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INTRODUCTION

Understanding the factors that determine the habi-
tat distribution of different species is a fundamental
question in ecology. Although many factors such as
dispersal (Lessios et al. 1998) and geological events
during a species evolutionary history (Hortal et al.
2011) are important determinants of species’ distri-
butions, variation in the physiological responses of
organisms along environmental gradients remain a
key component of models that predict ‘who lives
where’ (Kearney & Porter 2004, Holt 2009). Early

attempts to explain why certain species are most
abundant in particular habitats focused on the con-
cept of the niche. Although there are different defini-
tions of niche (e.g. Pulliam 2000), the ‘fundamental
niche’ was originally defined as a multi-dimensional
space that represents the full range of conditions a
species could live in, and the resources that it would
use, in the absence of competition (Hutchinson 1957).
The capacity for physiological acclimation (long term
or short term adjustments in physiology in response
to changes in an environmental variable under con-
trolled laboratory conditions; Prosser 1991) and ac -
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climatization (adjustments in physiology along an
environmental gradient in the field; Prosser 1991)
has been proposed as a mechanism underlying the
breadth of the fundamental niche (Levins 1968,
Chown & Terblanche 2006). For instance, capacity
for physiological adjustment to  different temperature
regimes (i.e. thermal tolerance) is positively associ-
ated with geographic range size in ectothermic ani-
mals (Brattstrom 1968) and insects (Calosi et al. 2008,
2010). Moreover, highly specialized species, which
have a small niche and limited capacity to acclima-
tize to environmental variation, can be vulnerable to
local extinction if environmental conditions change
(e.g. Szabo et al. 2009).

The capacity to acclimatize to varying environmen-
tal conditions is beneficial for sessile organisms
because they are unable to escape adverse condi-
tions. In particular, sessile photosynthetic organisms
are exposed to constant fluctuations in light intensity
throughout time (e.g. daily and seasonal cycles) and
space (e.g. understory versus canopy or along a
depth gradient). Given this variability, the capacity of
photosynthetic organisms to acclimate to the local
light environment (i.e. photoacclimatize) influences
their growth and physiological energetics (Murchie
& Horton 1997, Hoogenboom et al. 2009). Zooxan-
thellate reef-building corals form symbioses with
photosynthetic algae from the genus Symbiodinium

that provide the coral host with the majority of its
daily energy requirements (Muscatine 1980). There-
fore, decreasing light availability and changes in
light quality with depth generally constrain most
coral species to relatively shallow waters (Falkowski
et al. 1984). Nevertheless, some coral species do have
very broad depth ranges (>100 m; Lesser et al. 2010,
Kahng et al. 2012) and, in fact, more than 20% of
extant coral species have depth distributions >30 m
(Carpenter et al. 2008). The ability of certain coral
species to grow in habitats that can differ in light
availability by 3 orders of magnitude suggests that
the observed among-species variation in coral depth
distributions is associated with constraints on the
capacity to acclimatize to light availability. The pres-
ent study tested this hypothesis by quantifying the
relative capacity for physiological acclimation (in the
laboratory) and acclimatization (in the field) to light
intensity for 4 geographically widespread and locally
abundant coral species (Acropora digitifera, A. nasu -

ta, A. millepora and A. muricata) that have different
depth ranges.

The investigation of physiological plasticity is com-
plex in reef-building corals because both the coral
host and its photosymbionts have distinct processes

