (LIFT-
FRRf) (Kolber et al. 2005, 2019; Osmond et al. 2017, 2019)
could identify coral with diverse functional performance in
excitation energy processing. In doing so, we present a proof-
of-concept for coral photo-physiological phenotyping, via
multitrait descriptors of PSII light harvesting and utilization,
that captures niche plasticity within and between coral taxa.
We consider this proof-of-concept phenotyping in terms of
the potential application to advancing coral propagation prac-
tices; specifically, using LIFT-FRRf to capture the extent with
which (i) local coral species are functionally diverse (exhibit
different photo-physiological phenotypes), needed to ensure
targeted stock choice for coral propagation maximizes diver-
sity and hence resilience (sensu Baums et al. 2019), and
(ii) different phenotypes are “physiologically plastic” (photo-
physiological dynamic range) and hence define the extent
that any given phenotype can be successfully moved across
diverse reef environments. How the different photo-
physiological phenotypes ultimately captured are indicative of
growth and survivorship—key success metrics used in coral
restoration (Suggett et al. 2020)—is the subject of future work.

Materials and procedures
LIFT-FRRf coral phenotype concept

LIFT-FRRf describes specific models of FRR fluorometer
developed for remote monitoring of terrestrial plant photosyn-
thetic performance (Kolber et al. 2005, 2019; Osmond
et al. 2017, 2019) and, as we employ here, also for direct prob-
ing of liquid (microalgal culture, seawater, etc.; Levin
et al. 2017) or small coral biopsy samples (Szab�o et al. 2017)
retained within an internal optical chamber. While FRRf
(Leggat et al. 2019) and other approaches (e.g., Fluorescence
Induction and Relaxation fluorometry; Hennige et al. 2011)
have been used to assay coral photo-physiology—including
submersible versions (Gorbunov et al. 2001; Levy et al. 2003)
—an alternate approach, pulse amplitude modulation (PAM)
fluorometry has largely been applied to study coral to date (see
also Warner et al. 2010). PAM fluorometry is programmed to
deliver a modulating light and periodic prolonged saturating

2

Suggett et al. Fluorescence-based coral phenotyping



flash to determine the minimum and maximum fluorescence
(“amplitude-based” protocol). In contrast, FRRf protocols
employ a series of sub-saturating flashlets to also determine
the minimum and maximum fluorescence, but in doing so
captures the dynamic kinetics underlying maximum fluores-
cence saturation and subsequent decay (Kolber et al. 1998,
2005). This alternate “kinetics-based” protocol therefore
enables much deeper parameterization of photo-physiological
functioning than purely amplitude-based protocols, and we
refer the reader to recent reviews on the broad and fundamen-
tal principles of these and other active Chl a fluorescence bio-
optical measurements (Hughes et al. 2018; Schuback
et al. 2021). Another important feature of PAM-type protocols
is that the maximum fluorescence yields obtained from the
prolonged saturating pulse are perturbed according to the redox
state of the plastoquinone (PQ) pool (oxidized PQ is a quencher
of fluorescence whereas its reduced form—plastoquinol—is
not) (see Suggett et al. 2003, 2010 and references therein). As
such, accurate retrieval of photo-physiological parameters
derived from the primary amplitude-based measurements is
confounded where extrinsic environmental and/or intrinsic
biological factors simultaneously regulate PQ pool redox
state—as we have previously demonstrated in side-by-side
comparisons of PAM and FRR fluorometers (Suggett
et al. 2003, 2010). Therefore, while PAM or indeed any form
of active Chl a fluorometer could conceivably be used to
develop phenotyping platforms, we use LIFT-FRRf to maximize
accurate parameter retrieval as a logical starting point for our
proof-of-concept with coral.

LIFT-FRR fluorometers are equipped with multiple excita-
tion wavelengths; however, we restricted our proof-of-concept
here to a single excitation protocol (combining two peak λ

values, 445 and 505 nm) to optimize absorption by coral
endosymbionts (Szab�o et al. 2014; Wangpraseurt et al. 2014;
Leggat et al. 2019). LIFT-FRRf specifically employs a series of
short flashlets to manipulate saturation-relaxation of the pri-
mary quinone acceptor of the PSII reaction center (RCII), QA

(Z. Kolber pers. comm.; Kolber et al. 1998, 2005, Osmond
et al. 2017, 2019) (Fig. 1). An initial saturation protocol cumu-
latively reduces QA—and so increasingly “closes” the RCII
pool—to yield a transient rise in fluorescence from minimum
to maximum (F0 to Fm, F0 to Fm0; in darkness, under actinic
light, respectively) (see Table 1 for terms and definitions). This
rise is governed by the PSII effective absorption cross
section (σPSII, σPSII0), which itself is regulated by the physical
arrangement and type of pigments for light harvesting, as well
as the nature of RCII “connectivity” (ρ, ρ0) (Kolber et al. 1998;
Suggett et al. 2004; Oxborough et al. 2012). Multiplying σPSII
by the number of functional RCIIs (n), and normalized to the
maximum PSII photochemical efficiency (Fv/Fm = [Fm � F0]/
Fm) to account for nonradiative loss terms inherent to σPSII,
yields the absorption coefficient for the PSII light harvesting
complex, termed aLHCII (= [σPSII�n]�[Fv/Fm]�1) (Kolber
et al. 1998; Oxborough et al. 2012; Suggett et al. 2015). In
corals, values for σPSII as well as maximum and minimum fluo-
rescence (but not Fv/Fm)—and hence aLHCII—are influenced
by polyp expansion (Levy et al. 2003) via alterations to
optical properties of the tissues (Wangpraseurt et al. 2019).

Fig. 1. Schematic representation of PSII photochemical operation and relationship to parameters retrieved using LIFT-FRRf (modified from Hughes
et al. 2018). Specifically, light is absorbed through PSII light harvesting antennae (σPSII) coupled to PSII reaction centers ([RCII]) of the oxygen evolving
complex (OEC); noting that strictly, only functional RCIIs (n, see Table 1) support oxygen evolving capability at any given time. Normalizing σPSII to the
maximum PSII photochemical efficiency (Fv/Fm) yields the effective cross section of light harvesting complex II (σLHCII) and accounting for n yields the
absorption coefficient for PSII (aLHCII). The proportion of all [RCII] “engaged” (passing electrons downstream) yields the extent of photochemical
“quenching” ([1 � C]). Electrons are passed downstream via a series of electron carriers (QA, QB, PQ pool, cyt b6f) to PSI, which are described by a series
of turnover time constants (τ1, τ2, τ2/PQOX). Together, electron transfer through PSII and PSI drives the generation of energy (ATP) and reductant
(NADPH) used—in part—for CO2 uptake through the Calvin Benson-Bassham (CBB) cycle. A proportion of excitation energy is further dissipated by
dynamic nonphotochemical (heat) dissipation pathways (the extent of which is defined here as [1 � Q]) that are activated and build through excitation
pressure (in part via proton motive force, Δp). Photochemical and/or nonphotochemical electron turnover is further modified by additional electron
(energetic) sinks (e.g., cyclic flow around PSII and PSII; CEFPSII, CEF, PSI; Mehler) to optimize excitation pressure.
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A subsequent relaxation protocol cumulatively reoxidizes QA

governed by several time constants for electron transfer (τ) to
subsequent electron carriers; for example, Osmond et al. (2017,
2019) (also Kolber et al. 1998; Szab�o et al. 2017), describe two
time constants, τ1 and τ2, to represent maximum electron
transfer capacity from QA to PQ and for PQ pool reoxidation,
respectively. A third time constant describing the maximum
downstream transfer of electrons from PQ to photosystem I
(PSI) can be further retrieved by normalizing τ2 by the oxi-
dized portion of the PQ pool (PQOX). Parameterization of
PQOX is retrieved from a model describing electron turnover
from QA to PQ, size of the PQ pool, capacity of the PQ pool in
electron equivalents, and PQ pool reoxidation (Z. Kolber pers.
comm.), and where the size of the PQ pool ranges from 5 to
12 quinones per reaction center (Suslichenko and
Tikhonov 2019, and references therein). Descriptions and
evaluation of the various models behind the kinetic parameter
retrieval is presented elsewhere (Kolber et al. 1998, 2005,
Osmond et al. 2017, 2019; https://soliense.com/LIFT_Method.
php, accessed 21st December 2021). Together, aLHCII describes
light harvesting capacity while the turnover time constants
describe subsequent light utilization capacity, whereby τ1, τ2,
and τ2/PQOX monitor the PQ pool control loop that underpins
maximum electron transfer rates (Osmond et al. 2019; Gor-
bunov and Falkowski 2021).

