Mar Biol (2014) 161:313-328
DOI 10.1007/s00227-013-2336-z

ORIGINAL PAPER

Implications of geometric plasticity for maximizing

photosynthesis in branching corals

P. Kaniewska * K. R. N. Anthony - E. M. Sampayo -
P. R. Campbell - O. Hoegh-Guldberg

Received: 21 May 2013 / Accepted: 24 September 2013 / Published online: 8 October 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract Reef-building corals are an example of plas-
tic photosynthetic organisms that occupy environments
of high spatiotemporal variations in incident irradi-
ance. Many phototrophs use a range of photoacclima-
tory mechanisms to optimize light levels reaching the
photosynthetic units within the cells. In this study, we
set out to determine whether phenotypic plasticity in
branching corals across light habitats optimizes potential
light utilization and photosynthesis. In order to do this,
we mapped incident light levels across coral surfaces
in branching corals and measured the photosynthetic
capacity across various within-colony surfaces. Based
on the field data and modelled frequency distribution of
within-colony surface light levels, our results show that
branching corals are substantially self-shaded at both 5
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and 18 m, and the modal light level for the within-col-
ony surface is 50 pwmol photons m~2 s~!. Light profiles
across different locations showed that the lowest attenu-
ation at both depths was found on the inner surface of
the outermost branches, while the most self-shading sur-
face was on the bottom side of these branches. In con-
trast, vertically extended branches in the central part of
the colony showed no differences between the sides of
branches. The photosynthetic activity at these coral sur-
faces confirmed that the outermost branches had the
greatest change in sun- and shade-adapted surfaces; the
inner surfaces had a 50 % greater relative maximum elec-
tron transport rate compared to the outer side of the out-
ermost branches. This was further confirmed by sensitiv-
ity analysis, showing that branch position was the most
influential parameter in estimating whole-colony relative
electron transport rate (rETR). As a whole, shallow colo-
nies have double the photosynthetic capacity compared
to deep colonies. In terms of phenotypic plasticity poten-
tially optimizing photosynthetic capacity, we found that
at 18 m, the present coral colony morphology increased
the whole-colony rETR, while at 5 m, the colony mor-
phology decreased potential light utilization and photo-
synthetic output. This result of potential energy acquisi-
tion being underutilized in shallow, highly lit waters due
to the shallow type morphology present may represent
a trade-off between optimizing light capture and reduc-
ing light damage, as this type morphology can perhaps
decrease long-term costs of and effect of photoinhibition.
This may be an important strategy as opposed to adopt-
ing a type morphology, which results in an overall higher
energetic acquisition. Conversely, it could also be that
maximizing light utilization and potential photosynthetic
output is more important in low-light habitats for Acro-
pora humilis.
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Introduction

Many organisms occupy fluctuating environments at both
spatial and temporal scales (Meyers and Bull 2002). Scle-
ractinian corals are found across a wide range of envi-
ronmental gradients for light (e.g. Anthony and Fabricius
2000; Anthony and Hoegh-Guldberg 2003a; Vermeij and
Bak 2002), water flow (Bruno and Edmunds 1998; Kaan-
dorp et al. 2005) and temperature (Achituv and Dubinsky
1990; Kleypas et al. 1999). Corals have evolved a range
of physiological (Brown et al. 2002; Fagoonee et al. 1999;
Stimson 1997; Warner et al. 2002), behavioural (Levy et al.
2003) and morphological mechanisms (Anthony et al.
2005; Bruno and Edmunds 1997; Enriquez et al. 2005;
Marcelino et al. 2013) to cope with environmental fluctua-
tions. Morphological variation in reef-building corals is one
of these examples whereby phenotypic plasticity, i.e. the
change in physiological or morphological characteristics
of a genotype (Bradshaw 1965), may confer an advantage
in confronting environmental heterogeneity (Sultan et al.
2002; Via et al. 1995). While many corals display changes
in colony geometry across environmental gradients (Bruno
and Edmunds 1997; Willis 1985), it is unclear whether this
relates to improvements in energy acquisition or is a mere
result of growth limitations during development. Mor-
phological variation in corals can result in similar levels
of productivity across flow regime gradients (Lesser et al.
1994). In addition, changes in colony architecture can opti-
mize within-colony surface irradiance across gradients in
ambient light levels (Anthony et al. 2005; Kaniewska et al.
2008) and can facilitate energy acquisition (Hoogenboom
et al. 2008).

Light has special significance to reef-building corals,
given the dependence of these organisms on the symbi-
otic relationship between the coral host and photosynthetic
dinoflagellates of the genus Symbiodinium (Muscatine
and Porter 1977). Due to the photosynthetic component of
the symbiosis, it is likely to confer an advantage whether
ambient light regimes are adjusted to a photosynthetically
optimum irradiance (Anthony and Hoegh-Guldberg 2003b;
Enriquez et al. 2005; Hoogenboom et al. 2008). Photoac-
climation is common in Symbiodinium in response to
changes in light regimes (e.g. Dustan 1979; Iglesias-Prieto
and Trench 1994); the symbiont can vary both the density
and amount of photosynthetic pigments on a time scale
from seconds to days (e.g. Iglesias-Prieto and Trench 1997;
Titlyanov et al. 2002; Dove et al. 2008). In addition, there
are host factors, which can help modulate ambient irradi-
ance levels available to the coral and Symbiodinium, these
include polyp contraction (Levy et al. 2003), skeletal struc-
ture (Enriquez et al. 2005; Stambler and Dubinsky 2005)
and light absorption by fluorescent and non-fluorescent
pigments (Dove 2004; Salih et al. 2000). Also, variations
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in colony morphology can aid in manipulating and optimiz-
ing within-colony irradiance levels (Anthony et al. 2005;
Kaniewska et al. 2008; Muko et al. 2000). Changes in the
photophysiology of the symbiont is a flexible response,
which can easily adapt to short-term changes (hours to
days) in the ambient light environment, while the more per-
manent morphological changes in the coral colony shape
can aid in providing an overall near-optimal within-colony
light climate to facilitate the photoacclimoatory response of
the symbiont. These two mechanisms working in conjunc-
tion with each other can expand the host—symbiont com-
plex’s light niche (Hoogenboom et al. 2008).

