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Light availability is considered a key factor regulating the thermal sensitivity of reef

building corals, where excessive excitation of photosystem II (PSII) further exacerbates

pressure on photochemical pathways already compromised by heat stress. Coral

symbionts acclimate to changes in light availability (photoacclimation) by continually

fine-tuning the photochemical operating efficiency of PSII. However, how this process

adjusts throughout the warmest months in naturally heat-tolerant or sensitive species

is unknown, and whether this influences the capacity to tolerate transient heat stress

is untested. We therefore examined the PSII photophysiology of 10 coral species (with

known thermal tolerances) from shallow reef environments at Heron Island (Great Barrier

Reef, Australia), in spring (October-November, 2015) vs. summer (February-March,

2016). Corals were maintained in flow-through aquaria and rapid light curve (RLC)

protocols using pulse amplitude modulated (PAM) fluorometry captured changes in the

PSII photoacclimation strategy, characterized as the minimum saturating irradiance (Ek ),

and the extent of photochemical ([1 – C], operating efficiency) vs. non-photochemical

([1 – Q]) energy dissipation. Values of Ek across species were >2-fold higher in all coral

species in spring, consistent with a climate of higher overall light exposure (i.e., higher

PAR from lower cloud cover, rainfall and wind speed) compared with summer. Summer

decreases in Ek were combined with a shift toward preferential photochemical quenching

in all species. All coral species were subsequently subjected to thermal stress assays. An

equivalent temperature-ramping profile of 1◦C increase per day and then maintenance

at 32◦C was applied in each season. Despite the significant seasonal photoacclimation,

the species hierarchy of thermal tolerance [maximum quantum yields of PSII (Fv/Fm),

monitored at dawn and dusk] did not shift between seasons, except for Pocillopora

damicornis (faster declines in summer) and Stylophora pistillata (total mortality in spring).

Furthermore, the strategy for dealing with light energy (i.e., preferential photochemical

vs. non-photochemical quenching) was unchanged for thermally tolerant species across

seasons, whereas thermally sensitive species switched between preferential [1 – Q] and

[1 – C] from spring to summer. We discuss how such traits can potentially be used as a

diagnostic of thermal tolerance under non-stressed conditions.

Keywords: coral bleaching, Symbiodinium, photoacclimation, photochemical quenching, non-photochemical

quenching, thermal tolerance, PSII
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INTRODUCTION

Photosynthetic dinoflagellates of the genus Symbiodinium are
endosymbionts of scleractinian corals that support reef-building,
but are highly susceptible to photochemical destabilization
when exposed to anomalous environmental conditions (Smith
et al., 2005; Roth, 2014; Warner and Suggett, 2016). Under
extreme cases, the light harvesting pigments of Symbiodinium
are impaired and individual cells are expelled from the host
or degraded, which manifests as conspicuous de-colouration
referred to as “coral bleaching” (Weis, 2008; Suggett and Smith,
2011). Whilst the term “bleaching” is used interchangeably
across scales (i.e., from individual polyps and colonies to reefs)
and its process is exacerbated under a number of conditions
(from light stress to inorganic nutrient imbalance; Baker et al.,
2008; Wiedenmann et al., 2013), widespread “mass bleaching”
events are considered a symptom of prolonged anomalous
elevated seawater temperatures (Ainsworth et al., 2016) acting
synergistically with additional stressors, notably solar radiation
(Jones et al., 1998; Mumby et al., 2001; Anthony et al., 2007;
Wooldridge et al., 2017). Such conditions led to the single greatest
mass bleaching event on the Great Barrier Reef in 2016 (Hughes
et al., 2017) and if prolonged, can drive a transition from coral
bleaching to coral mortality (Suggett and Smith, 2011).

Whilst anomalous temperatures appear to target numerous
physiological pathways of both the coral host and their
Symbiodinium populations (Baird et al., 2009; Maor-Landaw
and Levy, 2016), functional impairment of Symbiodinium’s
photosystem II (PSII) reaction centers (RCII) often responds as
a primary determinant of bleaching-stress susceptibility (Warner
et al., 1999; Takahashi et al., 2008). PSII utilizes absorbed
light energy to drive electron generation for energy (ATP)
and reductant (NADPH) formation, supporting carbon fixation
(Oakley et al., 2014). Excitation pressure on PSII is governed
by the rate of electron delivery (photon absorption) vs. removal
(i.e., electron flow). Thus, (photo)acclimation via constituents
of the light harvesting complex (Robison and Warner, 2006;
Hennige et al., 2009) and linear electron transport chain (Robison
and Warner, 2006; Suggett et al., 2015) ensure that the redox
state of the electron carrier molecules (i.e., plastoquinone)
are continually fine-tuned to remain optimal. In shallow reef
habitats Symbiodinium cells exist within highly dynamic light

Abbreviations: PSII, Photosystem II; Fq ′/Fm ′, Effective photochemical efficiency
of PSII; RCII, Photosystem II reaction centers; NPQ, Non-photochemical
quenching; [1 – Q], Light dependant non-photochemical quenching; [1 – C],
Light dependant photochemical quenching; SST, Sea surface temperature; PAR,
Photosynthetically active radiation; E, PAR; RLC, Rapid light curves; F, Dark-
adapted chlorophyll steady state fluorescence; Fo, Dark-adapted chlorophyll
fluorescence minimum; Fm, Dark-adapted chlorophyll fluorescence maximum;
F′, Light-adapted chlorophyll steady-state fluorescence under actinic light; Fo ′,
Light-adapted chlorophyll fluorescence minimum under actinic light; Fm ′, Light-
adapted chlorophyll fluorescence maximum under actinic light; Fv/Fm, Maximum
quantum yield of photosystem II; Fq ′/Fm ′

(max), maximum PSII photochemical
efficiency; Ek, Minimum saturating irradiance of PSII; E/Ek, Ek normalized to
PAR; S, Parameter related to the length of the period during which Fv/Fm remains
stable; k, Rate constant that quantifies the rate of Fv/Fm decrease; Fv/Fm(min),
Minimum dark-acclimated maximum quantum yield of photosystem II reached
during exposure to heat stress.

fields (Anthony et al., 2004; Roth, 2014) where ambient
photon delivery (incident irradiance) to the light harvesting
apparatus and subsequent electron turnover often exceeds the
capacity to which cells have acclimatized. Therefore, in order to
avoid photoinhibition, cells must employ high rates of protein
repair (Takahashi et al., 2004; Ragni et al., 2010; Hill et al.,
2011; Jeans et al., 2013), or photoprotection mechanisms that
transiently redirect excitation energy from linear electron flow via
“non-photochemical” quenching pathways. Non-photochemical
quenching in Symbiodinium is largely sustained through energy-
dependent quenching via “alternate” electron acceptors within
the photochemical electron transport chain (Roberty et al., 2014),
as well as alteration of pigment protein transfer efficiencies
within the PSII light harvesting antenna complex (McCabe
Reynolds et al., 2008; Slavov et al., 2016), to dissipate >80%
of excitation energy (Gorbunov et al., 2001; Brodersen et al.,
2014; Roth, 2014). However, during heat stress, electron transfer
through PSII is thought to become increasingly constrained
(Tchernov et al., 2004; Smith et al., 2005; Goyen et al., 2017)
placing increased reliance on non-photochemical pathways
to relieve PSII excitation pressure (Warner et al., 1996;
Hill et al., 2004; Roberty et al., 2015). Consequently, light
availability can determine the severity with which heat stress
manifests (Lesser and Farrell, 2004; Robison and Warner, 2006)
resulting in persistent and irreversible PSII photoinhibition of
Symbiodinium.

