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Abstract Coral communities were examined from highly
turbid near-shore marginal reefs of Abrolhos (Brazil) to
test a paradigm previously developed from observations in
clear water reefs; specifically, that coral photobiological
properties follow a highly conserved linear relationship
with optical depth ({) via preferential ‘non-photochemical’
over ‘photochemical’ dissipation of absorbed light energy.
PAM flourometry in situ was used to examine the photo-
biology of the most dominant coral species throughout the
platform surfaces and bases of Abrolhos’ characteristic
‘chapeirdes’ reef framework; however, none of the species
consistently adhered to the ‘clear water paradigm’. PAM
measurements further demonstrated that species conformed
to two different strategies of non-photochemical energy
dissipation: transient but relatively rapid for the two closely
related endemic species (Mussismilia braziliensis and
Mussismilia harttii) as opposed to more persistent for
Montastrea cavernosa, Porites astreoides and Siderastrea
stellata. Further experiments demonstrated that tolerance to
anomalous stress amongst species did not correspond with
the non-photochemical energy dissipation strategy present
but was consistent with the relative dominance of species
within the chapeirdes coral communities.
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Introduction

Continued acclimation to a changing light environment
(termed photoacclimation) is fundamental for maintaining
optimum photosynthetic rates and in turn successful growth
and competition of corals within reef systems. Primary
mechanisms that operate across different temporal or spa-
tial scales to drive coral photoacclimation are generally
well described from discrete biological measurements,
such as light-harvesting pigment and photosystem reaction
centre concentrations (e.g. Falkowski and Dubinsky 1981;
Brown et al. 1999) or physiological proxies, such as bio-
optical assays (e.g. Ralph et al. 1999; Hennige et al. 2008);
in turn, these measurements have enabled development and
validation of models that examine broader scale variance of
coral productivity (e.g. Anthony and Hoegh-Guldberg
2003). However, past studies have almost exclusively
focused on examining coral photoacclimation properties
from clear water but not marginal (sensu Kleypas et al.
1999) light environments, with only a few studies to date
performed in shallow water flats and mangroves (Brown
et al. 1999; Hennige et al. 2010; Piniak and Storlazzi 2008)
and relatively turbid near-shore reefs (Anthony and Con-
nolly 2004; Anthony et al. 2004; Hennige et al. 2008). Such
potential observational bias is surprising given that
understanding how corals presently acclimate to more
extreme conditions could provide key insight for predicting
how corals from presently non-marginal environments will
likely respond to environmental change (Suggett and Smith
2011), for example, altered turbidity via changes in
sedimentation.

Brazil’s Abrolhos reef complex occurs ca. 17°20° to
18°10" S within strong environmental gradients between
vast inshore mangrove-riverine systems and offshore oce-
anic waters (see Ledo et al. 2003; Ledo and Kikuchi 2005;
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Kikuchi et al. 2010). Near-shore reefs here are character-
ized by environmental conditions considered far from those
required for optimum coral growth (sensu Yentsch et al.
2002) and thus highly marginalized (Castro and Pires 2001;
Ledo et al. 2003). Notably, relatively high light attenuation
persists year round from sediments discharged from rivers/
coastal erosion and re-suspension from prevailing southerly
winds (Leao and Dominguez 2000; Castro and Pires 2001;
Ledo et al. 2003; Segal et al. 2008); these physical pro-
cesses and hence light attenuation are strongest in March
(Leao et al. 2003; Costa et al. 2004; Dutra et al. 2006) and
coincide when annual water temperatures have peaked (e.g.
Fig. 1; see also Krug et al. 2012).

Light availability to Abrolhos’ reefs is both highly
temporally and spatially variable. The reef framework
typically consists of both coalesced and isolated column
pinnacles, with laterally spreading top platforms termed
chapeirdes (Ledo and Kikuchi 2005). Therefore, in addition
to strong seasonal change in light attenuation (Fig. 1),
corals inhabiting the platforms are within only a few metres
depth, whilst those deeper in the water column on the
pinnacle sides are often shaded from direct light. As such
coral viability here must be driven, at least in part, by
strong photoacclimatory plasticity. However, aside from
limited knowledge of zooxanthellae characteristics, such as
cell and pigment concentrations, for corals from the
Picdozinho coastal reef of northeastern Brazil (Costa et al.
2004, 2005, 2008), still little information exists describing
fundamental photobiological properties of Brazil’s corals
inhabiting marginal systems.

Recent bio-optical measurements from corals across a
continuum of light environments (depth and turbidity) in the
Indo-Pacific have demonstrated that coral photobiological

patterns appear highly conserved (Hennige et al. 2008,
2010); specifically, (1) key parameters describing photo-
acclimation, for example, the intensity of light-saturated
photosynthesis (termed Ey) and the maximum rate of pho-
tochemistry (the electron transport rate, ETR), follow simple
linear relationships with the optical depth ({), and (2) these
relationships appear to be driven by a common process
whereby the extent of ‘non-photochemical’ energy dissipa-
tion, measured as ‘Stern—Volmer’ non-photochemical fluo-
rescence quenching, is modified across light environments
(shallow—deep, clear—turbid) to always maintain a constant
photochemical operating efficiency. Whilst this paradigm
has been an important step in understanding the underlying
properties governing broad scale coral photoacclimation, it
is still unknown whether it extends to corals inhabiting even
more extreme light environments.

As a first step to understanding the photobiology of
corals from marginal light environments, we examined
whether photoacclimation at Abrolhos reef sites adheres to
the paradigm of Hennige et al. (2008) and reflects the
relative success of coral species found here. Coral com-
munities at Abrolhos are characterized by reasonably high
coral cover and comprised of species considered both
endemic, for example, Mussismilia braziliensis, Mussis-
milia hispida, and cosmopolitan for the Atlantic, for
example, Montastrea cavernosa, (Ledo et al. 2003; Leao
and Kikuchi 2005; Kikuchi et al. 2010); however, it is the
endemic Mussismilia spp. that appear to be not only the
most successful species on the chapeirdes’ platforms but
also amongst the most tolerant species in Abrolhos to
anomalous light-heat stress conditions (e.g. Ledo et al.
2008). As such, we specifically examined whether photo-
biological properties were the same for endemic and
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Fig. 1 Environmental variability for the near-shore marginal reefs of
Abrolhos: a mean monthly sea surface temperature (SST, °C) and
light attenuation coefficient (K, 490, m_l) from 2001 to 2009. Data
were produced with the Giovanni online system, developed/main-
tained by the NASA GES DISC: http://disc.sci.gsfc.nasa.gov/giovanni
ocean colour radiometry SeaWiFS products. Monthly data were
determined for an area of 17.56°-18.05°S and 38.29°-39.01°W, i.e. a
grid for the near-shore environments encompassing the three sample
sites studied here, Lixa (LIX), Pedra de Leste (PDL) and Ponte
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Grande Sul (PGS), typically of ca. 60 cells; b Mean monthly SST as
for (a) from December 2009-October 2010 overlaid with continuous
SST data recorded (every 20 min) via a HOBO® logger (Tempcon,
USA) positioned on the chapeirdes’ upper platform, ca. 3—4 m at
PDL. This panel demonstrates SST variability within and between
each month; notably, SST variability is enhanced for the rainy season
(ca. April-October) compared with the preceding dry season, and
anomalous SST cold spells in March—April as a result of upwelling
water advecting from the south
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cosmopolitan species via in situ measurements on the
surface and bases of the chapeirdes. We further supple-
mented these in situ observations with a laboratory-based
experiment to evaluate whether any fundamental differ-
ences in photobiological characteristics were consistent
with differences in susceptibility to anomalous light—
temperature stress.