Studies of photoacclimation have mainly focused on
large-scale environmental variability such as bathomet-
ric differences (e.g. Battery and Porter 1989; Fricke et al.
1987; Graus and Macintyre 1976; Oliver et al. 1983). This
assumes that the host—symbiont complex acts as a single
unit with a homogenous response and that photoacclima-
tion occurs mainly at the level of the symbiont. Several
studies have shown that this may not necessarily be the
case (Goulet and Coffroth 1997; Hoogenboom et al. 2006;
Jokiel and Morrissey 1986). In fact, not only does colony
morphology play a role in self-shading but within-tissue
self-shading also significantly alters light levels reaching
the Symbiodinium cells inside the host tissues (Kaniewska
et al. 2011; Wangpraseurt et al. 2012). Structural self-
shading in sea grasses results in photosynthetic variability
along a leaf, which is comparable in magnitude to changes
in photosynthetic performance along bathometric gradients
(Enriquez et al. 2002). In corals, colony morphology may
play an important part in creating within-colony niches of
sun-exposed and sun-shaded areas (Kaniewska et al. 2008).
The heterogeneous nature of light and water flow within a
colony can result in variable photosynthetic capacity across
entire colonies (Kuhl et al. 1995, Helmuth et al. 1997a) but
also at smaller scales, within-colony differences at the cor-
allite level have been documented (Hill et al. 2004; Wang-
praseurt et al. 2012). However, to date, variable photosyn-
thetic activity has not been mapped across an entire colony
of a branching coral species, and a clear pattern of struc-
tural within-colony photosynthetic variation in relation to
colony morphology remains to be described.

Currently, there is extensive information on physi-
ological photoacclimatory mechanisms and their effects
on photosynthetic performance in corals (e.g. Dove et al.
2006; Dubinsky et al. 1984). However, the significance of
phenotypic plasticity across environmental light gradients
is not well described. Variation in phenotypic plasticity
among species can influence the size of their light niche
and thereby affect species distribution limits (Meyers and
Bull 2002). There is considerable morphological varia-
tion across light niches for Acropora humilis, where colo-
nies have greater branch spacing and shorter branches in
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deep, low-light habitats compared to shallow, highly lit
environments, while the branch diameter does not change
(Kaniewska et al. 2008). It has been shown that this varia-
tion in colony morphology allows corals to optimize light-
dependent performance (Kaniewska et al. 2008). There
is, however, a need to discern whether these morphologi-
cally variable colonies inhabiting different light regimes
have different photosynthetic performances and thus fit-
ness potential. We hypothesize that phenotypic plasticity
in branching corals across light habitats should maximize
potential light utilization and photosynthesis. The aim of
this study was to determine whether this is true for the phe-
notypically plastic A. humilis across environmental irradi-
ance levels. To determine this, we mapped differences in
light levels at various locations within A. humilis colonies
found at 5 and 18 m and estimate the correlation between
observed within-colony light variation and photosynthetic
capacity. It is expected that a heterogeneous light field
will result in both photoacclimation state and maximum
productivity heterogeneity across coral surfaces, both of
which will have consequences for whole-colony photosyn-
thetic capacity. In particular, we expect that in an A. humilis
colony, the greatest difference in the light field and conse-
quently the photobiology will be between inner and outer
branches. This is because outer branches at the periphery
extend at an angle rather than vertically like the central
branches, which can cause differences in light fields experi-
enced by two sides on an outer branch, while the light field
should be more uniform on two sides in a central branch.
In addition, we quantify whole-colony surface light dis-
tribution and photosynthetic capacity for A. humilis, and
its different phenotypes at 5 and 18 m and explore which
parameter is most influential in determining whole-colony
photosynthetic capacity.

Materials and methods
Within-colony light measurements

To determine whole-colony light distribution for A. humi-
lis phenotypes at 5 and 18 m, within-colony light profiles
of a total of 10 colonies at each depth were conducted
around midday (11:00-14:00) on cloudless days, to mini-
mize potential variations due to changes in the ambient
light regime. Colonies were chosen, which were grow-
ing on similar benthos to make sure that the light-scatter-
ing properties of the surrounding environment (reef rock
with encrusting algae in this case) were similar between
colonies. These measurements were taken at Tenements
1 (23°25.983'S, 151°55.756’'E) Heron Reef, Capricorn
Bunker group, Southern Great Barrier Reef. Twelve irra-
diance profiles were performed on each colony, and they

were conducted within a short time frame for each colony
(<5 min per profile). In the absence of a logistically feasi-
ble system with which to measure scalar irradiance under-
water in situ inside coral colonies, we measured point irra-
diance (PAR, photosynthetically active radiation) using
a small cosine-corrected miniature fibre optics quantum
sensor (Diving-F1, Walz, Germany) attached to a submers-
ible fluorometer (Diving-Pam, Walz, Germany). The light
sensor was calibrated against a factory calibrated Li-192
Li-Cor cosine-corrected underwater light sensor. Measure-
ments of incident downwelling light were first read at the
tip of the branch with the sensor held horizontally. Con-
secutive measurements were taken with increasing distance
from the tip following the orientation of the polyps on the
side of the branch. This way, the light profile would rep-
resent a “polyp view” of the incident light at various parts
of the branch (Anthony et al. 2005). The reasoning for
this approach was that ideally these measurements would
be done using a scalar irradiance probe allowing light
from all directions to be captured, which would be a true
measure of the light field. However, in the absence of such
measurements, a “polyp view” of point irradiance is more
representative of the light field for the coral polyps at the
surface of the coral branches, compared to measurements
where the point irradiance is measured horizontally, which
would not represent incident light experience by the coral
surface at that point. Irradiance profiles for 10 colonies at
each of 5 and 18 m were performed. Within-colony irradi-
ance profiles were conducted from 3 compass directions
(north, south-east and south-west). An outside branch and
an inside branch were measured for each compass direc-
tion, adding up to 6 branches in total measured for each
colony (Fig. 1). Twelve irradiance profiles were conducted
on 6 branches for each colony, two irradiance profiles for
each branch, one light profile on the outside facing side
of the branch (side a) and one light profile on the inside
facing side of the branch (side b) (Fig. 1). This meant that
for side b of the outer branches, light measurements were
taken with the probe carefully placed (held by the cable
away from the colony as to prevent self-shading) facing the
benthos as this was the polyp view for these coral surfaces.
Incident downwelling irradiance at the branch tip with the
sensor held horizontally provided an estimate of ambient
light at the time of the measurement, and it was used as a
reference point for the light profiles. Consecutive irradi-
ance measurements within a light profile were converted to
a percentage of the reference point in order to account for
potential variations in the ambient light regimes.