Interplay between aLHCII and time constants for electron
transfer determines where photochemistry transitions from
light dependence to light independence, otherwise termed EK
(Hughes et al. 2018; Nitschke et al. 2018). EK values retrieved
from active fluorescence are often variable across coral species
(Kaniewska et al. 2014), as well as photo-acclimation history
based on light availability from season and depth (Hennige
et al. 2008; Suggett et al. 2012; Nitschke et al. 2018). Hence,
EK variance for any given coral taxa therefore reflects the eco-
logical niche width achievable through photo-acclimation to
the prevailing light history, but whether this is the result of
one or more phenotypes—through differential modification of
kinetic parameters aLHCII vs. τ—remains unexplored.

Photobiological descriptions of aLHCII and τ—often from
dark- or low-light acclimated samples—provide key insight of
the maximum potential for light harvesting and utilization.
However, “instantaneous” measurements under transient
conditions, such as the continuously dynamic light environ-
ments for benthic corals (Anthony et al. 2004), are needed to
capture the realized responses underpinning functional perfor-
mance (Hughes et al. 2018; Gorbunov and Falkowski 2021).
Numerous factors operate to “downregulate” (in efforts to
maintain optimum) PSII photochemistry in coral endosymbi-
onts (Vega de Luna et al. 2020; reviewed by Warner and
Suggett 2016); as such, parameterizing light harvesting and
utilization in the light (i.e., σPSII0, τ10, etc.) provide additional
descriptors of the photochemical operation dynamics
(Gorbunov et al. 2001; Szab�o et al. 2017). However, accurately

resolving these kinetic parameters becomes increasingly more
challenging (and potentially more inaccurate) as dynamic
light exposure increases and variable fluorescence correspond-
ingly decreases (Hughes et al. 2018; see Gorbunov and
Falkowski 2021). To overcome this constraint, active fluores-
cence induction signatures are typically parameterized to cap-
ture dynamic trade-offs among photochemistry and
“downregulation” via “quenching” terms calculated from mini-
mum and maximum fluorescence; for example, we have shown
that under the same conditions, coral endosymbionts as free liv-
ing cultures (Suggett et al. 2015) or in hospite (Nitschke
et al. 2018) employ different photosynthetic strategies based on
trade-offs in photochemical vs. nonphotochemical quenching
(derived as [1 � C] and [1 � Q], respectively; see “Materials and
procedures” section) reflecting different cellular machinery avail-
able for dissipating excitation energy (Hughes et al. 2018; Vega
de Luna et al. 2020). We acknowledge that additional photobio-
logical parameters could ultimately be applied for phenotyping
(Kuhlgert et al. 2016; Yao et al. 2018; Keller et al. 2019;
McAusland et al. 2019; Pleban et al. 2020), but how dynamic
quenching factors compliment aLHCII and the turnover time
constants (Fig. 1) provides a logical framework to initially
explore proof-of-concept coral photo-physiological phenotyping
given that these parameters have each been independently
examined through prior active fluorometry studies in corals.

Laboratory sampling
Aquarium-maintained corals (orders: Scleractinia and

Alcyonacea) as well as endosymbiont isolates (family: Symbio-
diniaceae) held within a long-term culture collection at the Uni-
versity of Technology Sydney were initially used to explore and
optimize LIFT-FRRf data collection. Within the aquarium system,
16 coral species (including colonies of different color morphs for
Pocillopora damicornis, and 2 different colonies for each of Fungia
sp. and Acropora tenuis; total n = 19 colonies, see Supporting
Information Table S1)—all originally sourced from the GBR
(Majestic Aquariums, Taren Point, NSW, Australia)—were
maintained under reef growth conditions as detailed in
Supporting Information Methods S1. We selected eight algal iso-
lates representing multiple Symbiodiniaceae genera (Supporting
Information Table S1; also Ros et al. 2020) with known differ-
ences in photosynthetic function to light intensity (Suggett
et al. 2015; Ros et al. 2020) and/or heat stress (Goyen
et al. 2017). Algal isolates were maintained in F/2 media in expo-
nential growth—via regular cell counts and dilutions (Suggett
et al. 2015)—under 25�C and a downwelling irradiance of
85 � 15 μmol photons m�2 s�1 (Philips TLD 18 W/54 fluores-
cent tubes, 10,000 K on a 12 h : 12 h light: dark cycle).

Field sampling
To further assess the range in phenotypic signatures in

corals, several species were collected at Opal Reef, on the
northern GBR (16�130S 145�53.50; 24.7 km2), at sites “RayBan,”
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“Blue Lagoon,” and “Mojo,” where coral nurseries and
out-planting have been underway since 2018 (Howlett
et al. 2021). As with other reef sites of the GBR, plating (tabu-
lar) Acroporid corals at Opal Reef were particularly impacted
by the 2016/2017 back-to-back mass coral bleaching events
(Hoogenboom et al. 2017; Hughes et al. 2017), and so repre-
sent priority species for nursery-based site rehabilitation
(e.g., Acropora cf. hyacinthus; Howlett et al. 2021), and there-
fore the focus to examine for intraspecies phenotypes. Sites of
Opal Reef that were less impacted by recent heat waves are
characterized by many plating colonies of Acropora across all
topographies, with other taxa more topographically restricted
(e.g., Echinopora lamellosa and Pocillopora verrucosa, which pre-
dominantly grow on cryptic or exposed reef topography,
respectively) (John Edmondson, David Suggett, Emma Camp
pers. obs.). We therefore sampled across colonies of plating
Acroporids, E. lamellosa and P. verrucosa, to test the hypothesis
that the latter two more topographically restricted taxa would
exhibit relatively conserved intraspecies phenotypes compared
to the more topographic diversely distributed plating
Acroporid taxa.

Coral fragments were collected by SCUBA (4–7 February
2020) from colonies between 2 and 4 m depth. Each colony
was photographed to verify species identity (detailed below),
and a 3- to 5-cm-length branch fragment removed from the
plate growing edge with bone cutters. Fragments were
returned to the operations vessel (Wavelength 5) and held in
aerated tanks filled with reef water until measured with LIFT-
FRRf (within 1–2 h of sampling). Plating Acroporid species
were identified as A. hyacinthus and Acropora. cytherea, which
are part of known species complexes with up to four
A. hyacinthus and two (A. cytherea) molecular distinct species
that occur on the GBR (Ladner and Palumbi 2012). For the
purpose of this study, samples were categorized into potential
morpho-species, where only three and two distinctive species
were found for A. hyacinthus and A. cytherea, respectively.
A. hyacinthus sp-1 (i.e., notional A. “hyacinthus” species 1),
sp-2, and sp-3 all have vertical branchlets with labellate flaring
lip (sometimes rounded lip) radials that form rosettes around
the axial tip. Distinctive features to delineate these morpho-
species are (i) uneven and indeterminate growth and spacing of
vertical branchlets with slightly exert axial tips (A. hyacinthus
sp-1); (ii) pastel-like colony coloring, distinctly compact and
uniform growth and spacing of vertical branchlets with no
exert axial tip (A. hyacinthus sp-2); and (iii) thicker branchlets
compared to other morpho-species, has a fused colony center,
and branchlets grow angular, fanning out toward growth edge
tips (A. hyacinthus sp-3). A. cytherea all have long thin vertical
branchlets, multiple layered growth edge tips and small radials
(compared to axials) with vertical growth directions of radial
lips. Distinctive features to delineate these morpho-species are:
(i) multiple messy incipient axials growing off branchlets,
rounded lip radials and slightly exert axial tip (A. cytherea sp-1);
and (ii) neat thin branchlets with long pointed lip radials that

can grow past the axial tip, and an often-deformed axial open-
ing (A. cytherea sp-2). Example photographs are given in
Supporting Information Fig. S1. Over the four sampling days, a
total of 24, 4, 4, 9, and 3 colonies of A. hyacinthus sp-1 (Ah-1),
A. hyacinthus sp-2 (Ah-2), A. hyacinthus sp-3 (Ah-3), A. cytherea
sp-1 (Ac-1), and A. cytherea sp-2 (Ac-2), respectively, were sam-
pled and analyzed with LIFT-FRRf.