Methods
Site description

Three study sites around Abrolhos’ inner Pedra Grande
Reef complex were visited in November 2009: (1) Pedra da
Leste (PDL, 17°46.55'S, 39°03.05'W; 12th Nov), (2) Ponte
Grande Sul (PGS, 17°54.05'S, 38°55.22'W, 13th Nov), and
(3) Lixa (LIX, 17°41.02'S, 38°57.92'W, 14th Nov). All
three sites have been examined previously for environ-
mental characteristics and benthic community structure
(Castro et al. 2005; Leao and Kikuchi 2005; Dutra et al.
2006; Kikuchi et al. 2010). Notably, sedimentation rates
are ca. 10-25 (PDL, LIX) and 5-7 (PGS) mg em 2 d L
More than 75 % of all of Brazil’s coral species can be
found at these sites (Castro et al. 2005). Both upper plat-
forms and lower bases of the chapeirdes for each site were
examined for coral community structure and photobiolog-
ical characteristics via twice daily SCUBA dives (early
morning and midday); sampling was eventually conducted
across 2-3 (LIX) and 3—4 (PDL, PGS) chapeirdes.

Light attenuation coefficients (K, m~ ') were quantified
at the start and end of each dive using a Photosynthetically
Active Radiation (PAR) sensor coupled to a Diving-PAM
(Pulse Amplitude Modulation) fluorometer (Walz, Ger-
many; as described in Hennige et al. 2008). Since the
shallow platforms potentially represented a different light
environment than the platform bases, we independently
measured light attenuation both over the platforms and
down the sides of the platforms; however, values of K
were not significantly different for the two habitats (n = 12
for all sites; not shown). Values of K, were higher at PDL
(0.221 + 0.016, mean =+ standard error) than at LIX
(0.166 £ 0.022) and PGS (0.133 £ 0.018) (ANOVA,
p < 0.001), and generally consistent with the different
sedimentation rates across these sites previously reported
(above). The product of K; and depth (m) was then used to
calculate the corresponding optical depths ({, dimension-
less) for each sample depth. Overall, values of { ranged
between ca. 0.25-2.5, which thus extended the depth range
previously examined by Hennige et al. (2008) (ca. 0.6-2.6).
Mean water temperature at the sampling depths was mea-
sured with HOBO loggers (Tempcon Inc., USA) during the
dives and was constant with depth and site, 25.6 £ 0.3 °C.

Coral community structure and size-frequency

Standard continuous line intercept transects were used to
quantify coral community structure as: (1) 3 x 30 m
transects, each separated by ca. 10-20 m, towards the
chapeirdes’ lower base (ca. 811 m depth); and (2) two
sides and the centre of three permanent quadrats, each
measuring 20 m? (10 m x 2 m width) and separated by ca.
10-20 m, to yield a total of 9 x 10 m transects on the
chapeirdes’ upper platforms (ca. 3—4 m depth); this alter-
native approach for the upper platforms was required given
the restricted continuous platform surface area. Data were
recorded by high definition video (Sony HDR-SR1E) and
later analysed to estimate habitat type as % live coral cover
to species level. Species and dimensions (greatest height,
length and width, cm) of all coral colonies were also
measured within the upper platform quadrats. Coral colony
size-frequency data were not collected from the platform
bases since semi-continuous veneering Montastrea cav-
ernosa largely dominated benthic cover. When categoriz-
ing colonies on a size basis, we only used the greatest
width or length data to ensure some level of standardization
amongst colonies often with markedly different growth
forms.

In situ photosynthetic physiology

A Diving-PAM fluorometer was used to determine the
photosynthetic physiology of the most abundant coral
species at the chapeirdes’ lower base and upper platforms.
The instrument was set to deliver Rapid Light Curves
(RLCs) following settings described previously (Hennige
et al. 2008). Measurements were initially collected in the
absence of actinic light followed by an increasing series of
actinic light steps (of 20 s duration), from ca. 0 to
2,450 pmol photons m 2 s~'. Key settings were: actinic
light factor = 0.7, actinic intensity = 6, saturation
width = 0.8, saturation intensity = 4, and signal damp-
ing = 2; the gain was altered between 2 and 3 depending
on the sample. The saturation width was periodically
checked but did not require alteration throughout. Inde-
pendent colonies (n = 5) of each species were examined
per depth with the fibre-optic probe always placed on the
uppermost surface parallel to the water surface; the PAR
sensor of the Diving-PAM was maintained at the same
plane as the coral surface being examined to also record
the incident light intensity (E) during the RLCs. Mea-
surements were always collected from the upper platforms
during the early morning dive and from the platform bases
during the midday dive; importantly, we evaluated all
RLCs for possible artefacts associated with sampling the
platform surfaces and bases at different times of day as
follows:
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Under conditions where E is typically <Eg, changes in
fluorescence yields are almost entirely the result of pho-
tochemistry whilst those from NPQ should be minimal.
Indeed, diel observations of variable fluorescence mea-
surements from corals demonstrate that NPQ for E < Eg is
(1) very closely coupled with E (and hence rapidly
reversible) and (2) is a small fraction of the NPQ that
cumulatively builds as FE increasingly exceeds Eg
(Gorbunov et al. 2001; their Fig. 3c). Therefore, we com-
pared values of E with the resulting values of Ex (see
below, Eq. 1) with the aim of rejecting any data that did
not satisfy the criterion of RLC performed under actinic
E < Eg. Overall, values of E were typically ca. 30-60 % of
E throughout and no data were ultimately rejected. We do
still acknowledge that complete diel removal of NPQ is
still assumed without verification by direct additional
measurements and is further considered in the discussion.