Coral collection

In order to determine photosynthetic capacity of differ-
ent coral surfaces within a branching coral colony, A.
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Fig. 1 Schematic illustration of branch surface locations within
Acropora humilis colonies at 5 and 18 m used for determining light
attenuation profiles and chlorophyll a fluorescence measurements.
Branch surfaces used were from three compass directions (north,
south-east and south-west) and two sides (side a and side b) of an
inner and outer branch from each compass direction

humilis branches were sampled at Tenements 1 from the
same colonies, which had been used for light measure-
ments mentioned above. Six whole branches per colony
were collected from 10 colonies at 5 m and 10 colonies
at 18 m. The colony size was 25-35 cm in diameter for
all colonies used in the study. Three branches from the
outside of the colony from 3 compass directions north
(N), south-east (SE) and south-west (SW) and 3 branches
from the inner most part of the colony from 3 compass
directions (Fig. 1) were collected. At the time of col-
lection, branches were marked next to the cut surface
at the base of the branch on the outside orientation of
the branch so that this orientation could later be main-
tained in aquaria prior to further processing. Following
collection, A. humilis branches were transported under
shaded conditions (<50 pwmol photons m~2 s~!) through
the use of shade cloths to through-flow aquaria at Heron
Island Research Station. Here, they were kept in ambi-
ent temperatures under low-light conditions (<50 pmol
photons m~2 s~ 1), until chlorophyll a fluorescence meas-
urements were taken after 60 min of dark acclimation at
dusk, to ensure complete relaxation of the photosystems;
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traditionally, this is thought to be at least 20 min of dark
adaptation (Ralph and Gademann 2005).

Chlorophyll a fluorescence measurements

Photosynthetic capacity of different coral surfaces within
an A. humilis coral colony was determined using chloro-
phyll a fluorescence and rapid light curves (RLC). After
dark acclimation of coral branches, two-dimensional
heterogeneities in photosynthetic capacity of endos-
ymbiotic Symbiodinium were detected using the Maxi
(70 x 100 mm field) Imaging-PAM (Walz Gmbh, Effel-
trich, Germany). For each branch, both sides (a) and (b)
were imaged (Fig. 1). Relative electron transport rate
(rETR) was calculated as ®pg x EPAR, where ®pgy/
(effective quantum yield) is (F,/ — F)/F,’ (Hill et al.
2004), and EPAR is irradiance within the photosyntheti-
cally active range (PAR 400-700 nm); the majority of
LEDs from the Maxi Imaging-PAM emit light at 460, but
there is a proportion that also emits at 650 and 780 nm.
Considering that red light attenuates more rapidly with
depth underwater (Kirk 1994), light emitted at 460 nm
will still apply to corals grown both at 5 and 18 m on
Heron Island, as this is in the blue region of the spectrum.
RLC were performed where measurements of rETR were
obtained by applying a series of saturation pulses under
LED-emitted increasing actinic irradiance (0, 4, 40, 60,
80, 100, 135, 175, 225, 290, 365, 460, 585, 746, 956 pmol
photons m~2 s™") RLC (Ralph and Gademann 2005). At
the end of each 20-s period, a saturation pulse was applied
at each irradiance level to determine @pg,’. Areas of inter-
est were superimposed over the image using ImagingWin
software (v1.00b, Walz Gmbh). In order to obtain descrip-
tive parameters of relative ETR_,, (tfETR,,,,, maximum
relative electron transport rate), quantum efficiency of
photosynthesis (@Ppgy) and o (light limited initial slop of
the RLC), methods in Silsbe and Kromkamp (2012) were
followed and RLC of each area of interest were fitted to
an E-normalized form of the hyperbolic tangent model
(Jassby and Platt 1976), using STATISTICA 7.0 (StatSoft
Inc). To obtain a more accurate value of E, (light satura-
tion coefficient), methods were followed from Henninge
et al. (2008), and values of E, were estimated by fitting
RLC to Eq. (1) in Henninge et al. (2008), using STATIS-
TICA 7.0 (StatSoft Inc).

Symbiodinium identification

The genotype of the resident Symbiodinium in A. humilis
colonies used in this study was identified by denaturing gel
electrophoresis (DGGE) of the internal transcriber spacer
2 (ITS2) region of nuclear ribosomal DNA (cf. LaJeunesse
et al. 2003) and following the methods in (Sampayo et al.
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Table 1 Nonl.inear regress.ion Irradiance model 5m 18m

summary of different irradiance

models for Acropora humilis Branch location Ey, = E, exp (—bd) Eqy = E)exp (—bd)

at different locations within a

colony at 5 and 18 m L) b r L) b r

North
Inner branch sidea  0.99 £0.022  0.93+0.047 094 1.00 £ 0.021 0.66 +£0.029  0.94
Inner branch sideb  0.98 £0.027  0.95 +0.061 0.91 0.99 +£0.028 0.59+0.035 0.89
Outer branch sidea  0.98 & 0.023 143 £0.090 091 0.99 £+ 0.018 1.50 £0.077  0.96
Outer branch side b 1.02 +0.040  0.58 £0.047  0.83 1.00 £0.040 0.524+0.043 0.79
South-east

Inner branch sidea  0.99 + 0.024 0.92 £+ 0.047 0.93 0.99 + 0.024 0.63 + 0.035 0.91
Inner branch sideb  1.00 £0.020 0.93 +£0.043 094 1.00 +£0.018  0.64 £0.025 0.96
Outer branch sidea  0.99 + 0.028 1.50 £ 0.121 0.88  0.99 £ 0.023 1.30 £0.078  0.93
Outer branch side b 1.01 £0.050  0.55+0.055  0.73 1.02 £ 0.033 0.50 £0.032 0.85

Estimated coefficients are South-west

presented with + standard .

. . Inner branch sidea  0.99 +£0.014  0.93 +£0.032 0.97 1.00 £0.017 0.754+0.028 0.96

error, where Iy is irradiance

at position d along the branch, Inner branch sideb  0.99 + 0.025 0.92+0.039 095 1.00 £0.028 0.63+£0.038 091

I is a maximum irradiance Outer branch sidea  0.99 + 0.024 1.31£0.083 092  0.99 £ 0.021 1.20 £0.062  0.95

coefficient, and b is a light Outerbranch sideb  1.02+0.040  0.62+0.049 083 10240038 0.60+0.046 0.84

attenuation coefficient

2009). Briefly, ITS2 was amplified using primer sequences
of LalJeunesse et al. (2003). Profiles were compared with
symbiont profiles generated by Sampayo et al. (2007, 2008,
2009). Prominent DGGE bands were excised, sequenced
and identified as described in Sampayo et al. (2009). Sym-
biodinium identity was determined for 5 colonies of A.
humilis at 5 m and 5 colonies of A. humilis at 18 m. In
addition, DNA extractions were done on 6 branches from
each colony from the 3 compass directions (Fig. 1), and the
symbiont genotypes were determined from top and base
parts of branches.