of acclimatization to variation in light intensity. Stud-
ies of coral photoacclimation have demonstrated that
Symbiodinium in corals from low-light habitats have
increased light-absorption capacity (measured as the
absorption coefficient of chl a; Dubinsky et al. 1984),
higher light harvesting pigment content (Falkowski
& Dubinsky 1981, Dubinsky et al. 1984, Titlyanov et
al. 2001a,b) and higher photochemical efficiency
(Hennige et al. 2008). The coral host can also control
their own intracellular light environment via changes
in morphology (Falkowski & Dubinsky 1981, Willis
1985), tissue thickness (Kaniewska et al. 2011) or
skeletal structure (Enri quez et al. 2005). The light
protection mechanisms from the host are particularly
important for high-light acclimatization and include
the production of fluorescent pigments (Salih et al.
2000), mycosporine-like amino acids (Shick et al.
1999) and heat-shock proteins (Brown et al. 2002).
Additionally, corals adjust their rates of feeding on
plankton and suspended particulate and dissolved
organic matter in seawater (Ferrier-Pagès et al.
2011), and can increase their rates of heterotrophic
feeding when light intensity is reduced (Muscatine et
al. 1984, Palardy et al. 2005, Lesser et al. 2010).
Clearly, comparative studies of the overall capacity
for physiological acclimatization of different coral
species must account for potential plasticity in host-
and symbiont-associated processes.

The aim of the present study was to quantify the
magnitude of physiological plasticity of 4 common
coral species across a light gradient and to determine
its potential influence on their depth distribution. We
focus on branching corals from the genus Acropora

that are highly abundant on reefs (Wallace 1999) and
play a key role in reef growth and productivity (Gat-
tuso et al. 1996). We as sessed overall physiological
plasticity by monitoring variation in several physio-
logical processes along a gradient of decreasing light
intensity both in the laboratory and in the field.

MATERIALS AND METHODS

This study was conducted at Lizard Island in the
northern region of Australia’s Great Barrier Reef in
August 2012. We quantified the capacity for acclima-
tion and acclimatization in 7 different physiological
response variables for the coral species Acropora

digitifera, A. nasuta, A. millepora and A. muricata

(identified in the field based on Wallace 1999). The
colonies identified as A. digitifera were all from a
specific eco-morph of this species known as ‘dig-
gem’ found at Lizard Island (Wolstenholme et al.

150



Langlois & Hoogenboom: Physiological plasticity and coral ecology

2003). This study was conducted on coral species
from the same genus so that evolutionary and mor-
phological factors (e.g. general stress tolerance, gross
colony morphology and polyp size) would be approx-
imately consistent for all species. These particular
species were selected because they are locally abun-
dant and, although they co-occur in upper reef crest
habitats at the study location, they have different
depth distributions (Carpenter et al. 2008). A recipro-
cal transplant of deep and shallow colonies could not
be used because 2 of the study species are restricted
to the upper reef slope, making ‘deep’ colonies
extremely rare at the study site.

Species-specific physiological plasticity was quan-
tified for a total of 156 coral fragments (‘nubbins’,
39 per species) that were collected from ~2 m depth
in Mermaid Cove (Lizard Island, 14° 38’47”S,
145° 27’ 13” E). All nubbins were specifically collec -
ted at the same depth so that they had experienced
similar environmental conditions prior to the experi-
ment. The following traits were measured: maximum
photochemical efficiency of photosystem II (Fv/Fm);
maximum electron transport rate (rETRmax) and sub-
saturation irradiance (EK); heterotrophic feeding rate;
Symbiodinium density; and chl a per unit surface
area and per Symbiodinium cell. These particular
physiological traits were selected because they are
fundamental to coral energy acquisition and because
they capture commonly measured photo acclimation
processes that occur over timescales of days to weeks
(Anthony & Hoegh-Guldberg 2003, Palardy et al.
2005). Physiological traits were measured for corals
that had been acclimated (laboratory) or acclimatized
(field) to light intensities across the ecologically rele-
vant range (i.e. daily maximum irradiance between 34
and 939 µmol photon m−2 s−1; Hoogenboom et al. 2009).

In conjunction with the assessment of species-spe-
cific physiological plasticity, we conducted benthic
surveys to confirm that the depth-distribution of each
of the study species at Lizard Island was broadly
equi valent to the reported depth distribution of each
species throughout its geographic range (A. muri-

cata: 5−30 m, A. nasuta: 3−15 m, A. digitifera:
0−12 m, and A. millepora: 2−12 m; Carpenter et al.
2008). Belt transects (either 1 × 10 m or 1 × 15 m)
were used to assess the relative abundance of the
study species at sites, and line intercept transects
(10 or 15 m long) were used to quantify benthic com-
munity composition. In total, 1180 m2 of reef (93 tran-
sects) was surveyed across shallow (<3 m), inter -
mediate (4−8 m) and deep (8−12 m) depths below
lowest astronomical tide (LAT) at 11 locations around
the island.