Symbiodinium photoacclimation to changes in light
availability (photosynthetically active radiation, PAR) has
been particularly well-studied in hospite of corals distributed
along natural spatial light gradients (Iglesias-Prieto et al., 2004),
and shallow to mesophotic (Frade et al., 2008; Lesser et al.,
2010; Cooper et al., 2011) and clear to turbid (Hennige et al.,
2008; Suggett et al., 2012) waters, complimented with reciprocal
transplants of coral species across these habitats (Cohen and
Dubinsky, 2015). Here, upon moving Symbiodinium to darker
or deeper habitats, light-harvesting efficiency is altered through
adjustment of light-harvesting capacity (Frade et al., 2008). This
process likely reflects interactions between the macrostructure
of the host (i.e., lateral transfer or local enhancement of light
through tissue layers and skeleton; Enríquez et al., 2005, 2017;
Terán et al., 2010; Wangpraseurt et al., 2012) and acclimation
plasticity of the symbiont, which in the latter case is in part
governed by cell size constraints (Suggett et al., 2015). These
studies across natural light gradients have proved popular in
understanding photoacclimation processes, whereas examining
plasticity of photoacclimation at any one depth in response to
natural environmental change (i.e., seasons) is comparatively
understudied (Titlyanov et al., 2001; Hill and Ralph, 2005;
Ulstrup et al., 2008; Winters et al., 2009; Sawall et al., 2014).
Some evidence does suggest that processes operating within a
species across a depth gradient also potentially operate over time;
for example, the maximum photochemical efficiency (Fv/Fm)
for Symbiodinium in hospite of corals within shallow reefs are
often driven to annual low yields in summer (Warner et al.,
2002; Ulstrup et al., 2008). Most likely these lows in summer
reflect long-term downregulation in response to warmer waters
and high PAR in summer (Warner et al., 2002) that is also
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accompanied by an increase in photoprotection through non-
photochemical quenching (Ulstrup et al., 2008; Sawall et al., 2014;
Louis et al., 2016). However, Hill and Ralph (2005) suggest that
the same non-photochemical mechanisms for photoprotection
to high-light exposure during the diel solar peak in key species of
shallow water Great Barrier Reef corals are active across seasons
and independent of temperature.

On balance, photoacclimation of Symbiodinium in hospite
remains generally well-studied across space (i.e., depth) rather
than through time. This is surprising given that stability of
photochemistry is ultimately dependant on how effectively
cumulative excitation pressure that builds over time can be
processed. As such, photochemical strategies employed as
seasonsmove toward annual temperature (and/or light) extremes
may be particularly pivotal in dictating how coral taxa are
differentially impacted by thermal events whilst operating toward
the limit of their thermal tolerance (Ulstrup et al., 2008). We
targeted 10 species of coral that encompass a diverse range
of growth forms, reproductive modes, symbiont transmission
strategies, Symbiodinium associations, and thermal tolerances
at Heron Reef in the southern Great Barrier Reef (GBR,
Australia). We initially contrast the extent of photoacclimation
(and associated strategies with which absorbed excitation energy
is processed) that operates in response to changing light and
temperature between spring and summer seasons, and whether
this is conserved across species. We subsequently consider the
sensitivity of these same species to transient heat stress during
summer and spring, and whether any differences potentially
reflect alternate strategies of photoacclimation. In doing so, we
show for the first time that these coral species vary widely in
their strategy of light utilization during high-light doses in spring,
but also share an inherent strategy during a low-light event
in summer. Furthermore, we demonstrate coral-Symbiodinium
symbioses that exhibit relative thermally tolerant photochemical
function also maintain their strategy of light utilization across
seasons.

MATERIALS AND METHODS

Site Location and Retrieval of Seasonal
Climate Data
Heron Reef (23◦26′32.66′′S, 151◦54′55.53′′E) is part of the
Mackay Capricorn management area of the Great Barrier Reef
Marine Park in the Southern Great Barrier Reef (Australia).
Remotely-sensed weather information was extracted from the
GIOVANNI online system for satellite derived climate data,
which is maintained by NASA (http://disc.sci.gsfc.nasa.gov/
giovanni). Monthly area-averaged data between 2003 and 2016
collected by theModerate Resolution Imaging Spectroradiometer
(MODIS-aqua) were used in this study, including PAR at the
ocean surface (Einstein m−2 d−1), and daytime sea surface
temperature (SST, ◦C). Satellite data were retrieved for Heron
Reef using the bounding box function to define the area
of interest. GPS co-ordinates of the bounding box (151.949,
−23.463, 151.977, −23.443) were selected to match the location
of relay poles RP1 and RP6 (spaning an area of ca. 8 km2) of

the Heron Reef Integrated Marine Observing System (IMOS;
Bainbridge et al., 2010). Supporting in situ information was
retrieved from the Heron Reef IMOS network from all eight
relay poles (RP1-8) that record high-resolution physical data,
including above-water PAR (daily maxima and daily averages
from RP8, µmol photons m−2 s−1) and sea surface water
temperature at 1–2m depth (RP1-8, daily maxima and daily
averages, ◦C). This data is freely available under a Creative
Commons 3.0 license (https://creativecommons.org/licenses/by/
3.0/au/deed.en) via the Australian Institute of Marine Science
(www.aims.gov.au), and was accessed on 18/10/2016 using the
database provided rule-based quality control for eliminating
outliers or errors.

Further environmental data that relate directly to the optical
clarity of the water at Heron Reef (Michael et al., 2012) were
accessed from the Bureau of Meteorology (BOM) Heron Island
weather station (http://bom.gov.au) which is maintained by
the Australian Government. Data for wind speed (km h−1),
including; maximum daily gusts; wind speed at 09:00 h and
15:00 h; during the experimental periods in spring and summer
(described below) were retrieved from BOM. All available data
for total rainfall data (mm) at Heron Island were also retrieved
from BOM between 1959 and 2007. The diffuse attenuation
coefficient (Kd) of downwelling irradiance at 490 nm, used to
approximate seasonal changes in turbidity (Suggett et al., 2012),
was collected from the same area of interest from MODIS (as
above) during the experimental periods in spring and summer.

Experimental Seasonal Context
The Heron Reef system experiences significant seasonal
variability in physical conditions (Kline et al., 2015), and
therefore seasonal MODIS (remotely sensed) and IMOS (in situ)
data were specifically considered for periods coinciding with
our experiments (Figure 1). The first experiment was conducted
between 28th October and 5th November (2015), which we refer
to as “spring.” The second experiment was conducted between
6th and 16th March (2016); whilst this second period is regarded
as post-peak of the summer season, we refer to it as “summer” for
the purposes of this study. When strictly considering monthly
averaged temperature pooled through 2003 and 2015 (Figure 1),
the MODIS data indicate that November and March are typically
near equal in sea surface temperature (SST) at 26.4 (±0.2 SE)
and 25.9 (±0.2) ◦C, respectively, while the interceding months
contain the annual maximum temperatures. However, the in
situ IMOS data for SST pooled through 2008 and 2015 with
higher temporal resolution indicate that the MODIS data likely
over-estimate the actual SST here by ca. 1.2◦C in November,
and under-estimate by ca. 0.6◦C in March (Figure 1). Strictly
considering monthly averaged PAR (Figure 1), the monthly
average irradiance of 665.3 (±20.3) µmol photons m−2 s−1

coincide with the spring experiment in November, but following
this month steadily decreases, reaching 457.7 (±13.9) µmol
photons m−2 s−1 in March. This trend is consistent across both
MODIS and IMOS data sets. Thus, our two experimental periods
contrast “spring” and “summer” as seasonal priming through (i)
increases in temperature, and (ii) decreases in light availability.

Frontiers in Marine Science | www.frontiersin.org 3 February 2018 | Volume 5 | Article 45

http://disc.sci.gsfc.nasa.gov/giovanni
http://disc.sci.gsfc.nasa.gov/giovanni
https://creativecommons.org/licenses/by/3.0/au/deed.en
https://creativecommons.org/licenses/by/3.0/au/deed.en
www.aims.gov.au
http://bom.gov.au
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Nitschke et al. Coral Photoacclimation and Thermal Tolerance

FIGURE 1 | Seasonal profile of sea surface temperature (SST) and photosynthetically active radiation (PAR) at Heron Reef. Monthly average SST (black lines, left axis)

and monthly average PAR (red lines, right axes), for Heron Reef lagoon. Remote data sourced from the Moderate Resolution Imaging Spectroradiometer satellite

(MODIS 2003–2016, circles) and the in situ Integrated Marine Observing System (IMOS 2009–2016, squares) represent monthly averages (±SE) pooled across years

including all available data. Experimental periods of this study are indicated by the gray areas.

Key photophysiological parameters of interest in this study
(described in further detail in sections below) are known
to acclimate in as few as 5–10 days (Anthony and Hoegh-
Guldberg, 2003; Roth, 2014). Thus, we utilized the high-temporal
resolution (daily) IMOS system for the 14 days pre-experiment
(for both spring and summer) to capture the environment
under which the photochemical pathways have primed, i.e.,
the environmental “acclimation history.” The environmental
conditions immediately following this during the experiment are
referred to as “ambient.” The summer period of this study in 2016
was conducted directly after Heron Reef was downgraded from
“Bleach-Watch” status (low thermal stress for all of February) in
the Coral Reef Watch models produced by the National Ocean
and Atmospheric Administration (NOAA, http://coralreefwatch.
noaa.gov/satellite/index.php).