Data analysis

All data were tested for normality and homogeneity of vari-
ance, and where assumptions were violated, the data were
corrected by transformations. Nonparametric equivalent
tests were used when data did not meet the assumptions
of normality and homogeneity of variance, or could not be
normalized using transformations.

In the absence of a formal theory for light attenuation
within branching coral colonies, linear and exponential best
fits to the light profile data within colonies were used. We
found that nonlinear regressions provided the best fit and
were therefore used to determine the rate of within-colony
light attenuation. A factorial analysis of variance (ANOVA)
was used to test the effects of depth, compass direction,
branch position and branch surface on tETR,,, E} and .
All analyses were performed using STATISTICA 7.0 (Stat-
Soft Inc).

Whole-colony light distribution

Based on the light attenuation profiles derived from non-
linear regression described above (Table 1), whole-colony
branch light distribution was simulated using the maxi-
mum daily irradiance values recorded at a given habitat,
according to methods described in (Kaniewska et al. 2008;
Kaniewska et al. 2011), which at 5 m was 577 & 107 pwmol
photons m~2 s~! and in the deep it was 116 £ 22 wmol
photons m~ s~!. Nonlinear regressions for light attenu-
ation profiles were forced through the origin, as this light
value represented light experienced by the axial tip of the
branch and would be used to correspond to chlorophyll a
fluorescence measurements at the tip. Light attenuation
models from all areas within a colony were used to create
a frequency distribution of light experienced by the entire
colony. A ¢ test of light distribution Kurtosis was used to
determine differences in whole-colony light distribution for
A. humilis phenotypes at 5 and 18 m.

Whole-colony rETR

Based on the chlorophyll a fluorescence measurements
along branches at different positions in the colony, whole-
colony distributions of rETR ., and E, were simulated by
incorporating light (nonlinear regression coefficients from
light attenuation profiles, Table 1) and chlorophyll a fluo-
rescence data (mean and SE from parameter estimates of
rETR, . and E,, Table 2, and rETR,, and E, values for

the tip of a branch correspond to incident light at the tip of
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a branch) from different locations within a colony. To cal-
culate a rETR for a whole colony, the hyperbolic tangent
model was used (Jassby and Platt 1976) (Eq. 1) using simu-
lated values for rETR,, and E, described above together
with simulated whole-colony irradiance estimates at vari-
ous positions in the colony (E) derived above.

rETR = rETRmax tanh (E) (1)
Ex

Kruskal-Wallis tests for rETR distribution Kurtosis
were used to determine differences in rETR distribution
among positions within an A. humilis colony and between
depths. Two-way ANOVA was used to determine differ-
ence in rETR and @pgy; distribution as a function of ambi-
ent light levels (at 5 or 18 m) and type morphology model
(type morphology for colonies at 5 or 18 m).

Sensitivity analysis

To evaluate which parameters (depth, geographical posi-
tion, branch position or branch side) are the most influen-
tial in estimating whole-colony rETR at each depth, sen-
sitivity analysis was done. This was done through a local
sensitivity analysis (Hamby 1994) where one parameter at
a time was varied while the others were fixed; these param-
eters were increased and decreased by 1-3 standard devia-
tions, and associated output values were calculated using
Excel and PopTools (ver. 3.2.5) (Hood 2010). The sensitiv-
ity index (SI) was calculated using Eq. (2)
Dmax — Dpip

3t Dmax ’ @
where D, ;, and D,,,, are the minimum and maximum out-
put values, resulting from varying the input as described
above (Hamby 1994). In addition, a rank regression coef-
ficient (RRC) was calculated by performing regression
analysis on rank-transformed input versus output values
from the sensitivity analysis (Hamby 1994). Higher values
of both the SI and RCC indicate that a parameter is more
influential in determining the model output, which in this
case is the estimation of whole-colony rETR.

Results
Within-colony light profiles

Based on the field light data, irradiance profiles varied
among different positions within the colonies (Table 1).
The greatest light attenuation, based on the nonlinear
regression coefficients (Table 1) at both depths, was
found on side (a) (definition, Fig. 1) in outer branches,
where on average across the three compass directions,

44 % more light was attenuated compared to inner
branches in the shallow colonies and 93 % more light
was attenuated compared to inner branches in the deep
colonies. Conversely, the least steep attenuation coeffi-
cient b (Table 1) at both depths was found on side (b)
(definition, Fig. 1) of the outer branches, where the dif-
ference was a 59, 64 and 53 % decrease in light attenua-
tion compared to side (a) of outside branches in the shal-
low and a 65, 62 and 50 % decrease in light attenuation
compared to side (a) of outside branches in the deep for
N, SE and SW compass directions, respectively. There
were differences in light attenuation for inside branches
between the two depths where the light attenuation coef-
ficient b (Table 1) was 50, 45 and 35 % greater in the
shallow compared to the deep for N, SE and SW compass
directions, respectively.

Symbiodinium identification

Acropora humilis colonies from both 5 and 18 m har-
boured the same Symbiodinium symbionts. There were
also no within-colony differences detected in Symbio-
dinium genotypes for all colonies. By sequence iden-
tity, the symbionts were found to be C1 when compared
to known Symbiodinium ITS2 sequences on GenBank
(www.ncbi.nih.gov).