Initial RLC measurements in the absence of actinic light
(and NPQ and thus under effective dark acclimated con-
ditions, see also Hennige et al. 2008) yielded the minimum
and maximum fluorescence yields, terms F, and F,,
(dimensionless), respectively. Measurements of the mini-
mum and maximum fluorescence (F', F,,’, respectively)
and of the effective photochemical efficiency, termed
F,/F,’' (dimensionless), were subsequently determined for
each light step of the RLC; this terminology follows recent
designations (but is also consistent with that in Hennige
et al. 2008) but note that F,//F,’ is the same as AF/F,,’
(see Cosgrove and Borowitzka 2010). Data were then fitted
to a model describing the light (E) dependency of the PSII
photochemical efficiency using least squares nonlinear
regression to yield values of the saturation light intensity
and maximum photochemical efficiency (Suggett et al.
2003; Hennige et al. 2008):

Fy[F = [(F) [Fa'™) Ex)- (1 —exp(~E/Ex))]/E (1)

where Ex (umol photons m~2 s~ ') is the saturation light
intensity and F,//F,,/ (max) (dimensionless) is the maximum

PSII photochemical efficiency. Together, Ex and F,’ /F,,/ ™)
describe the (photo-) physiological acclimation state of the
coral species across light environments, that is, turbidity
and depth. Note that this terminology of F,’/F,,/™) dif-
ferentiates from F/F,, (= (F,, — Fy)/F,,), which is the
measured maximum PSII photochemical efficiency under
fully dark acclimated conditions; importantly, F,'/F,, ™)
can provide an important proxy for F,/F,, where an
extended period of dark acclimation may not be possible
(see Hennige et al. 2008) and/or where other physiological
processes under low light and darkness, such as chlorore-
spiration, deviate Fy and in turn F,/F,, from their true
values (Hill and Ralph 2008). In fact, our approach
arguably provides a more accurate descriptor of F,/F,,
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(e.g. Suggett et al. 2010), and thus, we subsequently
adjusted F,’/F,/™) with corresponding values of F,,
(at E = 0 of the RLC) to yield an improved estimate of
Fy (our term Fy*), as Fp* = F,, +[Fq’/Fm’<m‘”‘) x F,,], for
fluorescence quenching analyses:

Rapid light curves fluorescence yields were further
analysed to determine the relative allocation of absorbed
excitation energy to photochemical versus non-photo-
chemical (heat dissipative) processes, that is, gP and gN,
respectively; thus, for each light step, gP and gN were
calculated as,

qP (F'/F,) = (Fy' = F')/(Fu' — Fy) (2)

(where Fy' = F}/[(F,/F,/™) + (F}/F,)], modified from
Suggett et al. 2003)

gN (Fv//le) = (le - FO/)/Fm/ (3)

gN is similar to NPQ (F,,/F,’ — 1), which is often the
‘preferred’ algorithm for quantifying non-photochemical
heat dissipation (see Warner et al. 2010); however, we use
gN here since it provides a closed comparison with gP (also
referred to as the operating efficiency) as to how the pho-
tochemical efficiency is regulated (e.g. Lavaud et al. 2007),
that is, the product of gN and ¢gP = F,'/F,, (Cosgrove and
Borowitzka 2010). We did repeat our analyses with NPQ
and as expected observed the same trends as when using
gN (not shown).

Relative rates of electron transport (ETR, pumol elec-
trons m~> s~') were determined as per Hennige et al.
(2008) for each RLC light step from the product of
F,//F,’, E and a constant factor to account for proportion
of absorbed photons utilized by PSII (apsy) and the
assumption that the quantum yield electron transfer of a
trapped photon within a reaction centre is 1 mol electron
(mol photon) ™" (see Suggett et al. 2010). We acknowledge
that apsyr can vary amongst Symbiodinium phylotypes and
environmental condition (Hennige et al. 2009); therefore,
we simply assumed the value of apgpy as 0.5 (i.e. 50 % of
absorbed light to PSII) for a strict comparison with the data
from Hennige et al. (2008). A modified Jassby and Platt
(1976) model describing the dependency of ETR upon E
was subsequently fit using least squares nonlinear regres-
sion to determine values for the light-limited and light-
saturated ETR,

ETR = ETR™ - (1 — exp(—« - E/ETR™)) 4)

where o (mol electrons (mol photons) ") and ETR™* (umol

electrons m > s~ ') describe the light-limited and light-sat-
urated ETR, respectively. Note that ETR here is strictly a
relative ETR since it does not account for an absolute rate of
light absorption (e.g. see Suggett et al. 2010).
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Light-temperature stress experiments

In order to further examine the stress tolerance on the
chapeirdes’ upper platforms, small colonies of representa-
tive endemic (M. braziliensis, M. hispida, S. stellata; we
note that the nature of S. stellata as endemic is debated but
we follow the categorization according to Aronson et al.
2008) and cosmopolitan (M. cavernosa) coral species were
taken from site LIX and returned to the indoor coral
aquaria laboratory at Universidade Federal da Bahia
(UFBA, Salvador). A total of 12 colonies per species (4
fragments from each of 3 separate colonies) were main-
tained for ca. 7 weeks at a mean maximum daily temper-
ature and light intensity similar to that from where corals
were collected in situ (ca. 300 pmol photons m > s~ ' and
26 °C) to ensure that removal and transportation to the
laboratory had not significantly affected the corals’
(photo)physiology; all fragments were periodically moni-
tored using measurements of F,/F,, by PAM fluorometry
(settings as per Hennige et al. 2008). Light was provided by
one 15 W 10,000 k fluorescent light (Philips) and one
15 W blue fluorescent light (Boyu) on a 12:12 light: dark
cycle. Seawater was collected from the shore near to the
laboratory to enable a 15 % water change twice daily (30L
both at the beginning and end of the light period). Salinity
was standardized to 35PSU with the addition of deionized
water, and water quality parameters (pH, nitrate, nitrite,
phosphate, alkalinity, dissolved oxygen and calcium con-
tent, Red Sea test kits) were measured after each change.
At the start of experimentation, the twelve colonies were
each split across four tanks set to evaluate the susceptibility
to light-temperature stress, that is, n = 3 colonies per
treatment: (1) ambient light (AL, 300 pmol photons m 2
s_l)—temperature (26 °C), that is, ambient light control, (2)
AL-elevated temperature (30 °C), (3) low light (LL,
100 pmol photons m~2 s~ ')—ambient temperature, that is,
low light control and LL-elevated temperature; lower light
intensity was achieved through use of neutral density fil-
ters. The low light and high temperature treatments were
based on the mean reduction of K, by a factor of ca. 2-3
times and highest water temperatures that occur during
April-May, compared with when the samples were taken in
November (see Fig. 1). Temperature was controlled by
submersible heaters controlled with an external thermostat
(Full Gauge) (£0.1 °C), and elevated temperature treat-
ments were achieved by increasing the control temperature
by ca. 0.5 °C per day (as per Oliver and Palumbi 2011).
All fragments were monitored for 12 days with PAM
fluorescence measurements of F/F,, every 12 h; these
measurements were made ca. 30 min after ‘lights-on’ and
‘lights off’ so as to minimize any contributions of diurnal
(transient) NPQ and maximize consistency in quantifying
F,/F,, throughout. At each time point, three replicate