Species Collection and Maintenance
Ten coral species were used in this study (Table 1); Acropora
aspera; Acropora digitifera; Acropora formosa; Acropora
millepora; Pocillopora damicornis; Montipora digitata; Isopora
palifera; Stylophora pistillata; Porites cylindrica; and Porites lutea
(N = 4 per species, <2m depth). All are considered common
on the Great Barrier Reef (Madin et al., 2016) and are typically
abundant on the shallow reef-flat and/or reef-crest of Heron
Reef. These corals are typically dominated by Symbiodinium
that broadly fall within clade C (LaJeunesse et al., 2003), and
span a range of thermal tolerances that have previously been
characterized in studies at Heron Reef (Table 1). Notably,
corals containing Symbiodinium C15 (e.g., M. digitata, P.
cylindrica, and P. lutea) are expected to be significantly more
tolerant to transient heat stress than other species (Fitt et al.,
2009; Fisher et al., 2012). Only coral colonies that visually
appeared healthy (free of lesions or abnormal pigmentation)
were selected for collection. No immediate visual signs of
bleaching (i.e., significant paling of coral colonies) was observed

on the reef during the spring or summer collections. Collected
corals were transferred to Heron Island Research Station (The
University of Queensland, Australia) and each colony was
split into halves (∼6 × 2 cm). All species (except P. lutea
fragments which were mounted in a glass petri dish) were
secured onto glass microscope slides using Selleys Epoxy (Selleys
Pty Ltd., Australia). Coral collections were performed under
the conditions of the Great Barrier Reef Marine Park Authority
permits, numbered G15/37922.1 and G15/37538.1

Coral fragments were allowed to recover and acclimate for
5 days prior to experimentation in an unfiltered flow-through
aquaria system under 50% of ambient light (using a neutral
density shade-cloth) and a continuous flow of ambient lagoon
seawater. This was deemed necessary (especially in spring) as
the corals would otherwise experience artificially extreme light-
doses on a daily basis due to the limited depth (and size) of
the holding tanks. After acclimation, corals were distributed to
8 replicate aquaria (20 L, N = 1 fragment of each species per
tank) also under 50% shaded natural light in a custom built
open flow through system utilizing ambient lagoon seawater
(minimum flow through of 0.5 L min−1). The water temperature
within the system was recorded every 10min with temperature
loggers (HOBO pendant data loggers, Onset Computer Corp.,
Bourne, MA, USA) and/or temperature buttons (Thermochron,
OnSolution, NSW, Australia). This same acclimation protocol
and experimental system was used in both spring and summer.

Seasonal Changes in Symbiodinium

Photochemical Pathways
PSII photochemistry of coral-hosted Symbiodinium cells was
measured via chlorophyll a fluorescence kinetics using a Pulse
Amplitude Modulated (PAM) fluorometer (Diving PAM, Walz
GmbH, Effeltrich, Germany, settings: MI: 12, Gain: 12, SI: 12,
SW: 0.8 s, LC-INT: 3) with a glass optical fiber. Light response
curves (applying actinic light to coral tissues incrementally in
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TABLE 1 | Coral species used in this study from the shallow reef-flat environments of Heron Reef.

Coral species Growth form Reproductive mode +

symbiont transmission

Known Symbiodinium

associations (ITS2)

Thermal tolerance > 31◦C

Acropora aspera Branching (open) Spawn + horizontal C3 Hillyer et al., 2017 Sensitive Fisher et al., 2012 Sensitive

Middlebrook et al., 2008

Acropora digitifera Corymbose/digitate Spawn + horizontal C3 LaJeunesse et al., 2003 ND

Acropora formosa Branching (open) Spawn + horizontal C3 LaJeunesse et al., 2003 Sensitive Fisher et al., 2012

Acropora millepora Corymbose Spawn + horizontal C3 LaJeunesse et al., 2003 Sensitive Hill et al., 2012

Intermediate Fisher et al., 2012

Pocillopora damicornis Branching (closed) Brood + vertical C1 LaJeunesse et al., 2003

C1c LaJeunesse et al., 2003

C33 Stat et al., 2008

C42 Stat et al., 2008

Intermediate Hill et al., 2012

Montipora digitata Branching (open) Spawn + vertical C15 LaJeunesse et al., 2003

C17 Fisher et al., 2012

C73 Stat et al., 2008

Tolerant Krueger et al., 2015

Tolerant Fisher et al., 2012

Isopora palifera Branching (open) Brood + horizontal C3 LaJeunesse et al., 2003

D1 Stat et al., 2008

ND

Stylophora pistillata Branching (closed) Brood + vertical C1 LaJeunesse et al., 2003

C8a Sampayo et al., 2007

C35 Sampayo et al., 2007

C35a Sampayo et al., 2007

C42 Sampayo et al., 2007

C78 Sampayo et al., 2007

C79 Sampayo et al., 2007

Sensitive Hawkins et al., 2015

Sensitive Fitt et al., 2009

Porites cylindrica Branching (closed) Spawn + vertical C15 LaJeunesse et al., 2003

C17 Fisher et al., 2012

Tolerant Fisher et al., 2012

Tolerant Fitt et al., 2009

Porites lutea Massive Spawn + vertical C15 Fisher et al., 2012 Intermediate Fisher et al., 2012

List of 10 coral species used in this study that are common on the Great Barrier Reef (https://coraltraits.org, Madin et al., 2016). Growth forms, reproductive mode (spawning or

brooding), and strategy of Symbiodinium transmission (horizontal or vertical) were also retrieved from Madin et al. (2016). Well-characterized Symbiodinium associations (ITS2 marker)

from previously published studies at Heron Island are listed. The thermal tolerances of the PSII function of coral species previously tested at Heron island above 31◦C are also listed as

described in the respective citations. ND indicates no data.

steps of increasing irradiance) are classified according to the time
duration of each light step. Rapid light curves [RLC, sensu Ralph
and Gademann (2005); Serôdio et al. (2005)] apply light steps
of short duration (e.g., 10, 20, 30 s, Perkins et al., 2010) and are
widely used in coral photobiology, largely to maximize sample
replication while underwater (e.g., Warner et al., 2010). Whilst
RLCs provide limited time for photoprotective mechanisms to be
maximally induced, steady-state light curves (SSLC) are longer
in duration (e.g., 3.5min of each light step) and are designed
to allow the induction of heat-dissipation mechanisms to reach
completion. However, assuming a strong diel profile of PSII
photochemical efficiency in corals on shallow reef environments
(Hill and Ralph, 2005), replicates (or species) may enter different
states of acclimation if not sampled rapidly and thus SSLCs
are not practical for comparisons of multiple field samples.
Furthermore, as coral tissues migrate in response to high-light
(Levy et al., 2003; Wangpraseurt et al., 2017b), the assumption
that the optical properties related to the structure of the sample
remain constant (Serôdio et al., 2006) may be violated during the
long-duration of the SSLC and the retrieved fluorescence signals
may become error-prone (as seen for corals in Lichtenberg et al.,
2016). Suggett et al. (2015) demonstrated that RLCs (20 s light
steps) and SSLCs (3.5min light steps) generally resolve similar
light utilization patterns across diverse taxa of Symbiodinium in

culture, however it is unknown if Symbiodinium cells organized
into the tissue layers of corals will show similar patterns (although
both RLCs and SSLCs are equally limited in this regard). With
these factors considered (and discussed in sections below), the
use of RLCs are preferred in the present study to conduct all
measurements within a narrow time-frame, and we interpret the
findings within the limitations of the method. Importantly, we do
not interpret the findings as absolute rates of electron transport
in photosynthesis (Enríquez and Borowitzka, 2010; Warner et al.,
2010) and we do not utilize the RLC as a substitute for a
SSLC (Perkins et al., 2010). RLCs with 8 actinic light steps were
conducted on low-light acclimated corals during the first 1.5 h of
the morning light period (N = 3 technical replicates per fragment
for N = 4 biological replicates) to minimize the effect of night-
time reduction of the plastoquinone pool (Hill and Ralph, 2005).
Actinic light levels (calibrated against a factory calibrated LI-192
quantum sensor, Li-Cor, Lincoln, NB, USA) of the RLC were 0,
115, 168, 228, 335, 450, 666, 954, 1,356 µmol photons m−2 s−1,
and 0, 98, 162, 240, 325, 480, 610, 971, 1,350 µmol photons
m−2 s−1 in spring and summer, respectively, and were delivered
in 20 s intervals. All RLC measurements were conducted over
4-days, with one replicate per species per day. Distributing
the RLCs over a 4-day experimental period was necessary
to complete the technical replicates for each fragment within
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the naturally low-light acclimated state immediately following
sunrise.