Capacity for physiological acclimation

Laboratory experiment

Nubbins from 7 colonies of each species (3 frag-
ments per colony, n = 84 in total) were suspended
into ~20 l plastic aquaria using fishing wire, and were
exposed to 3 light acclimation treatments (1 fragment
per light treatment for each colony) using the natural
variation in sun exposure at different positions along
an outdoor (but undercover) bench, with the addition
of a shade cloth as required. The roof was partially
transparent and allowed UV light to pass through.
To accommodate each species, 4 replicate tanks (12
tanks in total) were set up for each of the high,
medium and low light treatments (hereafter referred
to as HL, ML and LL respectively). Light levels were
measured in each treatment tank using a spherical
quantum sensor (Li-193, LI-COR Bioscience) at -
tached to a data logger (Li-1400). Light intensity
measurements from the spherical sensor were later
calibrated against a downwelling photosynthetically
active radiation (PAR) sensor (Li-192) for direct com-
parison with the light intensity data from the field
(see below and Fig. S1 in Supplement 1 at www. int-
res.com/articles/suppl/ m5008p149_supp. pdf for cali-
bration). During the 9 d photoacclimation period, the
daily maximum irradiance in the different treatments
averaged 939, 490 and 34 µmol photon m−2 s−1 for HL
(range: 460 to 1750), ML (375 to 550) and LL (23 to
45), respectively. All aquaria received a constant flow
of seawater pumped directly from the adjacent coral
reef lagoon. Temperature in the tanks was measured
using Hobo data loggers (HOBO Pendant) and fluc-
tuated between 23.8 and 28.0°C (mean: 25.4°C) over
the course of the experiment depending on time of
day and sun exposure. On average the LL treatment
was slightly cooler (~0.5°C) than the other 2 treat-
ments.

Field experiment

Nubbins from 6 colonies for each species (3 frag-
ments per colony, n = 72 in total) were glued onto 4 ×
4 cm ceramic tiles using underwater epoxy (Selley’s
‘Knead-It’) and allowed to set overnight. The tiles
(and nubbins) were then attached to mesh frames
that were secured onto concrete blocks at different
depths in the field (at Horseshoe reef, Lizard Island,
14°41’ 12” S, 145° 26’ 33” E). Racks were placed onto
open sand for the high- and medium-light treat-
ments, and on sand below an overhang in the deep-
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est location to further reduce the light intensity in the
low-light treatment. This deployment situated the
fragments in 3 light acclimatization treatments with
an average maximum irradiance over the 9 d of 881
(range: 484−980), 670 (352−760) and 142 (115−178)
µmol photon m−2 s−1 for ~3, ~4 and ~6 m depth below
LAT, respectively. Light levels in the field were mon-
itored using ‘Odyssey’ data loggers (cosine-corrected
photosynthetic irradiance sensor; Dataflow systems)
that were attached to stakes hammered into the
 substratum immediately adjacent to each rack, and
water temperature at each rack was monitored using
Hobo data loggers (HOBO Pendant). Temperatures
in the field averaged 24.7 (range: 23.8−27.0), 24.9
(23.9−27.3) and 24.5°C (23.8−25.3) for the high, me -
dium and low light treatments respectively, and were
similar to temperatures in the laboratory.