Chlorophyll a fluorescence

Photosynthetic activity of Symbiodinium, indicated by
parameters rETR ., F, and «, varied among different coral
surfaces within colonies, where there were differences
between inner and outer branches, as well as between side
a and b of branch, top and base (Table 3). Depth and com-
pass direction only affected « (Table 3). The greatest dif-
ference along the branch was between the top part of side
(b) and base part side (a) of an outer branch, where there
was a 46 % increase in tTETR,,, 52 % increase in E; and a
3 % decrease in «. This reflects the light attenuation trends
within coral colonies described above and therefore poten-
tial light environment for the coral tissues at these loca-
tions, as at both depths, coral surfaces for outer branches
side a had the least light while upper surfaces of outer
branches side b had the most light, based on the steepest
and least steep attenuation coefficients b described above
(Table 1). At both depths, inner branches had greater pho-
tosynthetic potential compared to outside branches, with an
overall 11 % increase in tfETR ,, and 12 % increase in E;.
Branches from the SW compass direction had the highest
o, 2 % higher than the other two directions. Coral surfaces
from colonies found in the deep had a 2 % increase in o
compared to coral surfaces from colonies in the shallow
(Table 2).
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Table 3 Summary of factorial ANOVA results for Acropora humilis
rapid light curve parameters; rETR ., E, and a, with depth (5 and
18 m), geographical compass directions (north, south-east and south-

west), branch position (inner or outer) and branch surface (side a and
side b, top and base) as sources of variance

Source of variance

rETR ., Ey o

a F p a F p a F p
Depth 1 370 s 1 023  ns 1 152 <0.001
Geographical direction 2 0.12  ns 2 0.14 ns 2 2.8 ns
Branch position 1 43.00 <0.001 1 3222 <0.001 1 47  0.030
Branch surface 3 99.62 <0.001 3 9483 <0.001 3 1.3 ns
Depth x geographical direction 2 0.59 ns 2 0.82 ns 2 1.2 ns
Depth x branch position 1 0.00 ns 1 0.11 ns 1 27 ns
Geographical direction x branch position 2 1.34  ns 2 143  ns 2 1.3 ns
Depth x branch surface 3 1.31 ns 3 1.84 ns 3 3.7  0.012
Geographical direction x branch surface 6 044 ns 6 1.04 ns 6 3.1 0.006
Branch position x branch surface 3 272 0.044 3 245 s 3 3.7 0.012
Depth x geographical direction x branch position 2 0.10 ns 2 0.28 ns 2 0.2 ns
Depth x geographical direction x branch surface 6 1.58 ns 6 143  ns 6 0.7 ns
Depth x branch position x branch surface 3 0.16 ns 3 0.18 ns 3 09 ns
Geographical direction x branch position x branch surface 6 0.72 ns 6 0.68 ns 6 1.1 ns
Depth x geographical direction x branch position x branch surface 6 0.54 ns 6 0.53 ns 6 03 ns
Total 430 430 421

Significant results are highlighted in bold

Light distribution across colonies

In order to estimate the light field across a whole colony
at the two depths, light attenuation profiles derived from
nonlinear regression on field light data (Table 1) described
above were applied to model light distributions across the
surface of whole colonies, and in this study, this included
branches from the periphery. Our modelled light distribu-
tions showed that A. humilis colonies at both depths had a
similar PAR mode of the colony light distributions, despite
differences in ambient light input being fivefold (Fig. 2). At
both depths, the modal irradiance was 50 pmol m2s .
The shallow colony light distribution had a greater range in
light levels above 200 pwmol m~2 s~ 1. To confirm the differ-
ences in frequency distribution of modelled whole-colony
light distributions between coral colonies at the two depths,
Kurtosis analysis of both light distributions was done and
revealed these differences (¢ test, t; = 34.1, p < 0.001)
(Fig. 2).

Whole-colony photosynthetic activity

In order to estimate whole-colony rETR distributions, we
applied chlorophyll a fluorescence data (E, and tETR,,,)
for different positions within a coral colony at both depths
together with modelled whole-colony PAR distributions
described above and fitted this data to Eq. (1). This mod-
elled frequency distribution of rETR for different colony
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positions showed similarities among compass directions
and between depths, where side (a) of outer branches had
the highest modal rETR distribution in the lowest TETR
category, 10 wmol e~ m~2 s~! (Fig. 3). The deep side (b)
of outer branches and side (a) and (b) of inner branches
had similar rETR distributions, while the shallow side (b)
of outer branches had a higher rETR mode compared to
side (a) and (b) of inner branches (Fig 3). We did Kurtosis
analysis on the frequency distribution of modelled whole-
colony rETR distributions to confirm differences in these
depending on branch position (inner vs. outer) (Kruskal—-
Wallis test, Hy 5 = 4.15, p = 0.042) and branch side
(side a vs. side b) (Kruskal-Wallis test, H; 5, = 36.62,
p < 0.001) (Fig. 3). In order to determine whether the col-
ony morphology present at the two depths represented an
optimal morphology for potential energy utilization of the
whole-colony, we applied the ambient light levels found
at 5 and 18 m to both deep and shallow models for esti-
mating whole-colony rETR. Estimates of whole-colony
rETR capacity varied with ambient light levels (two-way
ANOVA, Fi6 = 268,443, p < 0.001) among type mor-
phology models (deep and shallow) (two-way ANOVA,
Fii6= 19,295, p < 0.001) and as a function of both ambient
light level and type morphology model (two-way ANOVA,
Fy 16 = 5,167, p < 0.001). In shallow colonies at ambient
light levels in the shallow, estimated whole-colony rETR
was twice that found in deep colonies at ambient light lev-
els in the deep. Comparing the whole-colony rETR at deep
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Fig. 2 Whole-colony PAR distribution for external surface irradiance
in Acropora humilis at 5 m (grey) and 18 m (black) at Heron Island.
The light distributions were obtained from 100 Monte Carlo iterations
using the mean daily maximum irradiance as input value and esti-

ambient light levels for deep and shallow type morphology
models revelled that the deep type morphology increased
rETR capacity by 17 %. At shallow ambient light levels,
the deep type morphology increased rETR capacity by
25 % (Table 4). We also report here modelled whole-colony
@pgp values to demonstrate that the same trends as in the
whole-colony rETR modelling data are present (Table 4)
(Supplementary Fig. 1), as it has been suggested that mod-
elling the E-dependency of ®pg; results in more precise
and accurate photosynthesis-irradiance data when derived
from chlorophyll a fluorescence measurements (Silsbe and
Kromkamp 2012). Here, we found that estimates of whole-
colony ®@p;; values mimicked the whole-colony rETR data,
although reverse in magnitude since it is the inverse rela-
tionship with E as compared to rETR versus E. @pgy; varied
with ambient light levels (two-way ANOVA, F| | = 186,
p < 0.001), among type morphology models (deep and
shallow) (two-way ANOVA, Fi6= 35,661, p <0.001) and
as a function of both ambient light level and type morphol-
ogy (two-way ANOVA, F| ;s = 228, p < 0.001) (Table 4).