Light-induced fluorescence transient-fast repetition rate
fluorometry

All fragments or algal cultures were low light (ca. 5–10 μmol
photons m�2 s�1) acclimated for at least 30 min prior to LIFT-
FRRf (Soliense Inc., USA) measurements. Such acclimation
under low light is favored over complete darkness to ensure any
dynamic nonphotochemical quenching is relaxed without
inducing chlororespiration, which can modify the redox state
of PQ pool (Suggett et al. 2015, and references therein). All LIFT-
FRRf programming and model fitting was conducted using a
custom-designed application software package (https://
soliense.com/LIFT_Method.php, accessed 21 December 2021;
Z. Kolber pers. comm.; see also Osmond et al. 2017, 2019) that
describes the relationship between the excitation, fluorescence,
and PSII photosynthetic properties (Kolber et al. 1998). At the
time of measurement, either (i) a biopsy of tissue and skeleton
of ca. 1–2 mm2—often as a full or partial corallite—was gently
removed from each coral fragment with scalpel and forceps
(ca. 1–2 cm below the branch tip, always surface side up and
avoiding the axial/terminal polyp) to ensure the biopsy
remained intact, and the sample placed in the LIFT-FRRf optical
chamber filled with filtered seawater passed through 0.2-μm
syringe filters (Minisart NML, Sartorious, Göttingen, Germany).
Biopsies were visually inspected and discarded if not intact and
a new biopsy taken; or (ii) aliquots of ca. 2 mL Symbiodiniaceae
culture were used to fill the LIFT-FRRf optical chamber. The
LIFT-FRRf was programmed to deliver single turnover
(ST) fluorescence transients consisting of 100 flashlets of 1.6 μs
at 2.5 μs intervals for QA reduction, followed by 127 flashlets of
1.6 μs at exponentially increasing intervals over � 30 ms for QA

reoxidation. ST excitation was provided by both the 445- and
505-nm LEDs, and hence all values of σPSII reported here are
inherently weighted to this combination of wavelengths (see
Suggett et al. 2004). Each fluorescence transient was corrected
for baseline fluorescence, which consisted of filtrate of reef/
aquaria seawater or algal culture gently passed through a 0.2-μm
syringe filter (Minsart NML, Sartorious) and acquisitions
recorded iteratively from 10 consecutive fluorescence tran-
sients. Each acquisition was then fit against the photo-
physiological model of Kolber et al. (1998), with fitting func-
tions of ρ (connectivity) and quenching of triplet P680 set to 0.2
and “off,” respectively, and a double exponential decay for elec-
tron turnover through sequential electron carriers.

Acquisitions were made continuously during two alternate
protocols. For the routine phenotyping assays, we employed
a rapid fluorescence light curve (FLC) protocol following an
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initial dark step. The light protocol was delivered by only the
445-nm LED (0, 10, 25, 50, 100, 150, 250, 500, 750, 1000,
and 1250 μmol photons m�2 s�1), with each light step last-
ing 30 s and collection of three acquisitions. A separate sub-
sample for the laboratory experiments was subjected to a
second “quenching protocol” consisting of an initial dark
step followed by 1200 s under 500 μmol photons m�2 s�1

(also 445 nm) for comparing how dynamic fluorescence
parameters retrieved from short-term light exposure—and
hence the FLC—compared to those retrieved under longer-
term light exposure. All light-response protocols were used to
retrieve (i) initial dark-acclimated maximum light harvesting
and turnover potential (kinetic parameters aLHCII, τ1, τ2, τ2/
PQOX) and further parameterize (ii) light-activated pheno-
type characteristics for dynamic energy quenching (derived
from amplitude measurements of maximum and minimum
fluorescence). Determination of aLHCII requires input of
σPSII, Fv/Fm and n, where n is based on variations in F0/σPSII

weighted against an instrument-specific calibration of func-
tional RCII abundance (Oxborough et al. 2012; Boatman
et al. 2019), where n can be normalized per volume of sam-
ple, per Chl a concentration or per cell, as required
(Table 1). Since the LIFT-FRRf has not been calibrated with
independent measurements of PSII reaction center abun-
dance (Oxborough et al. 2012), we simply treated light
absorption as the term σLHCII (PSII effective cross
section normalized to maximum quantum yield [=σPSII/(Fv/
Fm)]; Oxborough et al. 2012, Suggett et al. 2015).

Photochemical ([1 � C]) and dynamic nonphotochemical
(downregulated, [1 � Q]) energy dissipation was determined as
per Suggett et al. (2015),

1�C½ � ¼ Fm
0 �F0½ �= Fm

0 �F0
0½ �, ð1Þ

1�Q½ � ¼ Fm
0 �F0

0½ �=Fm
0ð Þ= Fv=Fmð Þ, ð2Þ

F0
0 ¼ F0= Fv=Fmð Þþ F0=Fm

0ð Þ½ �: ð3Þ

Table 1. Photo-physiological parameters and derivations (where applicable) used here with LIFT-FRRf, and whether they are sourced
by amplitude-based (A) or kinetic-based (K) protocols. Bold text indicates LIFT-FRRf parameters utilized to identify coral phenotypes.
Units for amplitude-based parameters are instrument specific for primary fluorescence parameters and dimensionless for secondarily
derived parameters (factors or ratios using the primary fluorescence parameters). All kinetic parameters are derived from models fit to
LIFT-FRRf induction and relaxation acquisitions (and units shown alongside the respective definition); these various models are described
and evaluated elsewhere (Kolber et al. 1998, 2005, Osmond et al. 2017, 2019; https://soliense.com/LIFT_Method.php, accessed 21
December 2021).

Parameter Definition Source Derivation

[1 � C] Photochemical energy dissipation A [Fm0 � F0]/[Fm0 � F00]
[1 � Q] Dynamic nonphotochemical energy dissipation A ([Fm0 � F00]/Fm0)/(Fv/Fm)
a LHCII Absorption coefficient for the PSII light-harvesting complex (Å2) [σPSII �n] � [Fv/Fm]�1

E K Saturating light intensity —*

F0 Fluorescence yield under actinic light at time t A

F0 Minimum PSII fluorescence (dark-regulated state) A

F00 Minimum PSII fluorescence (light-regulated state) A F0/([Fv/Fm] + [F0/Fm0])
Fm, Fm0 Maximum PSII fluorescence (dark-, light-regulated state) A

Fv, Fv0 Maximum variable PSII fluorescence (dark-, light-regulated state) A Fm � F0, Fm0 � F00

F v/Fm Maximum photochemical efficiency (dark-regulated state) A [Fm � F0]/Fm
Fv0/Fm0 Maximum photochemical efficiency (light-regulated state) A [Fm0 � F00]/Fm0

Fq0/Fm0 Effective photochemical efficiency (light-regulated state) A [Fm0 � F0]/Fm0

σPSII, σPSII0 Effective absorption cross-section of PSII (dark-, light-regulated state) (Å2 quanta�1) K

σLHCII Effective cross-section of PSII light harvesting (dark-, light-regulated state) (Å2 quanta�1) σPSII/(Fv/Fm)

σLHCII0 Effective cross-section of PSII light harvesting (light-regulated state) (Å2 quanta�1) σPSII
0/(Fv0/Fm0)

[RCII] PSII reaction center abundance —†

n Functional [RCII] —†

ρ, ρ0 PSII connectivity factor (dark-, light-regulated state) K

τ 1 Minimum electron turnover time (QA to PQ) (μs) K

τ 2 Minimum electron turnover time for PQ pool reoxidation (μs) K

PQOX Oxidized portion of the PQ pool K

τ 2/PQox Transfer time for electrons from PQ pool to photosystem I (μs) K

*Derived from Eq. 4 (fit to the light response of Fq0/Fm0; main text).
†The reaction center abundance that must be sourced based on independent measurements using biochemical approaches, which has units according to
the user-preferred normalization (e.g., RCII per sample volume, per chlorophyll content or per cell), see the main text; Oxborough et al. 2012).
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We use the term [1 � Q] to describe dynamic non-
photochemical quenching (as opposed to other popularly
used—but unbounded—terms such as NPQ = [Fm � Fm0]/Fm0)
since, as with [1 � C], values for [1 � Q] are bounded between
values of 0 and 1, and where the PSII photochemical efficiency
([Fm0 � F0]/Fm0, termed Fq0/Fm0) equals the product of [1 � C]
and ([1 � Q] � Fv/Fm) and thus a convenient means to examine
for trade-offs in quenching strategy governing photochemistry
(Suggett et al. 2015). Importantly, [1 � Q] is derived from the
term “Qm” (excitation pressure over PSII) (Iglesias-Prieto
et al. 2004; see Suggett et al. 2015), where Qm increases with
nonphotochemical quenching (and so [1 � Q] decreases). Sim-
ilarly, values of [1 � C] decrease as the proportion of RCIIs
engaged in photochemistry increases. For the phenotyping,
we specifically only used values of [1 � C] and [1 � Q] gener-
ated from the highest (final) light intensity of the FLC (FLC-
1250 μmol) so as to capture the greatest dynamic quenching
via the rapid FLC assay.