Physiological measurements

Immediately after the acclimation and acclimatiza-
tion period, photosynthetic activity and heterotrophic
feeding were measured for all the fragments. Photo-
synthetic activity was quantified using a pulse-
amplitude modulated (PAM) fluorometry technique
(Ralph & Gademann 2005). This technique assesses
photosynthetic capacity based on the variable fluo-
rescence emitted by chlorophyll molecules when
excited with light (Schreiber et al. 1986) and provides
estimates of the photosynthetic yield of photosystem
II (PSII maximum quantum yield, or Fv/Fm). Maxi-
mum quantum yield (Fv/Fm) was measured during
the night (after a 3 to 4 h period of darkness) using
a Diving-PAM fluorometer (Walz; for settings, see
Table S1 in Supplement 1). In addition, the rETRmax

and the EK (irradiance level at which photosynthesis
starts to become saturated) were derived from the
analyses of ‘rapid light curves’ (RLC). For this study,
the RLCs consisted of 9 successive measurements
of the effective quantum yield (F ’v/F ’m) where light
intensity increases (0, 9, 31, 62, 114, 160, 235, 350 and
480 µmol photon m−2 s−1).

Feeding rates were measured overnight using a
standard incubation approach (e.g. Hoogenboom et
al. 2010b). Feeding measurements were conducted
over 7 nights, with a different chamber used as the
control on each night. In summary, fragments were
placed into custom-made feeding chambers filled
with 1 l of seawater that contained a fixed initial num-
ber of freshly-hatched Artemia salina nauplii, and
 depletion of nauplii due to the grazing activity of the
coral fragments was monitored at 3 sampling  intervals

during a 12 h incubation period. We used freshly
hatched nauplii every night to ensure that the size dis-
tribution of the prey would be the same. A gentle re-
circulating flow was generated inside each of 24 repli-
cate chambers using an air stone at the base of the
chamber that was connected to an aquarium air pump
(Precision 12000, Aqua One). The chambers were
spe cifically designed to prevent the nauplii from sett -
ling on the floor of the chamber whilst providing the
conditions under which corals would expand their
tentacles and feed normally. Corals were first placed
in the chambers alone for 30 min to allow them to ad-
just to the conditions within the chamber and expand
their tentacles. Subsequently, between 3490 and 5500
nau plii were added to each chamber, with slight vari-
ation in numbers between measuring days due to
variation in the density of the Artemia culture. After
1 h, the number of nauplii within triplicate 10 ml sub-
samples of the solution taken with a glass pipette from
each chamber was visually counted and used as the
initial concentration of nauplii (time 0). After ~5 and
12 h, 2 subsequent counts were carried out and the
grazing rate of each fragment was estimated using
linear regression of nauplii concentration versus time
during the incubation relative to control chambers
that contained nauplii but not corals.

Once the fluorometry and feeding measurements
were completed, the nubbins were frozen overnight,
and tissue was subsequently removed from the
skeleton using compressed air and collected and
homogenised in 0.45 µm filtered seawater (GF/F fil-
ters, Whatman). The resulting tissue ‘slurries’ were
centrifuged, and the supernatant was poured off,
2.5 ml of new filtered seawater was added, and the
tubes were vortexed to re-suspend the symbionts in
solution. The resulting symbiont suspension was
then divided between 2 Eppendorf tubes. The sym-
bionts in one tube were pelleted and then flash-
frozen in liquid nitrogen for later chlorophyll extrac-
tion and measurement, and 1 ml of 10% formalin was
added to the second tube to preserve the symbionts
for later counting. Coral skeletons were retained for
later quantification of fragment surface area using a
wax coating technique (Stimson & Kinzie 1991).

Symbiodinium density was determined by 10 repli-
cate counts of each sample using an improved Neu -
bauer Haemocytometer (Weber). Chlorophyll was
extracted by adding 1.5 ml of 100% ethanol to each
sample and vortexing for 60 s to mix. Subsequently,
chl a content was measured using spectrophotometry
on a SpectraMax Plus384 Microplate Reader (Mole -
cular Devices). Chl a (µg ml−1) was calculated after
Ritchie (2006) as:
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chl a = 12.4380 (A665 − A750) − 2.6094 (A629 − A750) (1)

where A665, A629 and A750 are the absorbance at 665,
629 and 750 nm. The coral fragments were not exactly
the same size; therefore measurements of Symbio-

dinium density, feeding rates and chl a  content were
normalized by surface area and are reported per cm2.