Sensitivity analysis
To determine which parameters are most influential in

estimating the whole-colony rETR (depth, geographi-
cal position, branch position or branch side), sensitivity

mated best-fit function parameters for tissue surface light attenuation
profile coefficients. The light distributions are given as percentages
across irradiance categories of the total whole-colony PAR level

analysis of model parameters was performed. Assessment
of the influence of each parameter is indicated by the SI
and the RCC (Table 5). The highest differences in both
SI and RCC were observed for branch position (inner vs.
outer), indicating that branch position is the most influen-
tial parameter in the model estimating whole-colony pho-
tosynthetic activity. The second most influential parameter
was branch side (a vs. b), while geographical direction had
the smallest influence on whole-colony photosynthetic
activity. Combined parameters branch position x branch
side show that the outer branch side (a) is the least influ-
ential in determining whole-colony photosynthetic activ-
ity compared to inner sides (a) and (b), and this stays true
even when separated into the three geographical directions
(Table 5). These trends were the same for both deep and
shallow colonies, and there were only minor differences
in SI and RCC between parameters across the two depths
(Table 5). In order to investigate the relative role of pho-
tochemical versus non-photochemical quenching in driv-
ing the variance observed in E, (Tables 2, 3), values for
photochemical quenching (qP) and non-photochemical
quenching (NPQ) were plotted against E/E, (Fig. 4). The
light response curves of qP were constant between differ-
ent positions within coral colonies, and this was the same
across the two depths (Fig. 4a, b), where qP decreased with
increasing light. In contrast, trends in NPQ in response
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Fig. 3 Estimated whole-branch EOuter side a

relative electron transport rate 900
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to increasing light showed an increase in NPQ. For both
depths, the lowest curve was observed for outer side a
branches, and this difference was amplified in shallow col-
onies where the NPQ curves for the inner branches side a
and b were greater (Fig. 4c, d). Changes in F;, (minimum
fluorescence yield—dark-adapted) versus E/E, were also
plotted to investigate how this potential proxy for pigmen-
tation changes across colony positions at the two depths.
There was only a trend in the shallow colonies were the
outer side a had higher F, values compared to the other
coral surfaces within shallow corals (Fig. 4e, f). These dif-
ferences in trends for NPQ and F|, highlight results from
the sensitivity analysis, which showed that branch position
was the most influential parameter in estimating whole-
colony rETR.

@ Springer

200 200
max and E, are estimated 100 100
from rapid light curve measure- 0 0 -

(c) South East 5m

South West 5m

B Outer side b [lnner side a lInner side b

90 1 (b) North 18m
800

700
600
500
400
300

900 (d) South East 18m
800
700
600
500
400
300
200
100

0 M om

900 (f) South West 18m
800
700
600
500
400
300
200
100

0 dill o
10 25 50 75 100 125 150 175 200 225 250275 300325 350

relative ETR (umol e m2s™)

Discussion

The irradiance profiles of A. humilis varied within colonies
depending on branch location and branch side. These dif-
ferences were similar to changes in three orders of mag-
nitude in light differences reported within sea grass cano-
pies (Enriquez et al. 2002). Differences were the greatest
between sides (a) and (b) of outer branches but not for the
(a) and (b) sides of inner branches. At both depths, the
darkest part of an A. humilis colony is on the outer side
of a branch at the periphery (side a) where light is attenu-
ated the most, which is primarily due to the fact that these
branches extend at an angle rather than vertically like the
central branches. Conversely, the inner or upward side
of peripheral branches (side b) would be expected to be
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Table 4 Summary statistics of whole-colony relative electron trans-
port rate (rETR) and the E-dependency of quantum efficiency of
photosynthesis (@pgyp) estimates at ambient light conditions at 5 and
18 m, and for two type morphologies shallow model (5 m) and deep
model (18 m)

Mean whole-colony Mean whole-colony

rETR + SE Dpg;; = SE
(umol e™ m~2s7h
Ambient light at 18 m
Shallow model 27,935.8 + 40.4 862.1 £0.78
Deep model 32,666.9 £+ 47.5 859.3 +0.49
Ambient light at 5 m
Shallow model 64,079.5 £ 96.4 685.1 £ 0.88
Deep model 80,121.3 £ 137.9 656.3 £ 1.25

SE represents the standard error of the mean

sun-exposed, and the lowest attenuation at both depths
was found on the inner surface (side b) of the outermost
branches. Branches found in the central part of the colony
extend vertically and are expected to show no differences
between sides of branches, as was confirmed by the light
attenuation profiles. Differences in within-colony light
distribution between depths were apparent in the inner
branches, which comprises the majority of branches in
a colony, where shallow colonies had 50 % steeper light
attenuation coefficients. This strategy for increasing self-
shading through colony morphological variation might be
seen as advantageous in a surrounding light environment,
which is five times greater than that found in the deep
(Kaniewska et al. 2008), to reduce the risk of photoinhibi-
tion and photodamage, and it could reduce the overall cost
of colony investment into photoprotective mechanisms
by reducing the proportion of coral surfaces exposed to
supraoptimal irradiances levels (Anthony et al. 2005).

At both 5 and 18 m, the overall PAR light distributions
incident on whole-colony surfaces were low, with the
modal light range at both depths being around 50 pmol
photons m~2 s~!. Theoretically predicted optimal light lev-
els within coral colonies should be light levels experienced
by the photosynthetic units (i.e. Symbiodinium cells) such
that light harvesting equals the turnover rate of the photo-
systems (Anthony and Hoegh-Guldberg 2003b). Anthony
et al. (2005) estimated the optimal irradiance range to be
150370 pwmol photons m~2 s~! (based on the irradiance
required to saturate photosynthesis, E}) by examining pho-
tosynthesis-irradiance curves of Symbiodinium. A modal
whole-colony light intensity distribution of 50 pmol pho-
tons m~2 s~!, as found in this study, has been suggested
to represent a suboptimal internal light environment. On
the other hand, it has been shown that the within-colony
surface irradiance measured does not accurately reflect
the internal light environment reaching the photosyn-
thetic symbiotic dinoflagellates (Kaniewska et al. 2011;

Table 5 Parameter sensitivity determination by the sensitivity index
(SI) and the rank regression coefficient (RCC) of input versus output
values in the sensitivity analysis of whole-colony rETR estimation