All RLCs were initiated with a dark measurement to provide
theminimum andmaximumdark acclimated fluorescence yields,
Fo and Fm, respectively, and all subsequent steps measure the
minimum, and maximum fluorescence yields under actinic light,
F′ and Fm

′, respectively. These parameters are then used to
calculate the maximum (Fv/Fm = [Fm – Fo]/Fm) and effective
(Fq′/Fm′ = [Fm′ – F′]/Fm′) photochemical efficiency. Whilst
the latter term is often denoted as ΦPSII , we use Fq

′/Fm
′ to

be consistent with Hennige et al. (2008) and Suggett et al.
(2012). A light-response curve for Fq

′/Fm
′ was thus generated

for each RLC and then fit to a model that characterizes the
light-dependent quantum efficiency of PSII using least squares
non-linear regression (Equation 1), described in Hennige et al.
(2008).

Fq
′/Fm

′
= [(Fq

′/Fm
′

(max)Ek)(1− exp(−E/Ek))]/E (1)

Briefly, this model provides an estimate of the minimum
saturating irradiance (Ek µmol photons m−2 s−1) which
describes the transition between the light-limited and the light-
saturated states of PSII (Hennige et al., 2008). Equation (1)
also derives Fq′/Fm′

(max) (dimensionless) which is an alternate
estimate of the maximum PSII photochemical efficiency, which
can differ from the dark-acclimated maximum quantum yield of
photosystem II (Fv/Fm) depending on light history, see Suggett
et al. (2012).

To calculate the poise of the photosystem and the activity of
pathways of excitation energy transfer other than fluorescence,
the extent of light dependant photochemical ([1 –C], Equation 2)
and non-photochemical quenching ([1 – Q], Equation 3)
parameters were both derived from each RLC light step across
seasons and species as follows.

[1− C] = (Fm
′
− F)/(Fm

′
− Fo

′) (2)

[1− Q] = (Fv
′/Fm

′)/(Fv/Fm) (3)

where [1 – C] is the same as qP referred to in previous studies
(Hennige et al., 2008; Oxborough et al., 2012), which assumes
zero connectivity (C) between adjacent reaction centers and
represents the proportion of excitation energy used to drive
photochemistry as the fraction of open reaction centers. [1 – Q]
describes the dynamic non-photochemical quenching (Q) that
is equivalent to the excitation pressure over PSII (Iglesias-Prieto
et al., 2004; Suggett et al., 2015). Use of [1 –Q] is preferred for our
study over other calculations of non-photochemical quenching,
[e.g., NPQ = (Fm – Fm

′)/Fm′], since the product of [1 – C]
and [1 – Q] account for the total energetic dissipation (effective
photochemical efficiency) normalized to taxonomic differences
in maximum photochemical efficiency, i.e., (Fq′/Fm′)/(Fv/Fm)
(see Suggett et al., 2015). These parameters decrease over the
course of the RLC as they become active or are “utilized.”

While all corals were collected from the same light
environment (<2m depth), and care was taken to avoid species
at Heron Reef that are characterized as having comparatively
thick tissue layers (e.g., Platygyra spp. or Pavona spp.), it is

possible that differences in host pigmentation (Salih et al., 2000),
alteration of light fields due to host macrostructure (Enríquez
et al., 2005, 2017; Terán et al., 2010;Wangpraseurt et al., 2014), or
even the aspect of the colony that fragments were removed from
Brown et al. (2000), could potentially introduce variation in the
acclimation states of the fragments. Thus, parameters generated
from the RLC described belowwere normalized to Ek to eliminate
this source of variability (as per Hennige et al., 2008; Suggett
et al., 2012). Examining parameters as E/Ek rather than E allows
the differences in photoacclimation to be viewed independent of
how photosynthetically usable radiation varies between species,
and provides an indication of how mechanisms associated with
regulating light-limited (below Ek) or light-saturated (above Ek)
PSII are preferentially modified to optimize toward Ek (Hennige
et al., 2008).

Both [1 – C] and [1 –Q] were analyzed against the normalized
values of E/Ek and assessed with non-linear regression using a
standard one phase decay model in Graphpad Prism (version 6).
Replicates tests (Graphpad Prism version 6) that test for an
inadequate model fit were performed on every curve and
confirmed that the one-phase decay model adequately described
all quenching curves for all species across both seasons (p> 0.05),
except for A. millepora [1 – C] in spring which did not fit the one
phase decay model and was instead fit to a linear model (R2 =

0.76). For every curve (each representing themean of 4 replicates)
the values of [1 – C] and [1 – Q] where E/Ek = 1 (i.e., at the
minimum saturating irradiance) were interpolated.

Thermal Stress Assay and Monitoring of
PSII Photochemical Efficiency
Following the completion of the RLC described above in the non-
stressed condition, half of the experimental tanks (N = 4) were
subjected to changes in temperature to induce transient thermal
stress, and the remaining experimental tanks (N = 4) were
unchanged and served as ambient controls with continuous flow
of ambient lagoon seawater. Our approach aimed to maximize
synchronicity and equivalency of the ramping profiles in spring
and summer (Figure S1) and reach equivalent end-points in
temperature. In spring, temperature was increased from 26◦C in
1◦C increments daily to reach the target treatment temperature
of 32◦C, and then was held for a further 3 days. 32◦C was
selected as an environmentally relevant upper limit as the single
warmest day recorded by the IMOS network (measured across
all RP) reached a maximum of 32.55◦C (21st February 2009).
In the summer experiment, the ambient lagoon was naturally
fluctuating between 26 and 28◦C on a diel basis and thus to
synchronize the profile with spring, treatment tanks were allowed
to fluctuate for the first day under which spring ramped from 26
to 27◦C, and then the profiles were synchronized from 28 to 32◦C
and increased in 1◦C increments daily (Figure S1). Temperature
was increased by pre-heating continuous flow-through lagoon
seawater in a separate sump (200 L) with two custom built,
thermostat controlled (±0.1◦C) submersible heaters (300W).
Treatment water was pumped from this sump to aquaria at
a flow rate matching the flow-through of ambient aquaria.
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During the temperature ramp and maintenance at 32◦C, dark-
acclimated maximum quantum yield of photosystem II (Fv/Fm)
was measured twice every day for every coral fragment to
monitor for changes in photochemical efficiency (as per Oliver
and Palumbi, 2011; Suggett et al., 2012); once in the first hour
following sunrise (ca. 07:00 h local time) and once again in the
evening during the first hour following sunset (ca. 19:00 h local
time; N = 3 technical replicates per fragment). An inverted
exponential function (Equation 4, as per Vieira et al., 2009) was
used to describe the decrease in Fv/Fm through time as follows.

Fv/Fm = Fv/Fm(0) − e−S+kx (4)

where Fv/Fm is expressed as % (%Fv/Fm, relative to untreated
fragments), Fv/Fm (0) = %Fv/Fm prior to thermal stress (i.e.,
x = 0), x = time (d), S is a parameter related to the length of
the period during which %Fv/Fm remains stable, and k (d−1)
is the rate constant that quantifies the rate of %Fv/Fm decrease.
The minimum (typically reached at the final measurement) dark-
acclimated maximum quantum yield of photosystem II reached
during exposure to heat stress, will be referred to as %Fv/Fm(min).

Statistical Analyses
Environmental variables were compared between seasons using
unpaired two tailed t-tests, assuming unequal variances which
were accounted for with Welch’s correction. This same statistical
test was used to analyse the pooled photoacclimation response
(Ek and Fq

′/Fm
′

(max)) of all coral species when comparing
between spring and summer. To identify specific differences
across seasons and species two-way ANOVA was used to
investigate the interactions between season (two levels) and
species (10 levels) on derived values of Ek and Fq

′/Fm
′
(max), with

Sidak’s multiple comparisons post hoc tests to locate significant
differences. All statistical tests were performed in Graphpad
Prism (version 6) against an α of 0.05. To identify functional
groupings of corals based on all derived components of the light
response curves and thermal tolerance of PSII function, cluster
analysis and multidimensional scaling (MDS) were performed
with Ek; Fq

′/Fm
′

(max); [1 – C]: [1 – Q] at E/Ek = 1; and
%Fv/Fm(min), with PRIMER-E v6.1 (PRIMER-E Ltd, Ivybridge,
Devon, UK). All values were standardized using a square root
transformation using PRIMER-E and correlations were drawn
based on Pearsons distance. An analysis of similarity (ANOSIM)
was used to determine whether the corals separated by MDS
ordination significantly differed between seasons.