As part of our analysis, we also determined the saturating
light intensity (EK) for photochemistry from the FLC, which is
again weighted to the actinic light wavelength (445 nm), as
per Nitschke et al. (2018). EK was retrieved for each FLC using
the following model that describes the light (E) dependency of
PSII photochemistry (Hennige et al. 2008):

Fq
0=Fm

0 ¼ Fq
0=Fm

0 maxð Þ �EK
� � � 1 – exp –E=EKð Þð Þ� �

=E: ð4Þ

Fitting was performed in R using the nls_multstart (Padfield
et al. 2016) R package which employs the nlsLM function in
the minpack.lm (Elzhov et al. 2013) R package. Briefly, model
selection was carried out using the Akaike information crite-
rion (AIC) to identify the value of EK, which best characterized
each FLC. This entailed running 250 different random combi-
nations of starting parameters drawn from a uniform distribu-
tion of hypothetical, predefined minimum and maximum
values (5 and 1250 μmol photons m�2 s�1, respectively), and
retaining the parameter set that returned the lowest AIC score.

Data analysis
Each parameter (σLHCII, τ1, τ2, τ2/PQOX, [1 � Q], and

[1 � C]) was assessed for normality using the bestNormalize R
package (Peterson and Cavanaugh 2020), which evaluates the
normalization efficacy of many candidate transformations, of
which the best is selected using the Pearson P statistic.
Improvements to normality were also assessed manually
through visualization of a QQ-plot. Normalized data were
zero-mean standardized using the decostand function in the R
package vegan (Oksanen et al. 2015). Nonmetric multi-
dimensional scaling (NMDS) was employed by calculating a
Euclidean distance matrix and ordination using the metaMDS
function in vegan. The envfit function in vegan was used to
examine the ordination–parameter relationships by correlat-
ing the sample ordination space with the normalized-
standardized parameter data, producing vectors that indicate

the projection of maximum correlation. Significance of indi-
vidual parameters was assessed through 999 permutations
against an alpha value of 0.05. Sample clustering that is indic-
ative of distinct phenotypes was examined by using the “aver-
age” agglomeration method from the NBClust R package
(Charrad et al. 2014) that applied to the Euclidian distance
matrix, and the optimal number of clusters determined by
querying all indices, specifying the min/max number of clus-
ters at 2 and 7, respectively. Results of the NMDS ordination,
envfit vectors, and clustering, were visualized using ggplot2
(Wickham 2016).

Assessment

Laboratory coral and endosymbiont signatures
Extent of dynamic quenching captured is a direct conse-

quence of the actinic protocol, in terms of light intensity and
duration (Suggett et al. 2003, 2015; Osmond et al. 2017). We
therefore first examined whether and how values for [1 � C]
and [1 � Q] from the highest light intensity of the FLCs (FLC-
1250 μmol) (Fig. 2A,B) compared with those generated under
relatively short (360 s) vs. long (1200 s) exposure to constant
saturating light (500 μmol photons m�2 s�1) (CONST-
500 μmol) across our diverse range of aquarium corals and
Symbiodiniaceae culture isolates. A striking feature of the con-
stant light exposure treatment was initiation of extreme
nonsteady-state fluorescence perturbations upon transition
from dark to “lights on” (here, 500 μmol photons m�2 s�1).
Specifically, initial inductions of [1 � C] < 0 (and [1 � Q] > 1)
that subsequently settle to higher (and lower) steady-state
values under continued light exposure (Fig. 2C,D). Such
dynamics reflect transition between light steps and
nonsteady-state quenching (and fluorescence yields) where
photochemical pathways reequilibrate to the new light dose,
processes that are most pronounced for greater shifts of con-
secutive light intensities (Suggett et al. 2003). The examples in
Fig. 2A–D for the corals Turbinaria peltata and Oulophyllia sp.
demonstrate that these nonsteady-state transients were consis-
tently evident despite very different quenching dynamics;
notably, T. peltata exhibited slower and smaller declines in
[1 � Q] (and slower but greater increases in [1 � C]), and thus
relatively slow induction of nonphotochemical quenching to
gradually relieve excitation pressure from RCII turnover, over
time under constant light exposure. In contrast, Oulophyllia
sp. largely retained the same [1 � C] alongside rapid and rela-
tively high reduction in [1 � Q] over time (and where [1 � Q]
does not fully recover to preexposure levels when lights are
turned off), suggesting fast and sustained generation of
“locked in” downregulation that relieved relatively little RCII
turnover.

Despite presence of inherently different quenching dynam-
ics, values of [1 � C] for FLC-1250 μmol from across all coral
and Symbiodiniaceae samples in fact closely correlated with
those for CONST-500 μmol after both 360 and 1200 s expo-
sure (r2 > 0.89), with values of [1 � C] consistently higher—
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and hence with fewer RCIIs engaged in photochemistry at any
one time—after 1200 s compared to 360 s (Fig. 2E; Supporting
Information Table S2). Similarly, values of [1 � Q] for FLC-
1250 μmol were also closely correlated with those for CONST-
500 μmol, albeit with slightly higher correlation coefficients
for 360 s (r2 = 0.96) than 1200 s (r2 = 0.89) exposure,
reflecting consistently greater induction of nonphotochemical
quenching over time (Fig. 2F; Supporting Information
Table S2). The slightly lower correlation coefficient for 1200 s
compared to 360 s is presumably an outcome of differences in
speed of [1 � Q] induction across taxa when light dose is
increased (Fig. 2D). Together these outcomes verified that
FLC-1250 μmol captured changes in quenching capacity that
are consistent with those from longer-term protocols, but
where the FLC offers a convenient means for rapidly assaying
quenching potential alongside retrieval of EK (Eqs. 1–4).

We next examined whether and how intracolony measure-
ment location influenced photobiological parameterization,

and in turn the phenotype identified, using two separate par-
tial colonies of the corymbose species Acropora tenuis (At1,
At2). Replicate samples were systematically examined using
FLCs from the colony growing edge to the colony center (see
Supporting Information Fig. S2). Values of EK generally
increased with distance from colony center to growing edge
for FLCs taken for colony At1 but not colony At2 (Fig. 3A).
However, in spite of this variation of EK within and between
colonies, all LIFT-FRRf parameterization followed extremely
conserved trends with EK for either At1 or At2; specifically,
decreases in σLHCII, τ1, τ2, and τ2/PQOX (Fig. 3B,D–F), and
increases in [1 � C] (FLC-1250 μmol) and [1 � Q] (FLC-
1250 μmol) (Fig. 3G,H), which linearly correlated with increas-
ing EK (r2 = 0.63–0.87; Supporting Information Table S3).
While collectively the reductions observed in light harvesting
(σLHCII), faster electron turnover times (τ1, τ2, and τ2/PQOX),
and more photochemical quenching ([1 � C]) are all consis-
tent with acclimation to high light (and hence increases with