18 m Sm
SI index RCC SI index RCC
Geographical direction
North 0.417 28.6 0.400 28.8
South-east 0.401 28.1 0.403 28.1
South-west 0.387 27.8 0.393 28.0
Branch position
Outer 0.347 26.9 0.385 27.7
Inner 0.702 33.0 0.680 33.0
Branch side
Side a 0.522 30.8 0.498 30.5
Side b 0.585 32.1 0.599 32.1
Branch position x branch side
Outer side a 0.143 16.9 0.122 15.3
Outer side b 0.235 22.8 0.282 24.7
Inner side a 0.416 28.8 0.403 28.3
Inner side b 0.434 29.8 0.424 29.2
Geographical direction x branch position x branch side
North outer side a 0.049 8.0 0.049 7.9
North outer side b 0.088 13.1 0.102 14.0
North inner side a 0.164 18.8 0.157 18.9
North inner side b 0.172 21.0 0.158 19.3
South-east outer side a 0.050 8.5 0.046 7.4
South-east outer side b 0.088 13.5 0.101 13.3
South-east inner side a 0.168 19.9 0.147 17.3
South-east inner side b 0.166 19.3 0.168 20.4
South-west outer sidea  0.052 9.0 0.053 8.8
South-west outer sideb ~ 0.079 12.1 0.104 14.4
South-west inner sidea  0.152 17.8 0.154 18.4
South-west inner sideb ~ 0.170 20.4 0.160 19.9

Wangpraseurt et al. 2012) and that these light levels can be
much lower (Kaniewska et al. 2011), but this depends on
how deep within the tissues the algae resides as the light
environment is largely heterogeneous within coral tissues
(Wangpraseurt et al. 2012). This warrants a redefinition of
optimal light levels actually reaching the photosynthetic
unit in Symbiodinium as opposed to coral surface irradiance
levels. There are many other photoacclimatory mechanisms
present playing an important role in determining the actual
light levels reaching the photosynthetic unit. Symbiodinium
photosynthetic pigment concentrations can fluctuate to
maximize light harvesting (Dubinsky et al. 1984; Falkowski
and Dubinsky 1981; Porter et al. 1984). Reflective skeletal
properties (Enriquez and Pantoja-Reyes 2005; Stambler
and Dubinsky 2005) and, within coral tissue, multiple scat-
tering and diffuse reflection can result in within-tissue light
climates being higher than expected compared to incident
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Fig. 4 Light response of a,
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irradiance (Kuhl et al. 1995). To predict what optimal irra-
diances Symbiodinium requires, there is a need to measure
actual light levels reaching the symbiotic dinoflagellate in
symbio, which is not a straightforward task.

There was considerable variation in the photosyn-
thetic efficiency of Symbiodinium, indicating differences
in photoacclimation of the C1 symbiont, as the genotypes
were the same across colonies and depths. Coral surfaces
adapted to low-light conditions found on the outer surface
(side a) of the outermost branches, and the coral surfaces
at the base of innermost branches of the colony had lower
values of rETR,,, and E, compared to the inner surface
of the outermost branches (side b) and top surfaces of the
innermost branches in the colony, which are adapted to
relatively high-light conditions. Changes in « showed a
reverse trend, where high-light surfaces had lower values
of o compared to low-light surfaces in the colony. This
within-colony variability in photosynthetic capacity is con-
sistent with variation in light levels. Previous studies have
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also shown differences in photosynthetic capacity as a
function of light intercepting the coral surface, where there
are differences between upper and lower parts of the colony
(Jones et al. 1998; Ralph et al. 2005) and differences along
the upper part of a branch (Hill et al. 2004). Surfaces that
have higher rETR,,,, E and a less steep « can maintain
a higher level of photosynthetic activity (Ralph and Gade-
mann 2005). This is expected from coral surfaces adapted
to high-light regimes, as there is potential for more photo-
synthesis with higher irradiance levels present, given that
photoinhibition can be avoided through non-photochemical
quenching pathways (Hoegh-Guldberg and Jones 1999;
Jones et al. 1998). Depth only had a significant effect on
a. Low-light-adapted coral surfaces, which have a higher
a, can be photosynthetically more efficient at low irradi-
ance levels compared to coral surfaces adapted to high-
light levels (Chalker et al. 1983). It is important to note
that with depth, there are changes not only in light quan-
tity but also in light quality where a shift to the blue region
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of the spectrum occurs with depth, and it has been shown
that coral can be adapted chromatically to their surround-
ing light environment (Mass et al. 2010). It is not possible
to directly relate chlorophyll a fluorescence to productivity
as there is a nonlinear relationship between variable fluo-
rescence and gross photosynthesis rate/oxygen concentra-
tion at high irradiances (Hoogenboom et al. 2006; Ulstrup
et al. 2006). However, chlorophyll a fluorescence and RLC
provide a useful assay for comparing relative light utiliza-
tion and acclimation of photosystem II (Ralph and Gade-
mann 2005). In addition, it has been recently discussed that
caution is needed when determining energy utilization and
budgets in scleractinian corals. Ideally, such a task requires,
in addition to measures of photosynthesis and respiration,
estimates of the biochemical composition of all constitu-
ents of energy currency in the cell (proteins, carbohydrates
and lipids), an undertaking that has to date been a rare
occurrence as almost all energetic approaches used in the
coral literature are based on large assumptions that may not
hold true (Lesser 2013). This, together with the limitation
of directly relating chlorophyll a fluorescence to photosyn-
thesis, is why in the discussion below we will refer to our
results as potentially implying that the relative light utiliza-
tion may result in a shift in energy acquisition, but for a
true measure, one would need to quantify all of the vari-
ables mentioned above.

The patterns of rETR distribution across different posi-
tions within an A. humilis colony, both in the deep and
shallow, demonstrate that the outer side (side a, Fig. 1) of
peripheral branches is likely to be light limited. The rETR
mode of 10 wmol e~ m~2 s~ found on the outer side of
peripheral branches at both depths signifies that potential
energy acquisition was low for these coral colony surfaces
compared to all other within-colony branch surfaces. Inner
branches within A. humilis colonies had higher modes
of rETR levels at 50 and 75 wmol e~ m~2 s~' rETR lev-
els, and side b of outer branches had higher modes of
tETR levels at >125 pmol e~ m~2 s~ ! in the shallow and
>50 wmol e~ m~2 s~ ! in the deep. This implies potential
for greater energy acquisition for these locations within
A. humilis colonies at both depths. The overall high mode
of rETR distribution at 10 wmol e™ m™2 s~! found at both
depths is probably a consequence of high levels of light
attenuation within A. humilis colonies and can be due to
branch self-shading within branching colonies. Despite
evidence of minimizing light attenuation in deep com-
pared to shallow environments (Kaniewska et al. 2008),
the branching morphology is still strongly self-shaded.
This may be due to genetic or environmental limitations
to the extent to which branching corals can modify their
colony structure. Although rETR is a relative estimate of
electron flow through the photosystems (Ralph and Gade-
mann 2005), it has been found that at low irradiance levels,

it approximates gross photosynthesis rate (Hoogenboom
et al. 2006; Ulstrup et al. 2006) and the low rETR values
obtained here may therefore represent reliable estimates of
light utilization and photosynthetic rates.