measurements were made randomly across the surface of
each colony and averaged to provide a single measure per
colony per time point. These data were then used to cal-
culate a simple ‘stress tolerance factor’ based on similar
approaches (Smith et al. 2008; Oliver and Palumbi 2011)
that effectively determine the time taken for F,/F,, to
reduce to an arbitrary threshold. For our approach, ‘stress’
(St, %) was initially quantified as the change of F,/F,, for
each time point (f) relative to that at the start of experi-
mentation (),

St(t) = ((Fv/Fu)(®)/(Fy/Fn)(t)) - 100 (5)

Elevated temperature was considered the primary
stressor, and therefore, we further subtracted the % stress
at 30 °C (Stzq (1)) for each fragment from the corresponding
% stress for the 26 °C ‘control’ (Sty¢ (7)); hence, the absolute
impact of temperature stress (St*(r), %) = Stys (f) — Stzg
(1). Since colonies for each species between the 30 and
26 °C tanks were not matched, we used the mean value of
Sty (f) from the triplicate colonies (per species and
treatment) for this correction. Final stress tolerance (ST, h)
was subsequently calculated as,

ST = 75 % /ASt* (6)

where ASt* is the rate of change of St* over time (h_l), as
determined from a regression of St* versus 7, and 75 % is
our arbitrary chosen threshold for St (since 75 % was
approximately the highest sustained value by any of the
fragments over the 12 day experiment); using this
approach, lower values of ST are indicative of lower stress
tolerance as a result of faster declines of F,/F,, over time.

Coral growth rates

At the end of experimentation, we sacrificed three ran-
domly selected coral colonies from the elevated tempera-
ture treatments to further determine annual growth rates
during life in situ; for this, skeleton density banding was
examined (sensu Knutson et al. 1972) where a couplet of
low and high banding seen in X-radiographies forms the
annual growth. Fragments of each colony were cut in
tablets along their central growth axis following Barnes
and Lough (1989). S. stellata tablets were cut to 0.5 cm
thick, and M. braziliensis, M. hispida, M. harttii and
M. cavernosa were cut to 1 cm thick; these tablets were
then X-rayed and the resulting images digitized. The
optical density apparent in the radiographies is inversely
proportional to the skeleton density hence clearer equals
denser skeleton. In each image, annual growth was mea-
sured along three axes for at least 3 years back dated from
the present, thus yielding growth per colony as the mean of
9 (3 axes x 3 years) measurements. Growth per species is
reported as then mean growth from the 3 colonies.
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Results
Coral community structure

In order to contextualize the photobiological observations,
we initially considered the coral community structure
across the sample sites. Coral cover on the platforms was
lowest (ca. 13 %) at the most turbid site, PDL, compared
with sites PGS and LIX (ca. 23 %), that is, a pattern con-
sistent with the past observational studies for these sites
(e.g. Kikuchi et al. 2010). Similar coral communities were
observed on the chapeirdes’ platforms at all 3 sites
(Table 1); notably, 65-75 % of the total live coral cover
was dominated by the endemic species M. harttii and
M. braziliensis, and 10-20 % by the cosmopolitan Atlantic
species M. cavernosa.

Some differences in contribution to total live cover
(Table 1, %) and of colony density per unit platform area
(Table 2, colonies/20 mz) were observed between sites
amongst the most common species, M. braziliensis,
M. cavernosa, M. harttii, P. astreoides and S. stellata. The
relatively least turbid site PGS was dominated by M. harttii
(70 % of the total coral cover, 44 colonies/20 m?) with
smaller contributions from M. cavernosa (9 % of the coral
cover, 12 colonies/20 m?) and M. braziliensis (10 % of the
coral cover, 4 colonies/20 mz); in contrast, the more turbid
sites of PDL and LIX were characterized by a reduction of
M. harttii (40-50 % of the coral cover, ca. 25-50 colonies/
20 m?) and increased M. braziliensis (25 % of the coral
cover, ca. 15-60 colonies/20 mz) and to a lesser extent
M. cavernosa (10-20 % of the coral cover, 25 colonies/
20 m?). Whilst M. harttii clearly still dominates the total
live coral on the platforms across all of these sites, the
increase in M. braziliensis and M. cavernosa at the higher
turbidity sites may be indicative of differences in com-
petitive ability with turbidity/environmental variability.

The higher growth rate for M. braziliensis and M. cav-
ernosa (ca. 0.6 cm yearfl) compared with M. harttii (ca.
0.2 cm year™') at site LIX (Table 2) would support this
notion.

As expected, differences in colony size accounted for
much of the discrepancy between colony density per unit
area (colonies/20 m?) and % cover on the platforms; for
example, M. braziliensis exhibited relatively few (15 col-
onies/20 m?) but relatively large (mean size of 218 cm?)
colonies at PDL compared with more (61 colonies/20 m?)
but smaller (167 cm2) colonies at LIX and fewer (4 colo-
nies/20 m?) but larger (717 cm?) colonies at PGS. As such,
across all sites and for the most common species, the
product of mean size (Table 2, adjusted to m?) and colony
density (Table 2, density/20 m?) was closely correlated
with their % cover (Table 1, % cover of each species
normalized to % total live cover), with an adj. ? =072
(n = 15, p < 0.005; not shown); the associated regression
equation was: [colonies per 20 m” x mean size] = 0.078 x
% cover + 0.088.