Fig. 2. LIFT-FRRf-derived photochemical and nonphotochemical ([1 � C] and [1 � Q] respectively, dimensionless; Eqs. 2 and 3) quenching dynamics.
Panels (A–D) are shown as contrasting quenching dynamics retrieved from two examples of aquarium-maintained coral species, Turbinaria peltata and
Oulophyllia sp. Panels (A,B) are the rapid FLCs conducted via increasing light intensity (E, μmol photons m�2 s�1) every � 30 s. The arrow indicates data
under 1250 μmol photons m�2 s�1 (= FLC-1250 μmol). Panels (C, D) are the constant “quenching protocol” consisting of an initial dark step followed by
�1300 s under 500 μmol photons m�2 s�1, and then a “recovery” period under � 700 s of 5 μmol photons m�2 s�1 and finally 30 s darkness. The arrows
indicate data under 360 and 1200 s of constant light (= CONST-500 μmol). Actinic irradiance used across all protocols (A-D) was delivered via 445-nm
LEDs (see the main text). Panels (E, F) are quenching values extracted from all coral species samples (n = 19): Symbiodiniaceae isolates (n = 8) species
are examined; specifically (E) [1 � C] FLC-1250 μmol vs. [1 � C] CONST-500 μmol and (F) [1 � Q] FLC-1250 μmol vs. [1 � Q] CONST-500 μmol, and
red vs. gray circles represent data for CONST-500 μmol collected after 360 s vs. 1200 s, respectively. Regression slopes are shown in panels (E,F) with cor-
relation coefficients and regression equations given in Supporting Information Table S2.
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EK; Hennige et al. 2008, Suggett et al. 2012; Gorbunov and
Falkowski 2021), the parallel increase in [1 � Q] (reduced non-
photochemical quenching) with EK (Fig. 3H) is perhaps some-
what counterintuitive. However, the positive correlation of
[1 � C] and [1 � Q] with EK reflect that for a constant FLC pro-
tocol, higher light acclimated cells will have less time exposed
to light intensities (in this case 1250 μmol photons m�2 s�1 as
the highest intensity for the FLC) that exceed EK, that is, less
time exposed to “excess” excitation energy that particularly
builds dynamic [1 � Q]. This can be seen when replotting
these comparisons using EFLC/EK (= 1250/EK) instead of EK
(Supporting Information Fig. S3). Thus overall, variations in
FLC surface sampling location for either colony returned a
consistent phenotype of photochemical operation despite
Symbiodiniaceae cells optimizing to different absolute light
intensities across the colony surface.

Importantly, in contrast to the conserved trends within
each colony, linear regression relationships differed between
At1 and At2 colonies for each of σLHCII, τ1, τ2/PQOX, and
[1 � Q] vs. EK (Fig. 3; Supporting Information Table S3)

indicating different phenotypes; specifically, EK appears regu-
lated via a phenotype with increased light harvesting, slower
QA turnover times with less nonphotochemical quenching
(but faster PQ to PSI flow), for At1 relative to At2. Such FLC-
based phenotypes—and notably trade-offs among σLHCII vs. τ,
and [1 � C] vs. [1 � Q] (FLC-1250 μmol)—were further evident
when mining of FLC parameterization from samples across all
aquarium corals and Symbiodiniaceae culture isolates
(Supporting Information Figs. S4, S5; also, Turbinaria peltata
vs. Oulophyllia sp., Fig. 2A–D), an outcome consistent with
expression of multiple photo-physiological phenotypes across
Symbiodiniaceae taxa ex hospite (see Suggett et al. 2015;
Goyen et al. 2017) or in hospite (Nitschke et al. 2018).

Field-based phenotyping
FLC-derived EK values at Opal Reef varied almost 10-fold

(�150–1500 μmol photons m�2 s�1) across all plating Acropora
colonies sampled (Fig. 4). Within-species variance of EK values
was generally higher for all plating Acropora compared to
E. lamellosa or P. verrucosa (Fig. 4; standard error around the

Fig. 3. LIFT-FRRf parameters retrieved from FLC protocols conducted across two different Acropora tenuis colonies (At1, At2). Panel (A) shows the
mean � standard deviation (n = 4) light-saturation intensity for PSII photochemistry (EK, μmol photons m�2 s�1; 445 nm) for samples arbitrarily binned
into positions sampled systematically from colony center to colony edge (as described in Supporting Information Fig. S2). Panels (B–J) compare LIFT-FRRf
parameters for all samples collected across the coral surface for either colony: PSII effective cross section (σLHCII, Å

2 quanta�1; 445 + 505 nm) vs. (B) EK,
or vs. (C) the minimum electron turnover time QA to PQ (τ1, μs); also, (D) τ1, (E) τ2 (minimum time for PQ pool reoxidation; μs), (F) τ2/PQOX (minimum
downstream transfer of electrons from PQ to PSI; μs), (G) extent of photochemical quenching ([1 � C], dimensionless), and (H) extent of non-
photochemical quenching ([1 � Q], dimensionless), vs. EK. Also shown is (I) [1 � C] vs. [1 � Q]. ANOVA for data in Panel (A) and linear regression equa-
tions and correlation coefficients for all comparisons (B–I) are given in Supporting Information Table S3.
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mean, Table 2). Such greater EK variance indicates broader
light niche plasticity for the plating Acropora colonies, a
notion consistent with their more diverse topographic distri-
bution compared to E. lamellosa or P. verrucosa throughout our
2–4 m sampling zone (see “Materials and procedures” section).
Highest (673 μmol photons m�2 s�1) and lowest (259 μmol
photons m�2 s�1) mean EK values were observed for
A. cytherea-2 (Ac-2) and E. lamellosa, respectively, with all
other species exhibiting intermediary values (� 450–625 μmol
photons m�2 s�1); again, the lowest mean EK values are consis-
tent with the highly cryptic growth topography for this spe-
cies. Mean values of LIFT-FRRf photo-physiological parameters
were largely constant across species other than E. lamellosa
where Fv/Fm and [1 � C] were lower and τ1, τ2, τ2/PQOX and
[1 � Q] higher than for all other species (Table 2). Differences
of these parameters for E. lamellosa are consistent with accli-
matization to lower light (Gorbunov et al. 2001; Hennige
et al. 2008; Suggett et al. 2015), but not the lower Fv/Fm. How-
ever, absolute values of Fv/Fm are well established to vary
across species of microalgae (including Symbiodiniaceae)
(Suggett et al. 2010, 2015), and corals (Levy et al. 2003;
Wangpraseurt et al. 2019) via inherently different bio-optical
characteristics regulating light harvesting capacity. Within the
plating Acropora, mean values of LIFT-FRRf parameters were
highly variable within and between species, but with notably

faster τ2 (8550 μs) for Ac-1 compared to all others (11,102–
15,742 μs) and slower τ2/PQOX for Ah-3 (2495 μs) compared to
all others (1488–1972 μs) (Table 2).

Large variance of photo-physiological performance within
and between species of plating Acropora was further evident
when comparing the different LIFT-FRRf parameters values
against corresponding values of EK across samples (Fig. 5).
While values of σLHCII, τ1, τ2, and τ2/PQOX were often higher
(and exhibited more variance) with lower EK, no statistically
significant correlations were evident (not shown), in contrast
to the same comparisons from the laboratory within-colony
assessment (A. tenuis; Fig. 3). Such lack of trends between
LIFT-FRRf parameters and EK was apparent when considering
all plating Acropora species collectively (Fig. 5) as well as each
species individually (e.g., see red circles for Ah-1 where n = 24,
Fig. 5), with the exception of [1 � C]. Interestingly, values of
[1 � C] were positively linearly correlated with EK (r2 = 0.784,
n = 44; p < 0.001) across all species and samples, indicating
highly conserved dependency of the proportion of RCIIs
engaged in photochemistry relative to the light intensity of
maximum photochemistry. As such, no species-specific phe-
notypes were evident from considering LIFT-FRRf parameters,
even though some parameters appeared to exhibit sample
clusters—such as σLHCII (or [1 � Q]) especially at lower EK
values (Fig. 5A,G)—indicative of phenotypic divergence
among different isolates of the same species (Suggett
et al. 2015, Goyen et al. 2017).