Overall, colonies in the shallow had a higher whole-
colony rETR, double that found in the deep. Due to a
higher whole-colony rETR, colonies in the shallow have
higher potential for light utilization and thus may also have
higher potential for energy acquisition (Ralph et al. 2005).
Colonies in the deep do not have the same light utiliza-
tion potential and may in fact be approaching their ambi-
ent light limitation threshold at that depth. The depth limit
for A. humilis colonies is 20 m at sites in the South Pacific
Ocean (Wolstenholme et al. 2003). According to sensitivity
analysis, branch position in a colony, that is the difference
in outer versus inner branch coral surface incident light
and chlorophyll a fluorescence, was the most influential
parameter in estimating whole-colony rETR across the two
depths. This most likely reflects the sun- and shade-adapted
surface of the outer branches compared to the more uniform
inner branch light climate where the only sun-adapted sur-
face is the branch tip. The fact that whole-colony rETR is
double that found in the deep is of particular interest since
on chlorophyll a fluorescence parameters E, and rETR
found in this study were very similar across the two depths,
that is there was no difference between depths (Tables 2,
3). This means that the difference in ambient light levels at
each depth is what potentially drives this trend, as there is a
fivefold difference in ambient light levels, yet the corals are
photoacclimated to the same state at the two depths. Poten-
tially the reason why corals from both depths are photoac-
climated to the same state is that, overall in coral colonies at
both depths, the modal whole-colony light level (50 pmol
photons m~2 s7!) was the same (Fig. 2). The difference
between colonies at the two depths was that shallow corals
had a higher frequency of coral surfaces exposed to light
levels above 200 pwmol m~2 s~ ! and it may be that this is
driving the difference in whole-colony rETR between the
two depths. This also further confirms the sensitivity analy-
sis, since the inner surface of the outermost branches (side
b) would be exposed to the highest light levels thus poten-
tially driving this difference together with the top part of
inner branches. Our plotted values of F, (minimum fluo-
rescence yield—dark-adapted) versus E/E, also potentially
indicate that shade-adapted surfaces on outer branches side
b in shallow corals may have more pigmentation as the F|,
values were slightly higher. Also plotted NPQ values ver-
sus E/E, also indicate there are differences between inner
and outer branches where inner branches had higher NPQ
values This further strengthens the notion that branch posi-
tion within a coral colony is influential in determining both
the photoacclimatory state of the coral tissue and also its
potential in determining whole-colony energy utilization.
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Our results also suggest that comparisons of whole-col-
ony rETR estimates show that photoacclimation via mor-
phological variation in A. humilis found at 5 and 18 m may
result in higher light utilization and therefore potentially
higher energetic output. Simulations of whole-colony rETR
estimates at deep ambient light levels revealed a higher
rETR capacity for the deep type morphology model com-
pared to the shallow type morphology model. These results
indicate that phenotypic plasticity for this branching coral
may shift energy acquisition across environmental gradients
from an otherwise negative to a positive balance. Morpho-
logical variation in A. humilis does confer advantages for
control of within-colony irradiance levels with changing
ambient light levels. However, constraints from adopting a
branching morphology may limit the degree of ‘openness’
possible in deep colonies. Comparing rETR capacity for
type morphology models at 5 and 18 m for shallow ambi-
ent light levels reveals that rETR capacity was higher in
the deep type morphology model. This could potentially
indicate that the type morphology for colonies at 5 m may
not maximize their light utilization and potential energy
acquisition, but it may be that this type morphology reduces
damaging impacts of photoinhibition. In support of this,
inner branches of shallow colonies had higher values of
NPQ when plotted against E/E, (Fig. 4), which may indi-
cate a greater investment into non-photochemical quenching
mechanisms relative to inner branches found in deep corals
(Henninge et al. 2008). Such an investment into photoaccli-
mation could aid in protecting photosystem II reaction cen-
tres from excess excitation (Ralph and Gademann 2005).

It has been shown that energetic benefits from opti-
mizing light harvesting can be outweighed by high costs
of photoprotection (Hoogenboom et al. 2009). How-
ever, whole-colony rETR estimates derived in this study
were only on a short-term temporal scale, and it has been
demonstrated that short-term exposure to excessive light
results in negligible costs for corals. Costs of photoinhibi-
tion and photodamage are not apparent until a time scale
of days to weeks has been considered (Hoogenboom et al.
2006; Hoogenboom and Connolly 2009). Corals are likely
to adapt to long-term average environmental conditions
(Anthony et al. 2005). Therefore, although the type mor-
phology present at 18 m could potentially increase light uti-
lization and potential energetic acquisition at 5 m, as it had
higher rETR, long-term effects and costs of photoinhibition
may in fact result in overall lower potential energetic acqui-
sition. Further investigation is required; testing photoaccli-
mation of A. humilis coral surfaces at various ambient light
levels on a larger time scale, to elucidate whether geomet-
ric variation at 5 m maximizes energy acquisition. It may
also be that the A. humilis branching colony morphology
is more important as a mechanism for maximizing surface
area of living tissue relative to reef area than maximizing
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energy acquisition per unit surface area (see also (Hoogen-
boom et al. 2008). This is a common trend for many pheno-
typically plastic branching coral species, despite disadvan-
tages such as reduction in potential for energy acquisition
per unit surface area (Helmuth et al. 1997b; Muko et al.
2000; Sebens 1997). It has also been suggested that maxi-
mizing light utilization may be more important in low-light
habitats for certain coral species (Hoogenboom et al. 2008).
This may be the case for A. humilis where in the deep, low-
light habitat; it may be more important to potentially maxi-
mize light utilization.

In conclusion, we show here that the pattern of both
coral surface irradiance and rETR distribution is highly
variable across a branching acroporid species common in
shallow waters and that branch position is the most influ-
ential parameter in estimating whole-colony rETR. For
A. humilis, phenotypic plasticity in terms of variation in
colony morphology allows an overall shift of light utiliza-
tion and potential energy acquisition across light regimes
to a more positive balance. However, in highly lit shallow
waters, potential energy acquisition is underutilized, which
may be a result of the high costs of photoinhibition. Con-
sidering that this coral species is mostly abundant at shal-
low highly lit environments, this trade-off may prove cost
beneficial as a long-term adaptation strategy for this par-
ticular niche.
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