RESULTS

Spring and Summer Environmental
Conditions in the Heron Lagoon
Ambient SST during the experiments in spring (2015) and
summer (2016, IMOS in situ) closely matched the typical
SST for October-November and February-March (2009–2016;
Table 2). SST increased significantly from spring through
summer as expected; daily averages were 24.2◦C (±0.7) and
26.9◦C (±0.3) during the spring and summer experiments,
respectively. Maximum ambient temperatures reached across

these periods were 27.3 and 30.2◦C, respectively (Table 2, Figure
S2). Ambient PAR for spring and summer were also consistent
with previous years (Table 2, Figure S2), whereby ambient daily
average PAR during spring was 541.5 (±148.2) µmol photons
m−2 s−1 and was significantly lower during the summer at 442.8
(±142.9) µmol photons m−2 s−1 (unpaired two tailed t-test with
Welch’s correction, t(43) = 3.10 and t(38) = 2.4, respectively,
p < 0.05). Maximum daily PAR values during these periods
were 2091.3 and 2004 µmol photons m−2 s−1, respectively.
This pattern appears to be driven by consistent levels of PAR
(i.e., days to weeks) in spring, whereas summer months were
frequently punctuated by multiple events of comparatively low
PAR (i.e., storm events, Figure S2). Indeed, the acclimation
history directly preceding the summer experiment included a
significant weather event that lowered the average daily and
average maximum PAR to 124 and 560.3 µmol photons m−2

s−1, respectively (Figure S2). This pattern of decreasing PAR
from spring through summer appears seasonally typical and
supported by long-term trends gathered from MODIS (2003–
2016; Figure 1).

Further physical changes that play a significant role in
modulating in-water PAR include the diffuse attenuation
coefficient (Kd) of downwelling irradiance, which is used to
approximate changes in seawater turbidity (Suggett et al., 2012),
elevated wind speeds [which are known to increase Kd at
Heron Reef (Michael et al., 2012)], and monthly rainfall. Heron
Reef is subjected to significantly faster wind speeds and nearly
three-fold greater rainfall in summer (Figure S2). However, this
more extreme weather of summer is not reflected in seasonal
differences in the remotely-sensed Kd(490) retrieved from the
MODIS instrument (Figure S3).

Light Dependant Response of
Symbiodinium Photochemistry
Eqn. 1 produced a robust description of the light dependant
response of Fq

′/Fm
′ across species and seasons (R2 ca. 0.9),

except for A. aspera and M. digitata in spring (R2 = 0.76
and 0.65, respectively) although values for Ek and Fq

′/Fm
′
(max)

were still within the range retrieved for all species. Significant
seasonal changes in Ek (Figure 2) were evident for all species.
In spring, the pooled average of Ek across all 10 species was
534.1 (± 67.3)µmol photons m−2 s−1, and in summer decreased
>2-fold to 227.5 (± 28.5) µmol photons m−2 s−1 [unpaired
two tailed t-test with Welch’s correction, t(9) = 17.77, p <

0.01]. These values of minimum saturating irradiance are thus
consistent with the differences in acclimation history between
spring and summer experiments (Table 2, Figure S2). A two-
way ANOVA of species × season revealed significant effects
of each factor [F(9,59) = 2.835, p < 0.01, and F(1,59) = 345.2,
p < 0.0001, respectively] and Sidak’s multiple comparisons
tests confirmed that all comparisons of species from spring to
summer had significantly lower Ek (all multiple comparison
tests p < 0.05). The largest change in Ek between seasons was
for A. aspera decreasing from 652.9 (±75.4) µmol photons
m−2 s−1 in spring to 244 (±10.4) µmol photons m−2 s−1 in
summer. In contrast, the smallest changes in Ek were observed
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TABLE 2 | The physical environment of Heron Reef in spring and summer.

Spring Summer

Oct-Nov Acclimation history Ambient Feb-Mar Acclimation history Ambient

Temperature (◦C)

Daily average 24.0 (±1.2) 23.5 (±0.7) 24.2 (±0.9) 26.8 (±0.8) 27.3 (±0.4) 26.8 (±0.3)

Daily maximum 25.2 (±1.3) 24.9 (±1.2) 25.5 (±1.1) 27.8 (±1.0) 28.4 (±0.7) 27.7 (±0.5)

PAR (µmol photons m−2 s−1)

Daily average 625.6 (±121.5) 616.3 (±30.3) 541.5 (±148.2) 517.9 (±177.9) 476.8 (±151.9) 442.9 (±148.9)

Daily maximum 2090.5 (±180.4) 2019.1 (±97.4) 1930.8 (±224.6) 1982.5 (±516.4) 1777.8 (±391.8) 1700.3 (±424.9)

In situ physical data retrieved from the Heron Reef IMOS network (from all eight relay poles). Data include above-water photosynthetically available radiation (PAR, µmol photons m−2

s−1, daily maxima and daily averages) and sea surface water temperature at 1–2m depth (◦C, daily maxima and daily averages). All available data (daily measurements between 2009

and 2016) were used to characterize the typical conditions for spring (October-November) and summer (February-March). The acclimation history reflects the 14 d period directly

preceding the spring (2015) and summer (2016) experiments. The ambient environmental conditions during the experiment are also listed. Values represent means for the period ± 1

SD. These data were accessed via the Australian Institute of Marine Science (www.aims.gov.au).

FIGURE 2 | Seasonal changes in minimum saturating irradiance for 10 coral

species. (A) An example light response curve for the effective quantum yield of

PSII (Fq
′/Fm

′) in the coral Acropora digitifera in spring (open squares) and

summer (red circles). Error bars indicate ±SE. The derived minimum saturating

irradiance (Ek ) of each curve is indicated by the vertical lines ±SE (gray areas).

(B) The derived Ek for all 10 species of coral plotted according to season (1:1

ratio indicated by diagonal line) with spring Ek on the vertical axis and summer

Ek on the horizontal axis. The gray symbol indicates the example derived

values of Acropora digitifera shown in (A).

for P. cylindrica, decreasing from 442.8 (±47.8) µmol photons
m−2 s−1 to 218.5 (±8.9) µmol photons m−2 s−1 between
seasons.

Values for the derived maximum PSII photochemical
efficiency Fq′/Fm′

(max) (dimensionless) also differed significantly
between seasons and when averaged across all species increased
from 0.68 (±0.01) in spring to 0.77 (±0.02) in summer [Figure
S4, unpaired two tailed t-test with Welch’s correction, t(12) =

4.94, p < 0.001]. This is supported by the measured values of
Fv/Fm which also increase across seasons (Figure S5). A two-way
ANOVA of species × season revealed a significant interaction
between factors [F(9, 59) = 2.147, p < 0.05]; however, Sidak’s
multiple comparisons tests confirmed that this was not driven
by a consistent response across all species (Figure S4). For
example, whilstM. digitata, P. lutea, P. cylindrica, and S. pistillata,
exhibited significant changes in Ek, no corresponding significant
shift in Fq′/Fm′

(max) was observed (Figure S4). However, all other
species demonstrated a shift in Fq

′/Fm
′
(max) with an increase in

summer (Sidak’s multiple comparisons tests p < 0.05), and the
largest change in Fq

′/Fm
′
(max) of 0.14 (dimensionless) between

seasons was observed in A. digitifera. Overall, these general
complimentary responses for Ek and Fq

′/Fm
′
(max) are consistent

with acclimation to the decrease of light availability (Hennige
et al., 2008; Suggett et al., 2012) that appears typical between
spring and summer, including our 2015/16 sampling season
(above, Table 2).

Seasonal Changes in Light Dependant
Dynamic Quenching
Values derived for [1 – C] at E/Ek = 1 pooled across all species
differed significantly between seasons [unpaired two tailed t-test
with Welch’s correction, t(10) = 4.675, p < 0.001], decreasing
from 0.79 (±0.02) in spring to 0.72 (±0.01 SE) in summer.
Similarly, the derived [1 –Q] at E/Ek = 1 pooled across all species
also differed significantly between seasons [unpaired two tailed t-
test with Welch’s correction, t(13) = 7.56, p < 0.001], increasing
from 0.79 (±0.02) in spring to 0.94 (±0.01) in summer. As
such, at the light intensity at which electron transfer rates
“saturate” (E/Ek = 1), corals generally shifted toward increased
reliance of photochemical over non-photochemical quenching
from spring into summer as light availability decreased. In
fact, three distinct quenching patterns previously described for
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Symbiodinium isolates (Suggett et al., 2015) were observed in
spring. “Normal quenching,” where [1 – C] and [1 – Q] are
utilized equally, P. damicornis and A. digitifera; preferential
photochemical quenching, where the ratio of [1 – C] to [1 – Q]
< 1 for P. lutea, P. cylindrica, S. pistillata, and M. digitata; and
preferential non-photochemical quenching, where the ratio of
[1 – C] to [1 – Q] > 1 for A. aspera, A. formosa, A. millepora,
and I. palifera. However, all coral species switched to preferential
utilizing [1 – C] in summer (Figure 3). The largest seasonal
shift in the ratio of [1 – C] to [1 – Q] at E/Ek = 1 was for A.
formosa (1.23 in spring, decreased to 0.73 in summer), whereas
the smallest shift was for S. pistillata (0.88 in spring, decreased to
0.79 in summer).