Data analyses

Non-linear regressions of an exponential function
(y = a × ebx, where y is a measured physiological vari-
able, x is environmental light intensity, and a and b
are fitted coefficients) were used to characterize how
each of the different physiological traits varied in
response to the light environment under which the
fragments were grown. Regression analyses were
performed in R using the ‘nls’ routine (R Develop-
ment Core Team 2008). For each trait 5 different
models were compared: (1) a null model (i.e. varia-
tion among fragments was not associated with either
species identity or light regime) where a straight line
was fitted to all the data; (2) a model with a consistent
light effect for all species, where the exponential
function was fitted to all the data; (3) a model with no
light effect but allowing for different mean trait val-
ues among species, where a straight line was fitted to
data separately for each species; (4) a model with a
species specific light effect, where the exponential
function was fitted to data separately for each spe-
cies; and (5) a model with a treatment-specific light
effect, where the exponential function was fitted
 separately for each species under laboratory versus
field conditions. A formal model selection procedure
based on the weighted Akaike Information Criterion
(wAIC) was used to determine which of the 5 models
had the strongest support, as per Hoogenboom et al.
(2011). This technique indicates which of a set of
models (i.e. Models 1 through 5) is the most likely
given the data, and estimates the probability that the
chosen model would be the best model if the study
were to be repeated (Burnham & Anderson 2002). We
considered models with wAIC values greater than
0.95 (i.e. indicating 95% support for a single model
among the set) to be strongly supported by the data.
When several models have similar wAIC values, then
those models are equally likely, given the data. Anal-
ogous to an ANOVA, but allowing consideration of
non-linear and continuous variables, this approach
enabled us to assess how strongly light intensity
affected each physiological trait, and whether this
effect was the same or different among species and
among laboratory versus field treatments.

The RLCs were analyzed by non-linear regression
to obtain estimates of the rETRmax and EK. To do so,
the quantum yield was first multiplied by the light
intensity increments to convert it into a measure of
relative electron transfer rate (Ralph & Gademann
2005). Subsequently, regressions were performed in
R using the ‘nls’ routine (R Development Core Team
2008) by fitting the following photosynthesis/irradi-
ance equation to the data:

rETR = rETRmax [1 − exp (−x/EK)] (2)

where x is the light intensity at each step of the RLC.
To express changes in each physiological trait in a

common currency, differences in physiology be tween
high and low light were converted into carbon equiv-
alents (µg C cm−2). Species-specific data de scribing
relationships between changes in particular physio-
logical traits and overall carbon gain by the whole or-
ganism are generally lacking in the literature; there-
fore, the effect of the changes in chl a content on coral
carbon acquisition was calculated based on published
data describing the functional relationship between
chl a and the maximum rate of photosynthesis (Pmax)
for Acropora muricata (Anthony et al. 2009), assuming
colonies were photosynthesising for 8 h d−1. The effect
of the measured changes in symbiont density on car-
bon acquisition was determined from a previously
published functional relationship between symbiont
density and Pmax (Hoogenboom et al. 2010a), again as-
suming colonies were photosynthesising for 8 h d−1.
Note that the data presented in Hoogenboom et al.
(2010a) were here re-analysed with normalisation to
surface area instead of protein (M. Hoogenboom un-
publ. data; see Fig. S2 in Supplement 2 at www. int-
res.com/articles/suppl/ m508p149_supp. pdf). The ef-
fect of changes in heterotrophic feeding rates on coral
carbon acquisition was calculated assuming that
corals fed continuously for 12 h and acquired 0.15 µg
C prey−1 (Hoogenboom et al. 2010b). These conver-
sions to carbon equivalents were conducted to pro -
vide a general approximation of the relative effects of
changes in the measured traits on overall coral energy
acquisition.