In contrast to the platforms, the chapeirdes’ lower bases
exhibited similar extents of total live coral cover across all
sites (ca. 54 %; Table 1), which was a factor of ca. 2—4
higher than the extent of coral cover on the platforms; this
coral cover was largely dominated by continuously
veneering M. cavernosa (ca. 80-90 % of the total cover).
Colonies of endemic Mussismilia species comprised only
ca 5-15 % of the total live cover.

In situ photobiology

We initially examined the depth dependency of photobio-
logical parameters derived from the RLCs. Values of
F,)/F,/ (max) varied with { following two (species-specific)
patterns (Fig. 2). Values decreased linearly with { for

Table 1 Mean =+ standard error (SE) percentage of coral cover on both the upper platforms (3—4 m) and lower bases (8—11 m) of chapeirdes for

sites Pedra da Leste (PDL), Ponte Grande Sul (PGS) and Lixa (LIX)

PDL PGS LIX

Platform Base Platform Base Platform Base
Live coral cover 13.1 £ 4.3 53.8 (4.6) 23.9 (2.9) 53.9 (6.3) 23.6 £ 4.3 533+ 74
Favia gravida 23+09 - 3.5(1.9) 3.2 (3.2) - -
Montastrea cavernosa 185 £ 164 88.9 (10.1) 8.4 (3.9 72.7 (8.0) 8.7 +23 84.4 £ 10.7
Mussismilia braziliensis 25.1+£34 1.9 (1.9) 9.8 (5.2) 1.9 (1.1) 235+59 -
Mussismilia hispida 3.9 + 3.9 - 4.0 (1.6) 5.0 (2.0) 10.3 £ 3.1 125 £ 7.0
Mussismilia harttii 39.2 £ 9.1 4.6 (2.7) 69.9 (15.3) 14.9 (13.9) 496 £ 72 0.6 + 1.1
Porites astreoides 1.6 £ 3.0 1.9 (1.1) 1.4 (0.9) 0.6 (0.6) 0.9 + 0.7 0.6 + 1.1
Siderastrea stellata 94 +38 1.9 (1.1) 3.0 (1.3) 1.6 (0.7) 234+ 1.0 1.3+0.8
Scolymia wellsi - 0.9 (0.5) - - - 0.6 + 1.1

Live coral cover is expressed as a % of the total benthic cover; individual species cover is further expressed as a % of the total live coral cover
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Table 2 Number of coral colonies (no.) and colony size range (mean, min—max; cm?) within the 20 m? belt transects on the chapeirds’ upper
platforms at the 3 sample sites

No. colonies (per 20 mz) Colony size range (mean, min—max; sz) Growth rate (cm yearf')

PDL PGS LIX PDL PGS LIX LIX
M. braziliensis 15+2 4+1 61 + 38 218, 28-1,050 717, 36-5,248 167, 4-1,520 0.65 £ 0.16
M. cavernosa 25+3 12+6 26 £ 9 180, 20-837 169, 9-1,216 210, 9-2,310 0.62 £ 0.30
M. harttii 23+ 4 44 + 8 48 + 9 129, 15-700 341, 12-1,520 134, 6-1,160 0.21 + 0.16
P. astreoides 5+1 3+£2 12+ 6 56, 9-144 104, 16-170 17, 8-24 nd
S. stellata 6+2 6+1 31+£3 42, 6-165 37, 6-104 58, 4-480 0.20 £ 0.17

Also, growth rates determined from the main coral species used for the subsequent stress experiments (site LIX only, see main text). Data shown
for no. colonies and growth rate are the mean =+ standard error from the replicate belt transects and all colonies sampled, respectively;

nd indicates no data

M. braziliensis and M. harttii such that F,//F,/™) =
0.0455 x { + 0.5867 (adj. * = 0.810,n = 10, p < 0.005);
both the slope and intercept of this trend were equivalent to
those for the previous Hennige et al. (2008) Porites data
(indicated as dashed lines in Fig. 2) that were from a more
restricted { (Analysis of Covariance, ANCOVA, to test for
significant differences between regression slopes, t; — 12 =
0.618 was not > fys2),12 = 2.179; not  shown).
F,'/F,/™>) decreased nonlinearly with { for all other spe-
cies (M. cavernosa, P. astreoides and S. stellata) and devi-
ated substantially from the trend for Hennige’s Porites data,
even at relative depth ({ < ca. 1.25).

In contrastto F,/ /F, /M%) values of ETR™®, o and Ex are
indicative of actual photochemical capacity (e.g. Suggett
et al. 2010). Both « and Eg followed the same linear rela-
tionships (slope and intercept) with { as for Hennige’s Por-
ites data within the same { range of 2.5-0.6, (ANCOVA
tqr = 20 = 1.361 and 1.118 for « and Ek, respectively, were
not > #9 0s,(2)20 = 2.086; not shown); however, o decreased
and Eg increased nonlinearly with {, notably where { was
<ca. 0.6 (Fig. 3). Maximum electron transport rates, ETR™,
also followed the trend with { as for Hennige’s Porites data
(ANCOVA t“ff =30 = 0.438 is not > t0.05’(2)’30 = 2042,
data not shown) throughout the entire { range (Fig. 2).

' v (max)
FylFm Ex ETR™ a
(dimensionless) (umol photons m?s™) (umol electrons m? s™) (mol electrons mol photons™)
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Fig. 2 Values of PAM fluorescence derived PSII photobiological
properties, F,/F,,/™) (maximum photochemical efficiency, dimen-
sionless), and Eg (the saturation light intensity, pmol photons m™>
s~ 1) from Eq. 1, and light-limited («, mol electrons [mol photons]fl)
and light-saturated (ETR™ pmol electrons m 2 s~ ') ETR from Eq. 4
versus optical depth ({, dimensionless). Each data point is the mean of
replicate (n = 5 measurements each from a different colony of Mb
(Mussismilia braziliensis), Mc (Montastrea cavernosa), Mh (Mussis-
milia harttii), Pa (Porites astreoides) and Ss (Siderastrea stellata) for

two depths each at sites PDR, PGS and LIX (see main text);
corresponding values of standard error are not shown for figure clarity
but were 3-5 % (F,//F,', Ex, @) and 4-7 % (ETR™) of the mean.
Dashed line indicates the regression determined between these same
variables but for Porites lutea in clear and turbid waters (Hennige
et al. 2008); { range for this previous data set was ca. 0.6-2.6 and thus
the greyed out box indicates { for which photoacclimation properties
were not previously examined
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Fig. 3 Examples of tbe rap.id (A)1.0 1 (B) 06h ]
light curve (RLC)-derived light . -

response functions for a-b 2 o8 1 % 05t O 4
Siderastrea stellata from across % 2

the range of optical depths ({); S 06 1l o 04f v FAN m O -
and c—d all species, Mb o 2 A 0
(Mussismilia braziliensis), Mc g 0.4 | GE, 031 .OO v .& 1
(Montastrea cavernosa), Mh 5 B o2t ® O A 4 | q J
(Mussismilia harttii), Pa I 0.2 | ; ' ® O v A