PSII Photochemical Efficiency during
Transient Heat Stress Assays
Corals subjected to transient heat stress typically exhibited
comparable %Fv/Fm(min) across spring and summer, except
for P. damicornis and S. pistillata (Figures 4E,H). S. pistillata
suffered total dysfunction in spring, i.e., chlorophyll fluorescence
was below the levels of detection (not able to measure Fo),
representing the strongest reaction of all species to transient
heat stress. In contrast, S. pistillata was less sensitive in
summer with %Fv/Fm(min) reaching 41.12 (±13.91) relative to
ambient fragments; as such, S. pistillata was the only species
to show significantly enhanced thermal tolerance from spring
to summer. P. damicornis exhibited an opposite response
whereby %Fv/Fm(min) reached 75.31 (±8.85) relative to ambient
fragments in spring, but had a heightened sensitivity in summer
[%Fv/Fm(min) was reduced to 19.91 (±8.89) relative to ambient
fragments].

PSII photochemical efficiency of M. digitata and P. lutea
was tolerant to transient heat stress across both seasons
(Figures 4F,I). However, in summer, P. lutea fragments raised to
32◦C demonstrated increased diel variability (i.e., morning vs.
evening %Fv/Fm) relative to ambient fragments. All other coral
species exhibited compromised PSII photochemical efficiency
via heat stress for both seasons. Parameters retrieved by the
inverted exponential function fit to changes in %Fv/Fm (Equation
4, Table S1) indicate that PSII photochemical efficiency for
multiple species declined earlier in summer than in spring (i.e.,
Ssummer < Sspring), however, the rate of decline (once it began)
was comparatively more rapid in spring than in summer (i.e.,
ksummer < kspring). For example, for A. aspera, S (dimensionless)
was 5.18 (±3.26) in spring, but declined to 1.64 (±0.53) in
summer, whereas k (d−1) declined from 0.94 (±0.40) d−1 to
0.58 (±0.06) d−1 from spring to summer (Table S1, Figure 4A).
Despite these minor seasonal differences in kinetics of PSII
photochemical efficiency, %Fv/Fm(min) for A. aspera after 3 d
at 32◦C was not significantly different across seasons [83.33
(±8.43) in spring vs. 75.76 (±4.19) in summer]. This same
pattern of an earlier, more gradual decline in PSII photochemical
efficiency during the summer experiment was also seen in A.
digitifera, A. millepora, and P. cylindrica (Table S1). A. formosa
and I. palifera were more sensitive to transient heat stress than
the other Acroporid species, and %Fv/Fm(min) reached 44.63

FIGURE 3 | Seasonal changes in photochemical and non-photochemical

quenching. (A,B) Example of photochemical ([1 – C], black symbols) and

non-photochemical ([1 – Q], open symbols) quenching light-response curves

fit to non-linear, one-phase exponential decay models in spring (A) and

summer (B) in the coral Acropora digitifera. Error bars indicate ±SE and the

gray areas inside dashed lines indicate the ±95% prediction bands of the

model fit. (C) Interpolated values of [1–Q] (vertical axis) and [1–C] (horizontal

axis) at E/Ek = 1 [indicated by the vertical gray lines in (A,B)] are plotted for all

10 species according to season (1:1 ratio indicated by the diagonal line) with

spring (open squares) and summer (red circles) species pairs joined by lines

that indicate the direction of the photoacclimation shift. The example from

Acropora digitifera in spring is indicated by the gray square.

(±25.81) and 50.75 (±23.43) % for the two species respectively
in spring compared to 56.83 (±19.87) and 60.88 (±20.53) % in
summer. Additionally, A. formosa and I. palifera demonstrated
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FIGURE 4 | Photosystem II (PSII) function under transient heat stress. (A–J) Species-specific declines in maximum PSII quantum yield (%Fv/Fm) of corals under a

thermal stress experiment expressed relative to ambient controls (%) at each corresponding time point in spring (open squares) and summer (red circles). Lines

represent the non-linear regression, inverted exponential fit in spring (hashed lines) and summer (solid lines). Values represent means (N = 4) ±SE. (K) Pyramid graph

of the hierarchy of thermal tolerance from most tolerant (top) to the most sensitive species (bottom). Horizontal lines between spring (left, open squares) and summer

(right, red circles) indicate the direction of change in minimum dark-acclimated quantum yield of photosystem II reached during exposure to heat stress as

%Fv/Fm (min) across seasons.

high inter-fragment variability. For example, the %Fv/Fm of I.
palifera exposed to transient heat stress in spring ranged from
0.62 to 0.15 (dimensionless) across all four replicates.

Functional Diversity in Photobiology
across Species and Seasons
All of the derived photophysiological parameters, including Ek,
Fq

′/Fm
′
(max), [1 – C] and [1 – Q] at E/Ek = 1, as well as

%Fv/Fm(min), for both spring and summer, were analyzed using
MDS to examine functional differences across species. ANOSIM
further confirmed the significant separation of photobiology
across seasons (Figure 5, global R = 0.88, p < 0.001), whereby
separation of seasonal clusters was driven primarily by the
RLC-derived parameters (horizontal vectors of Ek, Fq

′/Fm
′
(max),

[1 – C] and [1 – Q], Figure 5). Within each season, the
ordinations of individual species did not cluster exclusively
according to growth form, host taxonomy, or known symbiont
associations (Table 1). For example, in spring, three distinct
genera (Acropora, Porites, and Montipora) cluster together at

97% similarity. Species within each season were thus largely
ordinated according to the response of PSII photochemical
efficiency to heat stress (vertical vector of %Fv/Fm(min)) with
the most thermally tolerant species (M. digitata and P. lutea)
clustered together at 97% similarity in both seasons. S. pistillata
was the most dissimilar to all other species (<80% similarity) and
this is primarily driven by the complete dysfunction in response
to temperature [i.e., %Fv/Fm(min) = 0], rather than differences in
the non-stressed photobiology (above). For species that survived
the transient heat stress (i.e., excluding S. pistillata), the only RLC
parameter demonstrating a significant linear relationship with
PSII photochemical efficiency under stress was the extent of light-
dependant dynamic quenching (Figures 5B,D). Specifically, a
negative linear relationship between %Fv/Fm(min) and [1 – C]
at E/Ek = 1 (R2 = 0.48, p < 0.05), and a positive linear
relationship between %Fv/Fm(min) and [1 – Q] at E/Ek = 1
(R2 = 0.50, p < 0.05), indicating that species inherently
primed to preferentially employ greater photochemical over non-
photochemical quenching during non-stressed conditions also
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FIGURE 5 | Functional groupings according to photochemistry and thermal tolerance. (A) Multi-dimensional scaling (MDS) analysis, using the derived values of Ek ,

Fq
′/Fm

′
(max) (dimensionless), [1 – C] and [1 – Q] at E/Ek = 1, and %Fv/Fm (min) in both spring (white squares) and summer (red circles). Clusters represent 85 (hashed

ovals), 95 (dotted ovals), and 97 (solid ovals) % similarity (based on a Bray–Curtis dissimilarity matrix) between species. Significant linear correlations between [1 – Q]

(B), [1 – C] (D) and %Fv/Fm (min) are indicated by lines with 95% confidence band (gray areas) of the fit. This correlation is absent for the same parameters in

summer (C,E).
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have PSII that are more thermally tolerant. However, this linear
relationship was absent in summer (Figure 5).

DISCUSSION

Our study from the shallow-reef flat environment of Heron
lagoon captured photochemical seasonal low-light acclimation
from spring to summer across all coral species. Species-
independent reductions in the minimum PSII saturating
irradiance (Ek µmol photons m−2 s−1) were consistent with
seasonal reductions in PAR (i.e., E/Ek approaching 1), and
reflected a general shift to preferential utilization of [1 – C]
(i.e., increased reliance on linear electron transport), which is
expected as Symbiodinium acclimate toward low-light (Ragni
et al., 2010; Suggett et al., 2015). Whilst such acclimation did
not reorganize species hierarchy of thermal tolerance across
seasons (except S. pistillata and P. damicornis), the strategy for
dealing with light energy was unchanged for thermally tolerant
species across seasons. We discuss how these findings expand
our understanding of Symbiodinium photobiology and how such
studies can potentially be used to identify diagnostics of thermal
susceptibility under non-stressed conditions.