RESULTS

Benthic surveys

Abundance of the study species varied between 0.1
to 2 colonies m−2, and Acropora nasuta was the most
widespread species overall, present on 57% of the
transects compared to 34, 36 and 40% for A. mille-
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pora, A. digitifera and A. muricata, respectively. The
benthic surveys confirmed that the 4 study species
had different depth distributions (see Fig. S3 in Sup-
plement 3 at www. int-res.com/articles/suppl/ m508
p149_supp. pdf). Of the 4 species, A. nasuta and A.

muricata had the broadest depth distributions (occur-
ring down to ~7 m below LAT in our surveys), where -
as A. digitifera was not found beyond ~2 m below
LAT. A. millepora had an intermediate depth range
with a maximum of depth of ~5 m below LAT. The
ranking of species as either generally restricted to
shallow water (A. digitifera and A. millepora) or per-
sisting to greater depths (A. nasuta and A. muricata)

at Lizard Island were similar to previous observations
(see Carpenter et al. 2008).

Physiological measurements

The model selection procedure revealed that the
importance of light and species identity as drivers of
variation in physiology varied among the different
physiological traits (Fig. 1). Variation in chl a content
per surface area was strongly associated with light in-
tensity, and the shape of this response differed among
species (i.e. Model 4, wAIC 0.99; Fig. 1A). A. muricata

showed the strongest decrease in chl a in response
to increasing light intensity compared to the other 3
 species (Fig. 2). Conversely, neither symbiont density
or feeding rate differed substantially in response to
variation in light intensity, nor did these traits differ
among coral species (model support was strongest for
the null model [Model 1] for symbiont density, Fig. 1D;
and equivocal for Models 1 to 3 for feeding rate,
Fig. 1B). Overall, corals hosted an  average of 0.9 × 106

symbionts per unit surface area (Fig. 3) and consumed
between 45 and 67 Artemia salina nauplii cm–2 per
night (Acropora digitifera and A. millepora mean
feeding rates, respectively) (Fig. 4). The only trait for
which there was evidence of a different response for
colonies in the field versus the laboratory was for chl a
content per symbiont cell (Fig. 1C, wAIC 0.99 for the
model including the treatment effect [Model 5]).
Overall, corals maintained in the laboratory tended to
have more chl a per symbiont compared to those in the
field except for A. digi tifera (Fig. 5). For 2 of the study
species, A. digitifera and A. millepora, chl a content
per symbiont cell was approximately consistent across
all light levels, whereas for A. muricata and A. nasuta

there was a decrease in chl a per cell with increasing
light both in the laboratory and the field.

Concerning the photosynthetic parameters meas-
ured using PAM fluorescence, maximum photochem -
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Fig. 1. Relative support for 5 models that describe, for 4 coral
species, variation in 7 physiological traits with light inten-
sity. Bars — weighted Akaike information criterion (wAIC)
for each of the models fitted to the data for each of the traits.
Models — (1) no effect (null model); (2) consistent light effect
for all species; (3) no light effect, but different trait values
among species; (4) species-specific light effect; (5) treat-
ment-specific light effect (see ‘Materials and methods: Data
anaylses’ for full descriptions of the models). Traits — (A)
chl a content, (B) coral feeding rate, (C) chl a per symbiont
cell, (D) symbiont density, (E) maximum photochemical effi-
ciency of PSII (Fv/Fm), (F) maximum electron transport rate
(rETRmax), (G) subsaturation irradiance (EK).*The model that 

is best supported by the data
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ical efficiency of PSII (Fv/Fm) decreased
by ~8 to 14% across the measured light
intensity gra dient, and this response was
generally consistent among the 4 species
(wAIC for Model 2 = 0.99, Fig. 1E and
Fig. 6). Maximum electron transport rate
(rETRmax) was approximately consistent
across the range of light intensities (and
be tween field and laboratory treatments)
but differed among the study species
(Figs. 1F & 7). The sub saturation irradi-
ance (EK) in creased with increasing irra-
diance for all but A. muricata, suggesting
that the ef fect of increasing light intensity
was species-specific for this para meter
(Fig. 1G, Fig. 8). On average, A. muricata

had the highest rETRmax (with 93 µmol
electron m−2 s−1) and the second highest
EK (223 µmol photon m−2 s−1), while A.

millepora had the highest EK (235 µmol
photon m−2 s−1) and the second highest
 rETRmax (91 µmol electron m−2 s−1). Con -
versely, A. nasuta had the lowest rETRmax

and EK (79 µmol electron m−2 s−1 and
194 µmol photon m−2 s−1, respectively).