Such species-independent clustering of plating Acropora
data was further evidenced when subsequently considering all
LIFT-FRRf parameters collectively using NMDS (Fig. 6). Specifi-
cally, up to four distinct clusters were evident, predominantly
driven by differences in turnover time between electron
donor-acceptors (τ1, τ2, and τ2/PQOX) with an additional clus-
ter representing trade-off between decreasing σLHCII and
increasing [1 � C] and [1 � Q] (i.e., less dynamic quenching
build-up via the FLC from reduced light harvesting, see above).

Comparing the LIFT-FRRf parameters against corresponding
EK values for the other two species (E. lamellosa, P. verrucosa;
Fig. 7) reinforced their respective lower-light vs. higher-light
divergence in photo-physiology (Table 2), but again evidenced
some within-species variability. Only values for [1 � C] again
positively correlated with EK (Fig. 7F; r2 = 0.841, n = 20,
p < 0.001; E. lamellosa; r2 = 0.886, n = 18, p < 0.001;
P. verrucosa). While no other LIFT-FRRf parameters were signif-
icantly correlated with EK, values of electron turnover times
were of reduced range for P. verrucosa (τ1, � 580–810 μs; τ2,
� 3900–22,000 μs) compared to E. lamellosa (τ1, � 650–
1500 μs; τ2, � 4300–32,000 μs) (Fig. 7C,D), but values for
σLHCII (Fig. 7A; � 210–500 Å quanta�1) and [1 � Q] (Fig. 7G;
� 0.871.09) of generally similar range for the two species,
despite the higher EK for P. verrucosa. In all, no clear trends
were evident within species, which was further reinforced by
NMDS clustering based on all LIFT-FRRf parameters where the
two species largely clustered separately (Fig. 8). Here the two

Fig. 4. Range of values retrieved for EK (μmol photons m�2 s�1; 445 nm)
across samples at Opal Reef (GBR) for (1) all tabular Acropora (A-All;
n = 48), (2) each tabular Acropora morpho-species (A. cytherea Ac-1,
n = 9; Ac-2, n = 3; A. hyacinthus Ah-1, n = 24; Ah-2, n = 4; Ah-3, n = 4),
(3) Echinopora lamellosa (El, n = 20), and (4) Pocillopora verrucosa (Pv,
n = 20). Data are overlaid onto corresponding boxplots showing median
(inner bar), 25% or 75% range (bottom or top of bar), 5% or 95% range
(bottom or top whisker).
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clusters were again largely driven by variation in turnover
time between electron donor-acceptors (τ1, τ2, and τ2/PQOX),
but within-cluster variation driven by the trade-off between
increasing σLHCII and [1 � Q] and decreasing [1 � C].

Together, these field data demonstrate the plating Acropora
exhibit multiple phenotypes (primarily driven by τ2/PQOX)—
independent of coral taxa—suggesting that broad light niche
plasticity (EK variance) and topographic diversity within the
reef habitat sampled is sustained by functional diversity in
photobiological performance. In contrast, E. lamellosa and
P. verrucosa exhibited restricted topographic distribution (rel-
atively low-light cryptic vs. high-light exposed, respectively)
and reduced light niche plasticity (EK variance), with separa-
tion of diversity in photobiological performance evident
between—but not within—species.

Discussion
Global calls to more effectively manage coral reefs have

catalyzed development of instrumentation to diagnose
changes in coral functional health. In particular, expanding
restoration management by coral propagation is driving
exploration of new approaches that can discriminate within-
species coral functional diversity (Parkinson et al. 2019). Sim-
ilar needs parallel agriculture where instrumentation based
on active Chl a fluorescence and protocols are already used
to phenotype plant varietals (McAusland et al. 2019;
Fern�andez-Calleja et al. 2020) for selective propagation.
While other methods of active fluorometry (e.g., PAM) have
gained popularity to coarsely differentiate coral ecotypes
within ecological contexts (Nitschke et al. 2018; Camp
et al. 2019), novel fluorometer systems that enable greater
parameterization of coral photo-physiological traits
(Gorbunov et al. 2001; Hoadley and Warner 2017; Leggat
et al. 2019; Gorbunov and Falkowski 2021) are yet to be
applied to higher throughput phenotyping. Here, we address
this gap though a proof-of-concept assessment of using LIFT-
FRRf-based parameters as a coral phenotyping method. Using
just a relatively restricted set of parameters (Osmond
et al. 2017; Keller et al. 2019) and simple screening approach,
we resolved various functional types from multiple taxa
maintained in aquaria, and for multiple colonies of the same
species sampled across a restricted growth environment on
the GBR (e.g., plating Acropora spp.), demonstrating the
potential for active fluorometry to discriminate coral photo-
physiological phenotypes.

Our phenotyping approach captures two critical concepts.
Firstly, it resolves the dynamic range of light saturation
intensity for photochemistry (EK). Increased characterization
of EK enables improved insight into how changing environ-
mental conditions affect coral function. For example, EK
often changes with light availability (Anthony and Hoegh-
Guldberg 2003; Hoogenboom et al. 2006, 2009; Hennige
et al. 2008), but also with growth factors such as pH and/orT
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temperature (Anthony et al. 2008; Nitschke et al. 2018), which
typically moderate maximum photosynthesis. As such, devia-
tion of the light dependency of EK alone can highlight factors
other than light that regulate the realized photosynthetic per-
formance (Suggett et al. 2012). Furthermore, changes in EK via
moderations to maximum achievable photosynthesis rates can
also inversely correlate with respiration where corals supple-
ment autotrophy with heterotrophy (Anthony and Hoegh-
Guldberg 2003; Hoogenboom et al. 2009; Ziegler et al. 2014).
Flexibility of EK (but also other dependent photo-physiological
variables) for any given taxa therefore describes the extent of
physiological plasticity that underpins observed distributions
(e.g., depth, Iglesias-Prieto et al. 2004, Ziegler et al. 2014). For
example, corals can overcome distribution restrictions by asso-
ciating with different “ecotypes” of endosymbiont with inher-
ently different boundaries to photosynthetic performance,
including EK (Iglesias-Prieto et al. 2004). Such attributes sug-
gest that corals with larger dynamic ranges of EK may there-
fore be more tolerant to thrive in (or are better adapted to
exploit) complex growth environments, which may include
multiple endosymbiont associations (Nitschke et al. 2018;
Hoadley 2019) or dynamic host properties that can themselves

modify EK (tissue thickness, growth form, etc., Anthony
et al. 2005, Wangpraseurt et al. 2019).

Importantly, while we cannot currently resolve the nature
of the dynamic ranges for EK we observed for the different spe-
cies here (generally greater for the plating Acropora species
compared to P. veruccosa and E. lamellosa all sampled from
2 to 4 m depth), these ranges fundamentally provide an emer-
gent signature of the biological and environmental envelopes
with which different taxa of interest can grow in complex reef
settings. Such knowledge could be central for efforts relocating
coral. For example, in situ movement of colonies across reef
zones can result in mortality, presumably where factors other
than light also change (Lohr et al. 2017) or light-shifts exceed
the rate of acclimation (Lohr et al. 2019). Thus, resolving the
dynamic range for EK to indicate phenotypic plasticity may
guide more successful transplantation practices in terms of
how far and how quickly any given coral taxa (genotype) can
be moved for continued propagation and population
management.