Symbiodinium spp. use various acclimation processes to
increase their photosynthetic capacity and inhabit light-reduced
habitats (e.g., mesophotic reefs or cryptic habitats), commonly
reflected by reducing Ek; for example, acclimation from
open, high-light habitats to light-reduced reef walls and caves
(Montipora monasteriata at Wistari Reef, neighboring Heron
Reef, Anthony and Hoegh-Guldberg, 2003), and with increasing
depth (Madracis spp., Curacao, Frade et al., 2008); and across
both clear and turbid sites (Porites lutea, Indonesia, Hennige
et al., 2008). In the latter case, these trends shift in parallel with
increases in Fq

′/Fm
′
(max) (Hennige et al., 2008). Such acclimation

can in fact be described by a linear function with changing
optical depth (Hennige et al., 2008) until corals inhabit extreme
light regimes (see Suggett et al., 2012). Our data from spring to
summer are thus entirely consistent with this classical view of
a reduction in Ek and increase in Fq

′/Fm
′
(max) indicating that

the same photoacclimation processes that are well-described to
operate across space, also operate through time.

In contrast to our observations, Ulstrup et al. (2008)
previously demonstrated that Ek is greater in summer (January)
than in winter (July), especially for the shade-adapted sides
of branches, for P. damicornis and Acropora valida at Heron
Reef. However, this is not entirely at odds with our findings,
as without data for the interceding months in spring, it is
not possible to ascertain if corals examined by Ulstrup et al.
(2008) cycled through a period of spring high-light acclimation.
Immediately prior to and during the first days of our summer
experiment, where average daily PAR levels (above water, IMOS
network) dropped below 300 µmol photons m−2 s−1 due to a
significant weather event. The kinetics of photoacclimation in
corals in response to stochastic low-light events have not been
explored extensively for the corals used in our study; however,
the coral Turbinaria mesenterina can exhibit changes in Ek
to changes in light levels in as few as 5–10 d (Anthony and
Hoegh-Guldberg, 2003). Roth et al. (2010) also demonstrated

that maximum quantum PSII yields increase in response to
low-light conditions within a period of 5–10 d for the coral
Acropora yongei. Such relatively rapid timeframes suggest that
our Ek and Fq

′/Fm
′
(max) acclimation could therefore perhaps

reflect a chance capturing of a stochastic low-light acclimation
event, exacerbating any typical seasonal response that might have
occurred. Such experiments would thus benefit from frequent
sampling intervals (ideally daily measurements), to tease apart
seasonal vs. stochastic weather acclimation. These challenges
aside, we still observed an acclimation response consistent with
changes in light availability across seasons and thus a basis to
examine different acclimation states in the context of thermal
sensitivity.

Our observed changes in Ek [and Fq
′/Fm

′
(max)] reflect

the seasonal light environment; however, the apparent synergy
between light and temperature in bleaching stress (Jones et al.,
1998; Mumby et al., 2001; Anthony et al., 2007) indicate the
potential role of factors other than light (i.e., temperature) in
driving changes in the saturation of PSII reaction centers. Ek
is governed by changes in both light harvesting and utilization
(Frade et al., 2008; Hennige et al., 2008; Suggett et al., 2012);
however, the maximum rate of linear electron transport is
further constrained by downstream processes, including CO2

limitation and the kinetics of enzymatic function, both of
which are likely altered under changes in temperature (Jones
et al., 1998), in particular, under extreme and relatively rapid
temperature excursions for Symbiodinium (Lilley et al., 2010).
For example, Claquin et al. (2008) demonstrated for six species
of diatoms grown under a range of temperatures (between 5 and
35◦C), that E/Ek is driven to > 1 for temperatures both above
and below the optimum for growth, i.e., inherent acclimation
processes under non-optimal conditions cannot balance light-
harvesting and downstream photosynthetic reactions. Given
that the optimal temperature range for enzymes involved in
photosynthesis and growth in corals of the present study are
unknown, the deconvolution of temperature and light as factors
in Ek regulation is presently not possible. Ultimately this will
be important as a loss of linear electron transport chain, but
maintenance of absorption, inevitably places more pressure on
the photosystem and the ability of Symbiodinium cells to buffer
transient stressors.

Light utilization strategies were markedly different between
seasons, and in spring three distinct patterns were observed: a
“normal quenching profile” (equal utilization of [1 – C] and
[1 – Q]), preferential dynamic non-photochemical quenching,
and preferential photochemical quenching (sensu Suggett et al.,
2015). Such variability of inherent photosynthetic “strategy” is
entirely consistent with the idea of Symbiodinium “ecotypes”
(Iglesias-Prieto and Trench, 1997) or species optimized to
different regimes, but able to co-exist within a single habitat
through acclimation plasticity, i.e., the shallow reef flat of Heron
Reef. Interestingly, light utilization strategies of Symbiodinium
under spring conditions partially corresponded to phylogenetic
groups (both host and symbiont, Table 1) that may reflect
the light field of specific corals (Wangpraseurt et al., 2012).
For example, coral species with symbionts utilizing preferential
non-photochemical quenching were closely related (all in
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the family Acroporidae) and are known to harbor host-
generalist Symbiodinium types (i.e., Symbiodinium ITS2 type
C3, Table 1) that are typically acquired horizontally from
a pool of free-living Symbiodinium (Nitschke et al., 2016).
This supports the concept that host-specific differences in
physical architectures (both skeletal and tissue structure) produce
unique optical environments (Terán et al., 2010; Enríquez
et al., 2017; Wangpraseurt et al., 2017a) that may force the
photobiology of Symbiodinium to converge on host-specific
strategies of light-utilization. Furthermore, a high capacity
(or rapid induction) of non-photochemical quenching allows
photosynthetic microorganisms (i.e., diatoms) to thrive in
environments that have a high rate of change in light regimes
(Lavaud et al., 2007), which for Symbiodinium that enter
hosts horizontally, spans both free-living niches (e.g., sediment
Nitschke et al., 2015) as well as symbiosis.

While it is tempting to interpret this photobiological trait
and patterns of contrasting life history modes (i.e., symbiotic
vs. free-living) and coral species-specific light fields (Enríquez
et al., 2017) as reflecting trade-offs to a range of light regimes
(Suggett et al., 2015), such a hypothesis requires extensive
testing to fully establish whether such a pattern holds across a
greater range of Symbiodinium genotypes and hosts. However,
this notion is further supported by the observation that
coral species with preferential photochemical quenching in
this study harbor symbionts that are acquired vertically (i.e.,
maternal transmission), and include a number of ITS2 types
which (at present) are not culturable (Krueger and Gates,
2012); e.g., P. lutea, P. cylindrical, and M. digitata all host
Symbiodinium C15 (ITS2) at Heron Reef (Table 1), suggesting
that Symbiodinium restricted to a specific light environment
(i.e., host tissues) may have become optimized in regards
to a single strategy of light-utilization. It must be noted,
however, that the host-tissues themselves may interact with the
fluorescence signals of the Symbiodinium cells and that the
complex multi-cellular arrangement, varied pigment content,
and mobile nature of the tissue add a level of uncertainty to
inter-species comparisons. For example, Lichtenberg et al. (2016)
retrieved fluorescence signatures inside coral tissues with a fiber-
optic micro-probe and demonstrated that deeper tissue layers
achieve different states of acclimation. However, this micro-
scale technique was sensitive to tissue contraction and thus
any correction factors that account for tissue depth require
continuous knowledge of the physical (i.e., contracted or relaxed)
state of the tissue. Ultimately, multiple attenuation coefficients
that correspond to the coral tissue directly underneath the
instrument fiber-optic are required; one each for the measuring
light, the actinic light, and the fluorescence signals (e.g., Serôdio,
2004). Until a method is developed for the simultaneous
measuring of these during the application of a light response
curve, PSII fluorescence measurements deconvoluted for tissue
depth and/or holobiont pigments will remain elusive in coral
optics.