(Porites astreoides) and Ss o b ® o 01F [ J ﬁ 5 4
(Siderastrea stellata) at a single 0.0 8

optical depth ({) of ca. 0.5 é é 0.0+ . . * ,
(platform at LIX). a and ¢ are oo 02 04 06 08 10
the photochemical quenching gP (dimensionless)
coefficient (¢P, dimensionless)

versus E normalized to Ex (C) 10k ] (D) 06 ]
(dimensionless, determined . s O

from Eq. 1) whilst b and d are @ ﬁ 05 g 2O _
the non-photochemical % 0.8F i ©)

quenching coefficient (gN, o O 04r v O B g
dimensionless) versus gP. Each 2 o6l ] 2 AV % A

data point is the mean of E @ mb g 03F 9 |
replicate (n = 5) measurements S O Mc 0O S o2k O DA .
each from different colonies per : 0.4 7 Mh v v 7 :_:' ' v

species and depth; again o N\ Pa o 01+ ]
corresponding values of ozk m Ss . %&
standard error are not shown for ' ' ' : 0.0 ' ' !

figure clarity but were all 3-6 % B 1 2 4 5 02 0.4 06 08 1.0
of the mean E/E, gP (dimensionless)

Rapid light curves were further examined to evaluate f
how absorbed excitation energy was dissipated via photo- 250 - (A) AL 6 11 (B)LL =
chemical (gP) relative to non-photochemical (gN) dissi- s _I_ 1L |
pation (Fig. 3); firstly, the responses of gP and gN were
considered relative to changes in optical depth (e.g. 150 - 1t q d _

S. stellata, Fig. 3a). Values of gP were plotted against
E relative to Eg to remove site-specific differences in
spectral light quality, etc. (Hennige et al. 2008) and indeed
confirmed existence of a common pattern of gP versus
E/Ek for data from all optical depths. Hence, corals adhere
to the paradigm described by Hennige et al. (2008), that is,
corals acclimate to maintain a constant photochemical
pressure on PSII, independent of { (Fig. 3a). Maintenance
of the constant gP versus E/Ey appeared to be achieved by
increased investment into gN (per unit gP) with decreasing
{ (Fig. 4b).

Secondly, this analysis was repeated between species for
a single { (e.g. { = 0.5, Fig. 3¢) and again demonstrated
that gP versus E/Ey followed a single pattern and thus
independent of species. However, in subsequently com-
paring gP versus gN, two species-specific groups were

observed (Fig. 3d); these groups were the same as those
observed when previously examining F,’/F,,/™) versus {
(Fig. 2, above) of M. brazilienses and M. harttii versus all
other species. Specifically M. braziliensis and M. harttii
exhibited a much higher (short term) build up of gN per

unit gP than the other species examined.
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Fig. 4 Mean (£ standard error,n = 3) values of stress tolerance (ST, h)
as determined from Eq. 6 (see main text) for Mb (Mussismilia
braziliensis), Mc (Montastrea cavernosa), Mh (Mussismilia harttii)
and Ss (Siderastrea stellata) fragments collected from the coral platforms
at LIX. Values of ST were determined for corals maintained under
(a) ambient light intensity (AL, 300 pmol photons m~? s, ie.
representative for November when corals were sampled, and b relatively
low light intensity (LL, 100 umol photons m~2 s~ "), that is, represen-
tative for March—April when waters are warmest but light availability
reduced (see main text). Letters indicate post hoc Tukey test groupings
from an ANOVA performed across each of the AL (groupings a—c,
F31, = 148.53) and LL (groupings d—f, F3 ;; = 56.85) data

Species-specific stress responses
We finally examined whether differences in photoaccli-

mation strategy between species (i.e. Mussismilia species
versus non-Mussismilia species) conformed with ability to
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tolerate anomalous stress; Values of our stress suscepti-
bility factor (ST, Eq. 6) from ambient light conditions (AL)
demonstrated that M. cavernosa and S. stellata appeared to
stress most quickly (ca. 70 h) and slowly (ca. 200 h),
respectively (Fig. 4a); the two Mussismilia species exhib-
ited intermediate values (ST of ca. 130 h). As expected,
light intensity played a moderating role and ST was
increased by a factor of ca. 20-40 % across all species with
the lower light intensity treatment (Fig. 4b). Thus, the same
species groupings were not observed for stress tolerance as
for the previous RLC analyses of photoacclimation.

Discussion
Photoacclimation patterns amongst coral species

Rapid light curve-derived photoacclimation patterns
observed for Abrolhos’ corals generally deviated from
those previously observed for massive Indo-Pacific coral
species (Hennige et al. 2008) from clearer waters (but of
generally lower optical depths). The optical depth depen-
dency of the maximum photochemical efficiency
(F,/|F) (max)y for the Mussismilia species was different to
that of all other species examined. However, the trend of
F/ /F,/™) versus { for M. cavernosa at Abrolhos also
appears to deviate with recent observations by Lesser et al.
(2010) for this species: if we assume a K; of 0.1 for clear
water reefs (providing a range of ( of 0.3-9.1, F/F,
decreases linearly with { (Lesser et al. 2010) compared
with the nonlinear decrease in F,’/ F,,/ ™) with { that we
observe (Fig. 2).

One important consideration before discussing such
max)

trends further is that any depth dependency of F,//F,t
will be regulated according to NPQ. A key assumption with
our approach was that NPQ was minimized where E
was <Ep at all depths and specifically that corals examined
during the noon dive (deeper samples) did not experience
greater build up of more slowly reversible NPQ than those
examined during the morning dive (platform samples).
Unfortunately, data for Abrolhos’ corals are not presently
available to test this assumption. However, any greater
accumulation of NPQ in the deeper samples would in fact

max)

result in an underestimation of F,’/F,/ ™) and in turn the

rate of change of F,'/ F,,/™%) with {. Thus, not meeting our
current assumption would only affect the slope of the
trends(s) observed with optical depth and not the outcome
of our observations (i.e. potential deviation from the pre-
vious trend observed by Hennige et al. 2008 for some

species examined here).