Secondly, we examined multi-trait photo-physiological
phenotypes based on the interplay between factors that ulti-
mately govern EK variability, light harvesting aLHCII (σLHCII)

Fig. 5. LIFT-FRRf parameters retrieved from FLC protocols across all plating Acropora samples at Opal Reef (GBR) (A. cytherea Ac-1, n = 9; Ac-2, n = 3; A.
hyacinthus Ah-1, n = 24; Ah-2, n = 4; Ah-3, n = 4): PSII effective cross section (σLHCII, Å

2 quanta�1; 445 + 505 nm) vs. (A) EK (445 nm), or vs. (B) the
minimum electron turnover time QA to PQ (τ1, μs); also, (C) τ1, (D) τ2 (minimum time for PQ pool reoxidation; μs), (E) τ2/PQOX (minimum downstream
transfer of electrons from PQ to photosystem I; μs), (F) extent of photochemical quenching ([1 � C], dimensionless), and (G) extent of nonphotochemical
quenching ([1 � Q], dimensionless), vs. EK. Also shown is (H) [1 � C] vs. [1 � Q]. Linear correlations were not significant for any of the data plotted,
except panel F ([1 � C] vs. EK) (r

2 = 0.784, n = 44, p < 0.001).
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vs. light utilization (turnover times, extents of quenching)
(Fig. 1). Here, deviations of EK dependence of these factors
(e.g., Fig. 3 contrasting the two A. tenuis colonies) inform that
inherently different machinery preferentially moderates excita-
tion pressure through PSII. In both laboratory and field-based
settings, the only factor that exhibited a consistent relationship
with EK was [1 � C], the extent of “photochemical quenching”
(or rather, the proportion of RCIIs engaged in photochemistry).
Importantly, the redox state of PSII—and specifically PQOX—is
used as a cue for the extent of photo-acclimation (Escoubas
et al. 1995); therefore, the strong and persistent correlations we
observed between EK and [1 � C] (but not other factors assessed
here) are expected, where [1 � C] signals the extent of adjust-
ments to EK required, but importantly not how this is achieved
via the light harvesting and/or utilization machinery. Indeed,
adjustments of photo-physiology to transient light availability
relative to EK in corals observed using other active fluorometry
platforms has been similarly evidenced through dynamic [1 � Q]
but highly conserved [1 � C] (Hennige et al. 2008, 2011; Suggett
et al. 2012). Thus, [1 � C] in effect provides a useful “housekeep-
ing” measure for the absolute extent of EK (light saturation
intensity) within multitrait photo-physiological phenotyping
assessment.

In the field campaign (Figs. 6, 8), [1 � Q] explained some
separation of phenotype groups. Variation of [1 � Q] does
appear to be a strong selecting agent in photosynthetic fitness;
for example, of different crop cultivars to CO2/O2 availability
(McAusland et al. 2019) and also among “ecotypes” of coral

endosymbiont maintained as long-term cultures (Suggett
et al. 2015). However, such studies identifying [1 � Q] used
active fluorescence platforms that were unable to resolve paral-
lel activity of the various turnover time components (τ1, τ2, τ2/
PQOX) that the LIFT-FRRf method provided here achieves. In
our study, variation of [1 � Q] was somewhat secondary to
these turnover time components in explaining the phenotype
clustering, which in the case of the laboratory-based campaign
was limited to [1 � Q] driving the spread of samples within
each phenotype (Supporting Information Figs. S4, S5). Such
an outcome is consistent where turnover kinetic parameters
measured by LIFT-FRRf appear highly sensitive to transient
environmental perturbation (e.g., coral, Szab�o et al. 2017;
plants, Keller et al. 2019), and almost certainly reflects the
more complete nature with which the different turnover
kinetics can describe excitation energy dissipation compared
to [1 � Q] (Hughes et al. 2018, Keller et al. 2019; Fig. 1). Con-
sequently, the combined nature of [1 � Q] with τ1, τ2, and/or
τ2/PQOX expands the range of observable phenotypes beyond
that achievable using [1 � Q]. As such, other fluorometer pro-
tocols such as conventional PAM-based configurations that
only resolve amplitude (e.g., Fv/Fm, [1 � C], [1 � Q], FLC-based
EK) and not kinetic (σLHCII, τ1, τ2, PQOX, etc.) parameters may
prove far less powerful for discriminating photo-physiological
phenotypes, but remains to be tested in future. With this in
mind, future analysis using protocols that only retrieve
amplitude-based parameters could probe whether and how
unbounded, but time-resolved, descriptions of non-
photochemical quenching (e.g., NPQ = [Fm � Fm0]/Fm0) poten-
tially offset limitations of not capturing kinetic parameters for
resolving phenotypes.

Intriguingly in our study, of the various kinetic turnover
parameters, τ2/PQOX was often the dominant vector driving
cluster separation, suggesting separation phenotypes of plat-
ing Acropora species—or indeed E. lamellosa vs. P. verrucosa—
by divergent activity downstream of PSII (Szab�o et al. 2017;
Hughes et al. 2018). This finding supports previous observa-
tions of differential reliance on PSI for moderating excess
energy flows among endosymbionts in culture (Roberty
et al. 2014) or in hospite of corals (Szab�o et al. 2017; Vega de
Luna et al. 2020; but see Hoogenboom et al. 2012), and
clearly warrants more targeted investigation in future. While
we cannot resolve the underlying basis for the alternate phe-
notypes of Acropora retrieved via LIFT-FRRf here, which were
dispersed across different Acropora species (or morpho-spe-
cies), it is possibly an outcome of known plasticity of associa-
tion between these various hosts and alternate
Symbiodiniaceae taxa (e.g., A. cytherea, Rouzé et al. 2019).
Regardless, our LIFT-FRRf assay would demonstrate that at
least four photo-physiological phenotypes (multitrait clus-
ters, Fig. 6) are evident across the Acropora species (morpho-
species) examined here—and so it would be desirable that
coral propagation efforts ensure this full suite of functional
diversity is retained.

Fig. 6. NMDS based on how all LIFT-FRRf parameters—and in turn EK—
are optimized (σLHCII, τ1, τ2, τ2/PQOX) and dynamically regulated ([1 � C],
[1 � Q]) for all samples of plating Acropora (A. cytherea, Ac-1, Ac-2; A. hya-
cinthus, Ah-1, Ah-2, Ah-3). Significance of individual parameters was
assessed against an alpha value of 0.05 (see the main text).
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Our proof-of-concept assessment here describes different
coral phenotypes based on photo-physiological performance.
From the photochemical traits selected (Fig. 1), field-based
screening resolved at least four different phenotypes (as four
multitrait clusters, Fig. 6) of plating Acropora alone (and more
phenotypes/clusters than observed for our laboratory work
using diverse coral species maintained under relatively envi-
ronmentally static aquarium conditions), which was consis-
tent with capacity for greater light niche plasticity and
broader within-habitat topographic distribution at 2–4 m
depth. As such, LIFT-FRRf phenotyping would appear promis-
ing as a convenient tool to rapidly resolve fine scale differ-
ences in niche partitioning of coral photo-physiological
functional performance, and a means to identify functionally
diverse taxa. Both factors could provide novel capacity to
support coral propagation efforts wishing to select and track
functional diversity, as well as better match growing (or out-
planting) locations to photo-physiological performance
optima.

Comments and recommendations
Use of LIFT-FRRf as a coral phenotyping platform here

exploited relatively standard protocols and parameters that

have been previously established for higher plants (Kolber
et al. 2005; Osmond et al. 2017, 2019; Keller et al. 2019).
Clearly, to optimize this—or indeed any other Chl
a fluorometer—to better discriminate coral phenotypic func-
tional diversity will require a series of conceptual, technical,
and operational recommendations to improve applicability
(and guide further development) of the approach (summarized
in Table 3):

(1) Deeper physiological parameterization—We used a rela-
tively restricted selection of LIFT-FRRf parameters here (both
amplitude-based Fv/Fm, [1 � C], [1 � Q], FLC-based EK, and
kinetic-based σPSII, τ1, τ2, PQOX), which resulted in discrimina-
tion of several phenotypes (Figs. 6, 8; also Supporting Infor-
mation Fig. 5). Clearly, exploration of more traits will be
necessary to further maximize the extent of phenotype
retrieval possible (Kuhlgert et al. 2016; Keller et al. 2019),
and/or provide an improved means for machine learning to
reduce distinct physiologies—which may include handling
multiple autocorrelated traits—into robust phenotypes
(Kuhlgert et al. 2016; Yao et al. 2018). Novel Chl
a fluorescence induction and parameterization approaches
including LIFT-FRRf still have a wealth of parameters that can
be examined: notably, further discrete photo-physiological
traits (e.g., carotenoid and donor-side quenching; Kolber

Fig. 7. LIFT-FRRf parameters retrieved from FLC protocols across all Echinopora lamellosa and Pocillopora verrucosa samples (each n = 20) at Opal Reef
(GBR): panels are as for Fig. 5. Linear correlations were not significant for any of the data plotted—either collectively as each species independently—
except panel F ([1 � C] vs. EK) (r

2 = 0.841, p < 0.001, E. lamellosa; r2 = 0.886, p < 0.001, P. verrucosa).
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et al. 1998, Osmond et al. 2017, Keller et al. 2019), retrieval of
EK from “instantaneous” induction-decay measurements
(as opposed to derived from FLC) (Gorbunov and
Falkowski 2021), adoption of more diverse excitation-emission
spectra indicative of immunological factors (Bollati
et al. 2020), microbiome entities beyond Symbiodiniaceae
(Leggat et al. 2019), and optical thickness/packaging
(Boatman et al. 2019). Including such factors may involve bio-
optical reconfiguration of existing platforms, and could con-
ceivably extend to more sophisticated bio-optical platforms
that align Chl a fluorescence with other bio-optical
approaches, such as Raman spectroscopy to resolve calcifica-
tion dynamics (DeCarlo et al. 2019). Ultimately different con-
figurations may depend on the phenotyping goals and traits
of interest.