Low-light acclimation was observed in summer via
upregulation of preferential utilization of [1 – C] at E/Ek = 1,
over non-photochemical quenching. Enhanced photochemical
quenching, i.e., the closure of PSII reaction centers under

exposure to high-light, is a response that is observed in
Symbiodinium grown under or adapted to low-light conditions
(Robison and Warner, 2006; Ragni et al., 2010) and/or exposure
to elevated temperatures (Warner et al., 1996), potentially
reflecting a reduction in the capacity of photosynthesis (Ragni
et al., 2010). Given the range of quenching strategies adopted
across all species in spring, it is perhaps surprising that
a ubiquitous response was observed for the utilization of
light under low-light conditions. However, this observation
is consistent with the paradigm demonstrated in Hennige
et al. (2008) (also Suggett et al., 2012) where Symbiodinium,
independent of host species and depth, inherently optimize
to maintain comparable utilization of [1 – C]. Such a pattern
is achieved through modulating the excitation energy that
is dissipated via non-photochemical quenching pathways
across the range of light environments (i.e., deep vs. shallow
corals). In our study, optimisation of [1 – C] at the minimum
saturating irradiance to similar levels across all species was
consistent with this mechanism, i.e., the downregulation of
[1 – Q] utilization, rather than major shifts in [1 – C]. That
our study does not adhere to this paradigm in spring may
indicate that such patterns of [1 – C] optimisation become
complex or non-linear under extremes (Suggett et al., 2012),
such as the Heron reef flat habitat we examined here, and thus
high-light environments may demand specific photoprotective
requirements that exceed any capacity to buffer constant rates
of photochemistry. An alternative explanation for the apparent
downregulation of [1 – Q] utilization in summer may be related
to limited time for induction of heat-dissipation mechanisms
under RLC protocols. Whilst 20 s actinic light steps characterized
species-specific differences in [1 – Q] utilization in spring,
there is the potential that patterns are masked in summer by
a seasonal change in the induction rate of [1 – Q] and that
species-specific differences may only be evident beyond the
transition from light-limited to light-saturated states of PSII
(i.e., at E/Ek > 1). As such, the time-dependent dynamics for
non-photochemical quenching induction clearly warrant more
targeted investigation in the future, particularly in the context of
resolving photochemical dynamics of RLCs of differing light step
durations.

The thermal tolerances or sensitivities are known for many
species at Heron Reef and have been quantified at different
times of year (Table 1), i.e., November (Hill et al., 2012), and
February through March (Fitt et al., 2009; Fisher et al., 2012;
Hillyer et al., 2017), utilizing similar experimental thresholds of
ca. 32◦C. Whilst experimental studies of thermal-tolerance are
typically limited to few species, our approach allows us to broadly
characterize the relative hierarchy of tolerance under transient
heat stress (strictly in relation to PSII photochemical efficiency),
sensu Fisher et al. (2012), from high to low-sensitivity as follows;
S. pistillata (being the only species to suffer total mortality) < I.
palifera= A. formosa= P. damicornis < A. aspera= A. digitifera
< A. millepora= P. cylindrica < P. lutea=M. digitata.

A broad range of thermal ramping profiles utilized across
other previous studies unfortunately limits inter-experiment
comparability (Middlebrook et al., 2010). Furthermore, while we
utilized identical heating rates and upper thermal limits across
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seasons, seasonal differences in the ambient temperatures (and
also differences in light utilization strategies) could account for
the minor alterations in the kinetics of PSII degradation (i.e.,
earlier, more gradual decline) between seasons. For example,
under relatively acute thermal stress (0.5◦C increases per hour to
31◦C), the kinetics of PSII function in A. millepora has previously
been characterized as more sensitive compared to P. damicornis
in spring (Hill et al., 2012), which is in contrast to our findings for
these two species for this time of year. However, our data suggest
that such inter-species comparisons of thermal tolerance must
be interpreted cautiously and within a limited temporal context
as P. damicornis changes significantly in thermal sensitivity
following the height of summer. Overall our data are broadly
consistent with corals exposed to similar thermal profiles. For
example, the %Fv/Fm of A. aspera (in March) exposed to an
equivalent heat stress (1◦C d−1 to 32◦C) decreased to 70%
relative to ambient controls (Hillyer et al., 2017). M. digitata
(and to a lesser extent P. cylindrica) generally maintained PSII
photochemical efficiency with little decline in %Fv/Fm in both
seasons, consistent with the findings of Fisher et al. (2012) under
a heat stress between 31 and 34◦C. P. lutea has previously been
characterized as having a more “intermediate” thermal tolerance,
i.e., equivalent to A. millepora (Fisher et al., 2012). Whilst control
P. lutea demonstrated strong daily fluctuations in %Fv/Fm yields
(potentially suggesting a significant night-time reduction of the
plastoquinone pool; Hill and Ralph, 2005), %Fv/Fm in heat
treated fragments did not change significantly and thus P. lutea
is regarded as relatively thermally tolerant within this study.
Our data thus contribute to the established hierarchy of thermal
tolerance/sensitivity of corals and, whilst it should be noted that
abiotic factors that vary on reefs but were not tested here (e.g.,
water movement) could alter susceptibility, our observations are
consistent with expectations for Heron Reef with P. damicornis
and S. pistillata the most likely to be susceptible to transient
thermal stress.

Approximately 50% of the variance of PSII heat stress
susceptibility was explained by a linear relationship with
non-stressed [1 – C] (and [1 – Q]) utilization (at E/Ek =

1) in spring. Thus, corals that preferentially down-regulated
photochemistry (i.e., the closure of PSII reaction centers)
at and above the saturation point of PSII were also more
resistant to subsequent heat stress. While this relationship
is intriguing, utilization of photochemical quenching at any
single point in time cannot serve as a diagnostic of thermal
tolerance, especially as all species subsequently acclimated to
utilize preferential photochemical quenching in summer (and
the linear function was no longer apparent). Additionally,
thermally induced changes in photochemical downregulation
have been observed in both heat-sensitive and heat-tolerant
Symbiodinium strains in culture (Robison andWarner, 2006) and
in hospite (Warner et al., 1996). Thus, there is high potential
for the environmental conditions in summer (decreasing-light,
increasing temperature) to synergistically drive strong species-
independent down-regulation of photochemistry and mask any
potential light utilization diagnostic of heat-stress tolerance.
That said, it is worth noting that our seasonal approach reveals
that the strategy for dealing with light energy was unchanged

for thermally tolerant species, i.e., thermally tolerant corals
successfully balanced their innate ratio of [1 – Q] to [1 – C],
despite significant seasonal changes in Ek, and thermally sensitive
species exhibited seasonal swapping of light utilization strategies
(especially in the heat sensitive A. formosa).

Ability of Symbiodinium to maintain light-utilization
strategies across a range of environmental conditions has
been discussed already (Hennige et al., 2008; Suggett et al.,
2012); however, our data indicate that variability in light-
utilization through time (at the scale of weeks to months) may
be empirically related to differences in heat stress susceptibility.
Such a framework is ripe for further experimentation, as
temporal (long-term) stability or variability of photosystem
function should be evident at the level of functional gene
transcription (Scheibe et al., 2005), and thermally tolerant
species may be “front-loaded” (sensu Barshis et al., 2013)
with proteins that enable maintenance of physiological
homeostasis that track or anticipate environmental change.
Such a hypothesis requires extensive testing across a diverse
range of coral-Symbiodinium symbioses, especially as exceptions
are likely where anomalous temperatures target physiological
pathways inherent to the coral host (Baird et al., 2009) or
associated microbes (Diaz et al., 2016), that consequently cause
Symbiodinium degradation. Indeed, the coral S. pistillata in
our study is an exception to the linear relationship between
[1 – C] utilization and thermal tolerance in spring, and despite
utilizing preferential [1 – C] at similar levels to M. digitata and
P. lutea, photochemical efficiency collapsed entirely for this
species in response to transient heat stress. In other regions
such as the Red Sea, S. pistillata exhibits robust host-specific
responses to temperature stress and are considered thermally
tolerant (Maor-Landaw et al., 2014; Maor-Landaw and Levy,
2016). However, the overall sensitive nature of the S. pistillata-
Symbiodinium symbioses at Heron Reef is well-documented
(Table 1) and the host seems to be inherently less prepared
to cope with transient heat stress than other species in this
study (comparatively low mucus production, antioxidant
enzyme function, and heat-shock protein content; Fitt et al.,
2009).

Our novel study examining the photobiology of diverse coral
Symbiodinium symbioses within a single environment allowed
us to demonstrate the extent of symbiont photoacclimation that
operates in response to changing light and temperature between
seasons. Further characterisation of fundamental adaptive traits
that underlie species-specific differences in commonly measured
photobiological descriptors (such as the ratio of [1 – Q] to
[1 – C]) will undoubtedly prove crucial in defining the niche-
range of Symbiodinium (Suggett et al., 2015). As Symbiodinium
play a core role in the resilience of corals under environmental
stress (especially during elevated temperatures), determining
the utility and plasticity of such traits will enhance efforts
to predict “winner and loser” coral-Symbiodinium symbioses
under future climates (Loya et al., 2001; Fabricius et al., 2011).
As widespread mass-bleaching events are predicted to become
even more frequent under global climate change (Ainsworth
et al., 2016), higher-throughput technologies in the area of
coral-optics are required if photosynthesis-related traits are to be
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effectively utilized in the anticipative management of coral reef
ecosystems.
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