Divergence in trend of F,//F,'™) versus { amongst

species highlights that corals have likely adapted to
(or succumb to stress in) these marginal environments
via different photobiological properties. Values of the
maximum PSII photochemical efficiency (and hence
F,'/F,/™)) under dark acclimated conditions signify the
potential efficiency with which absorbed light is utilized
for photochemistry (Suggett et al. 2009). Photoacclimation
processes that increase the probability of heat dissipation of
excitation energy, for example, large antennae sizes and
incorporation of ‘photoprotective’ pigments will inevitably
decrease the photochemical efficiency (Suggett et al. 2004,
2009). Such changes can occur as a result of acclimation
within Symbiodinium phylotypes (Hennige et al. 2009;
Suggett et al. 2009) or in the case of corals may reflect
selection of different Symbiodinium phylotypes (Hennige
et al. 2009, Suggett and Smith 2011). Whilst virtually no
Symbioidnium phylotype descriptions exist for Brazil’s
corals (Costa et al. 2008) with which to evaluate this
divergence in trend of F,/ /F,,/™) versus { amongst spe-
cies, M. harttii and M. brazilinesis have been observed to
exhibit similar Symbiodinium cell concentrations but of
higher chlorophyll per cell than S. stellata at a northeastern
reef site (Costa et al. 2004, 2005). Such different properties
may indeed be indicative of alternative phylotypes (Hen-
nige et al. 2009) or acclimation plasticity based on light
(micro-)environment modification by the host coral.
Decreased photochemical efficiency (F,'/F,/™) is
also diagnostic of recent stress in the surface waters and
may in part reflect incomplete longer term repair of PSII
damage induced over previous days (e.g. Gorbunov et al.
2001), and again may be attributable to the presence of
specific Symbiodinium phylotypes or host coral light
environment properties. However, analyses of other pho-
tobiological parameters derived from the PAM approach
likely discount this possibility; specifically, the continued
increase in both ETR™ and Ex with decreasing { clearly
signifies that stress is not the primary factor moderating the
trends of F,// F,/ ™) with { (see also Hennige et al. 2008).
In fact, the continued linear dependency of ETR™ with
into extremely low values of { <ca. 0.6 is likely achieved
via enhanced energy investment into photoprotection since
Ex and o simultaneously increase and decrease, respec-
tively (but nonlinearly); note that this threshold of { <ca.
0.6 is not simply representative of above and below plat-
form environments since data from the platform at site
PDL were from { of 0.8-0.9 and hence { > 0.6. Instead, it
is plausible that general turbidity combined with highly
physically dynamic environments at all three sites inher-
ently increases the variability in incident light per unit area/
time (e.g. Anthony et al. 2004; Piniak and Storlazzi 2008,
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see also Fig. 1 contrasting rainy and dry seasons), an effect
that would likely be exacerbated on the shallow platforms.
Increased variance, for example, contrasting the response
of microalgae adapted to estuarine versus open environ-
ments (Lavaud et al. 2007) does appear to result in
enhanced investment in ‘photoprotection’, and in turn
increased Eg, presumably to minimize the cost of photo-
repair to continued high light damage. Such a response
would be consistent with our photobiological data but
requires verification, in particular since ETRs used here are
relative and thus do not account for how changes in light
absorption may indeed further modify patterns of ETR™
(and Ekg, o, etc.).

Overall, the depth dependency of F,’/F,,/™®) (and in turn
ETR™, Ex and o) therefore appears to be driven by photo-
acclimation, and specifically those processes such as pig-
ment synthesis that occur over relatively longer time scales
(hours-days) (e.g. Suggett et al. 2009). Importantly, the same
species-specific groupings were observed when comparing
gN and gP in surface waters (Fig. 3) as for F,//F,/™)
versus { (Fig. 2); however, changes in gN are driven by
processes operating over much more rapid time scales
(seconds—minutes), such as xanthophyll cycling and decou-
pling of antennae complexes from the core reaction centres
(e.g. Gorbunov et al. 2001, see also Warner et al. 2010).
Therefore, together these data clearly demonstrate that
M. brazilinesis and M. harttii (relatively small reductions of
F,'/F,/™®) and high reduction of gN per unit gP in surface
waters) have evolved a photoacclimation strategy that relies
on transient and relatively rapid non-photochemical energy
dissipation. In contrast, M. cavernosa, P. astreoides and
S. stellata employ an alternative strategy based on prefer-
entially investing in longer term persistent photoprotection,
which presumably therefore offsets a need for transient non-
photochemical energy dissipation signified by gN.

Existence of alternative strategies of non-photochemical
energy dissipation by corals within the same community is
difficult to explain and we are not aware of such a phe-
nomenon having been observed previously. It is clear that
these two strategies are not related to evolutionary isolation
and hence whether corals are considered endemic since the
photobiology of S. stellata (endemic, Aronson et al. 2008)
conforms to that of the cosmopolitan M. cavernosa and
P. astreoides. Similarly, whilst Mussismilia species (Favidae)
are genetically separated from P. astreoides and S. stellata,
they are closely related to M. cavernosa (also Favidae) (see
Fukami et al. 2008). An ‘evolutionary’ explanation may
still hold, for example, via species specificity towards algal
symbionts with different photobiological properties; how-
ever, unfortunately it is beyond our current data set to
determine the underlying basis for this species-specific
divergence of photoacclimation strategy.

@ Springer

Coral viability in Abrolhos’ marginal waters

Whilst photoacclimation processes clearly contribute to the
success of corals to withstand fluctuating (light) environ-
ments (e.g. Anthony and Connolly 2004), overall invest-
ment into autotrophy, such as ETR™™, is not a useful
indicator of their subsequent ecological success (see Hen-
nige et al. 2008). Coral cover observed for the chapeirdes’
platforms (ca. 13-23 %) in Abrolhos’ marginal systems,
where values of K, are ca. 0.15-0.25, is generally consis-
tent with a previously reported relationship between coral
cover and turbidity (see Yentsch et al. 2002; Fig. 5); hence,
turbidity restricts coral cover via lower achievable growth
rates (e.g. Yentsch et al. 2002; Anthony and Connolly
2004) more for PDL than the other two sites. However, we
sampled in November when K, is close to the seasonal
minimum and thus waters are in fact clearest (e.g. Fig. 1);
our restricted temporal sampling period is perhaps not
meaningful when considering the influence of light avail-
ability upon coral cover/growth, which occurs a scale of
months—years. Therefore, we further considered coral
cover relative to the annual mean K, Remote sensing
derived values of K, (Fig. 1) are lower than ours deter-
mined in situ but demonstrate that the annual mean Kj
(= 0.135) is ca. 20 % higher than the K, typical for
November (ca. 0.114). Increasing our in situ K; values by
20 % to ca. 0.158 (PGS) and 0.197 (LIX) and 0.261 (PDL)
would yield values of K, for this system that are even higher
relative to the % cover expected following the Yentsch et al.
(2002) relationship (Fig. 5), and thus, net coral growth at
Abrolhos is strongly decoupled from light availability.