(2) Improved operation for high-throughput screening in
situ—Ultimately high throughput capacity for screening rests
on speed of sample turnover, which is currently slowed by the
need to invasively sample and process coral biopsies ex situ.
Evolving Chl a fluorescence induction platforms to retrieve
data in water, as already possible achieved for other FRRf-type
diving instruments (Gorbunov et al. 2001; Gorbunov and
Falkowski 2021), supported by computational software to rap-
idly assess traits to retrieve phenotypes of interest (Kuhlgert
et al. 2016, Yao et al. 2018), are needed to progress instru-
ments from research tools into sensors capable of providing
meaningful and rapid decisions to nonspecialist users. While
novel algorithms using single inductions may overcome the

need for more time consuming FLCs to retrieve EK (Gorbunov
and Falkowski 2021), knowledge of quenching dynamics cur-
rently appear to be key traits informing discrimination of
phenotypes—and therefore still require relatively prolonged
actinic light protocols—unless empirical algorithms are further
explored to retrieve quenching extents from short induction
protocols (beyond that here, Fig. 2). Instantaneous protocols
collected from the same sample over different times of day
may capture dynamic quenching states (Gorbunov
et al. 2001), whereas contrasting day vs. night could parame-
terize tissue contraction (Levy et al. 2003) to aid resolving
packaging effects. Such examples highlight that repeat mea-
surements over time on individual colonies may therefore be a
critical operational step—not only would they carry benefits
toward more validation (or deeper physiological characteriza-
tion) of phenotypes but in themselves provide novel insight
into fine scale coral performance dynamics:

(3) Phenotype validation 1: Capturing phenotype
plasticity—LIFT-FRRf assessments currently yield photo-
physiological phenotypic signatures of Symbiodiniaceae com-
munity performance, which in our proof-of-concept here
demonstrated how the same coral host can exhibit functional
diversity over small reef spatial scales. However, how such
alternate phenotypes reflect changes in the predominant
Symbiodiniaceae taxa (as opposed to other adaptive processes)
is unclear. Corals hosting different Symbiodiniaceae taxa is
well evidenced as corals acclimatize to altered reef environ-
ments and/or time (Kemp et al. 2014; Camp et al. 2019), which
in turn parallels with very different Chl a fluorescence signatures
(Nitschke et al. 2018; Camp et al. 2019). Thus, characterizing the
dynamic range of phenotype expression over space and time is
critical to define the adaptive niche of any given host species of
interest, and so resolve evolutionary divergent or convergent
functional strategies (Suggett et al. 2015). Ensuring high-
throughput characterization across life history stages, where lar-
val and/or juvenile corals can be particularly promiscuous in
terms of symbiont association (Quigley et al. 2017), may in turn
provide a means to better understand compatibility (and hence
survivorship potential) between early life history stages and reef
microenvironment. Similarly, intensive within-colony characteri-
zation may be used to predict where optical niches produced by
self-shading enable coexistence of multiple Symbiodiniaceae taxa
within a single coral colony (Ulstrup et al. 2007; Kemp
et al. 2014).

(4) Phenotype validation II: Develop deeper insight of
phenotypes—While characterizing any given photo-
physiological phenotype(s) provides the operational approach
for future targeted selection required for propagation, a
critical—and perhaps most fundamental—step is gaining
deeper insight into the system biology shaping these pheno-
types; in other words, how does the phenotype reflect the real
properties of interest? For example, in our proof-of-concept,
what is driving changes in turnover time constants (and nota-
bly τ2/PQOX) relative to EK?—that is factors h particularly key

Fig. 8. NMDS based on how all LIFT-FRRf parameters—and in turn EK—
are optimized (σLHCII, τ1, τ2, τ2/PQOX) and dynamically regulated ([1 � C],
[1 � Q]) for all Echinopora lamellosa and Pocillopora verrucosa. Significance
of individual parameters was assessed against an alpha value of 0.05 (see
the main text).
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in discriminating our plating Acropora phenotypes—and how
does this potentially govern growth and survivorship perfor-
mance? Recent studies have begun to reconcile how changes
in coral (Symbiodiniaceae) photo-physiological expression
and function correspond to the underlying shifts in coral
metabolism (e.g., through coupled metabolomics; Lohr
et al. 2019), or parallel to reconfigured metabolic strategies of
the host (e.g., respirometry, calcification; Camp et al. 2019).
As such, robustness of rapid and convenient phenotype dis-
crimination using bio-optics will rest on developing both
mechanistic and empirical descriptors of symbiont-host func-
tioning, including parallel measures of ecological fitness out-
comes (growth, survivorship etc.), so as to effectively target
coral phenotypes that carry high priority for reef conservation
or restoration efforts.

In summary, our proof-of-concept application of LIFT-FRR
fluorometry here considers how the rapid development of Chl

a induction approaches—including LIFT-FRRf—for
phenotyping plants (Yao et al. 2018; Keller et al. 2019;
McAusland et al. 2019) can be applied to coral. We have
adopted previous insight from FRRf development for examin-
ing corals (Gorbunov et al. 2001, Gorbunov and
Falkowski 2021) and Symbiodiniaceae functional diversity
(Suggett et al. 2015; Goyen et al. 2017; Nitschke et al. 2018) to
assess how phenotypes of photo-physiological performance
can be retrieved from diverse coral taxa in the laboratory and
the field. Fundamentally, the approach (and recommended
roadmap for future development) provides a means for higher
resolution assessment for how coral photosynthetic function-
ing changes over space and time in complex reef environ-
ments and in near-real time. We propose that such a
phenotyping approach could provide a novel means to nonin-
vasively identify/select phenotypes to aid management, main-
tenance and propagation of coral populations.

Table 3. Summary of development areas recommended (see the main text) to progress active Chl a fluorometry-based coral
phenotyping platforms.

Development area Solution required Benefits gained

Technical In water capability More immediate signature retrieval.

Remove need to extract samples (permitting) and/or introduce sample

handing effects.

Additional and/or more tailored bio-

optical information (multi excitation-

emission)

Include chromatic information to describe parallel responses of host and/or

other microbial entitles (e.g., endoliths).

Include bio-optical descriptors to better quantify pigment packaging (and

in turn improve photo-physiological depth, e.g., [RCII] to determine

aLHCII from σLHCII).

Computational (machine learning) for

“deeper parameterization” and
phenotype retrieval.

Deeper physiological insight of LIFT-FRRf retrieved parameters.

Distil complex multidimensional responses (within minimum degrees of

freedom) to a desired phenotype “signature” that can be employed by

nonspecialists.

Operational “Instantaneous” retrieval of EK and other

photo-physiological metrics.

Further increase speed of data acquisition.

Multiple samples per colony. Overcome uncertainties associated with inherent intracolony variance in

niche space.

Multiple samples per time of day. Overcome uncertainties associated with light-history effects on photo-

physiology via “instantaneous” measures.

Use as a possible means to gauge variance on photo-physiology induced

via tissue contraction (packaging).

Conceptual Understand how phenotypic variability

can be explained by Symbiodiniaceae

species/other holobiont factors, and

how this reflects changes of

environment, life history, etc.

Resolve niche width of performance based on changes to host-symbiont

factors (guiding where species can/cannot be propagated).

Aid refining phenotype for real time “decision making” for propagation.

Resolve photo-physiological phenotype

with independent assessment (e.g.,

functional genomics platforms,

conventional assays, e.g.,

respirometry, growth, etc.).

Aligns photo-physiology (phenotype) with other specific attributes of

interest for selective propagation.

Aid refining phenotype for real time “decision making” for propagation.
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