Yentsch’s relationship between % cover and K, also
conformed to their data describing the change of com-
pensation depth (Fig. 5), where net photosynthesis is equal
to respiration (P = R), with K, Thus, our data would
demonstrate that corals from the shallow platforms exist at
a relatively ‘deeper’ depth than would be expected for any
given K, if photosynthesis was the major factor regulating
coral growth. As such, corals at Abrolhos must inevitably
rely significantly upon respiration (heterotrophy) to fuel net
growth, albeit of a low growth rate, in such extreme low
light environments (e.g. Anthony and Connolly 2004;
Lesser et al. 2010).

Adaptation to extremely reduced light availability is
further evident when examining the coral cover on the
bases of the lower platforms, which was almost exclusively
dominated by M. cavernosa across all sites. Total coral
cover here was extremely high (ca. 50-55 %) for all
sites relative to values of K, (Fig. 5). Therefore, whilst
M. cavernosa plays a somewhat secondary role to reef
framework development on the platform surfaces, it plays a
primary role on the platform bases and can clearly thrive
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Fig. 5 Relationship between coral cover (%) and K, (m™ ") for the
three Abrolhos sites (LIX, PDL, PGS) and for both the upper and
lower bases of the platforms; the range of Kd for each % cover
represents the range expected for each site between the dry season,
when waters are clearest and K, lowest, and the rainy season, when
waters are most turbid and K; highest (see Fig. 1 and main text).
Abrolhos data are overlaid onto the relationship describing the
dependency of coral cover upon K, from Indonesia reefs (redrawn
from Yentsch et al. 2002) (solid line). Values of K; from Yentsch
were derived from secchi depth measurements and therefore were
further adjusted to account for the difference between Kd from secchi
depth (Kd(SD)) and from PAR (KD(PAR))a where Kd(PAR) =
Kpsay x 1.102 (Devlin et al. 2008); the relationship between coral
cover and adjusted K, is given by the dashed line. Note that the
relationships of % cover and K, also apply to data comparing the
compensation depth (m) and K, (m_l) for the Yentsch et al. (2002)
West Florida data

across the extreme light environments between surface and
depth. M. cavernosa is well known to be a dominant coral
species in Caribbean reef systems, including low light
mesophotic environments (Lesser et al. 2010 and refer-
ences therein); in the Caribbean, M. cavernosa not only
relies on an upregulation of heterotrophy but also a switch
of Symbiodinium sp. genotype under low light, and thus
processes that can both have important impacts on the
effective photobiological properties and physiological
performance of corals (see Suggett and Smith 2011).
Future knowledge of not only the metabolic balance
between photosynthesis and respiration but also the role of
the Symbiodinium sp. genotype in regulating coral growth
within and between Abrolhos’ extreme light environments
is thus essential.

Relatively high coral cover for both the chapeirdes’
platforms (coupled with relatively slow growth rates)
would perhaps also suggest that the most dominant species
here, M. braziliensis and M. harttii, should be most tolerant

to anomalous stress. Indeed, the few in situ observations
during light and/or heat stress events that exist suggest that
these endemic Mussismilia species exhibit a low suscepti-
bility to bleaching and bleaching-induced mortality (Castro
and Pires 2001; Ledo et al. 2003, 2008; Kikuchi et al.
2010). Our measures of the relative stress susceptibility
(ST) demonstrated that these species were somewhat stress
tolerant (even though Mussismilia were not the most stress
tolerant species); S. stellata is known to be highly resistant
to light-heat stress anomalies (e.g. Costa et al. 2008)
although in situ observations from Abrolhos suggest that
this species should be no more resistant than the Mussis-
milia species (Ledo et al. 2008).

Given the observations from the stress experiments, it is
clear that the divergence in ‘strategy’ of non-photochemi-
cal energy dissipation amongst species does not correspond
with any obvious benefit to tolerating anomalous stress,
that is, preferential investment into more persistent as
opposed to transient processes of photoprotection (above).
Of course, we cannot discount potential seasonal accli-
mation in further moderating these trends given that our
anomalous stress experiments were conducted at only one
time of year (when waters were coolest). Even so, the more
stress tolerant nature of endemic species therefore likely
explains their dominance on the platform surfaces; ende-
mic evolution within highly variable environments, such as
Abrolhos’ marginal reefs, may have equipped corals with
enhanced tolerance to transient stress (e.g. Oliver and
Palumbi 2011; Suggett and Smith 2011). In contrast, the
more stress susceptible nature of M. cavernosa likely con-
tributes to restricting the competitive dominance of this
species to the platform bases where the lower light may
afford some resistance to anomalous light—heat stress events.

Conclusions

Our novel initial investigation of coral photobiology from
Abrolhos’ reefs has demonstrated that coral species diverge
from the uniform photoacclimation strategy observed pre-
viously (in more optimum light environments, Hennige
et al. 2008) via two alternative ‘strategies’ for dissipating
non-photochemical energy. Given that the Hennige et al.
(2008) data were somewhat restricted in terms of depth
(¢ = ca. 0.6-2.6), species (4 species of massive coral) and
location (two adjoining reef sites), it is unclear to what
extent our observations from Abrolhos highlighting more
than one photoacclimation strategy exists across other hard
coral communities and fundamentally which strategy is
more common. Differential tolerance to anomalous stress
(tested here as heat stress) amongst species did not corre-
spond with the divergence of non-photochemical energy
dissipation strategy but was generally consistent with the
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relative dominance of species within the platform coral
communities. Interpreting and fully understanding the
nature of these fundamental photobiological properties will
undoubtedly require a more detailed understanding of the
mechanisms that regulate photobiological properties
including the genetic composition of the algal symbionts
and light absorption by the coral holobiont. Furthermore, a
more detailed understanding of the inherent environmental
variability over scales from days to seasons (e.g. Anthony
et al. 2004; Piniak and Storlazzi 2008) will be key to fur-
ther linking the mechanistic drivers of these properties,
including those associated with stress tolerance, with the
marginal conditions.
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