Effects of photoacclimation on carbon

acquisition

The variation in feeding rates, symbiont
density and chl a content in res ponse to
variation in the light inten sity exposure
lead to differences in carbon acquisition
between the 4 species (Table 1). The spe-
cies with the largest depth range, A. muri-

cata, had the greatest change in carbon
acquisition be tween high and low light, a
gain of 112 µg C cm−2, associated with its
ability to ac climate to changes in light in-
tensity. Changes in physiology associated
with the same change in light intensity
(i.e. between high and low light) led to
overall gain in carbon acquisition of 36, 27
and 11 µg C cm−2 for A. nasuta, A. mille-

pora and A. digitifera, respectively. Of
the 3 processes considered here, the vari-
ation in chl a content had the largest
 influence on colony energy acquisition
(range 9 to 70 µg C cm−2 h−1). Conversely,
the ob served variations in feeding rates
only caused a small change in colony
 energy acquisition (3 to 9 µg C cm−2 h−1).
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Fig. 2. Chl a content per cm2 for (A) Acropora digitifera, (B) A. muricata,
(C) A. millepora and (D) A. nasuta versus light intensity for corals deployed
in the field (D) and in the laboratory (s). Lines: non-linear regression (ex-
ponential) fitted to all data. Data points: mean of 144 samples with error
bars (SE). Fitted coefficients of non-linear regression (y = a × ebx) and the 

statistical significance of their difference from zero are shown

Fig. 3. Symbiont density for (A) Acropora digitifera, (B) A. muricata, (C) A.

millepora and (D) A. nasuta versus light intensity for corals deployed in the
field (D) and in the laboratory (s). Lines: linear regression fitted to all data
(y = a). Data points: mean of 155 samples with error bars (SE). Fitted co -
efficient of linear regression (y = a) and the statistical significance of its 

difference from zero are shown
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DISCUSSION

Despite the differences in their depth
ranges, the 4 Acropora species studied
here had ap proximately equivalent ca -
pacity to adjust their physiology in re -
sponse to a change in ambient light
 intensity. Additionally, our study indi-
cates that, for Acropora species, short-
term photoacclimation and photoacclima-
tization is mainly driven by changes in
chl a content per cm2 and in photo -
chemical efficiency (Fv/Fm). The content
of chl a per symbiont cell also increased
in response to decreasing light intensity
for 2 of the 4 species, although the
strength of this effect de pended upon
whether colonies were deployed in the
field or in the laboratory. Surprisingly,
other physiological traits that have been
shown to vary with light intensity in other
species, such as feeding rates (e.g. Lesser
et al. 2010) or Symbiodinium density (e.g.
Tit lya nov et al. 2001a,b), did not con-
tribute to photoacclimation for our study
species during the experimental period.

Ecological theory suggests that envi-
ronmental conditions can influence the
assembly of communities by filtering spe-
cies into habitats based on their physio -
logy, morphology and life-history traits
(Southwood 1988, Keddy 1992). How-
ever, there is on-going debate regarding
the relative importance of environmental
 tolerance as a determinant of species
habitat distributions compared with pro-
cesses like dispersal limitation and biotic
interactions (e.g. Legendre et al. 2005).
Few studies have explicitly quantified
the re la tive importance of environmental
con ditions compared with biological in -
ter actions as determinants of coral distri-
butions. One such study showed that
intensity of competition had effects on
 tissue quality (an index of coral health)
that were comparable in magnitude to
the effects of environmental conditions
(in cluding light, temperature and flow;
Hoogenboom et al. 2011). At the reef sites
surveyed in this study, coral cover gener-
ally declined with depth whereas bare
space increased (see Fig. S4 in Supple-
ment 3), suggesting that competition is
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Fig. 4. Feeding rates for (A) Acropora digitifera, (B) A. muricata, (C) A.

millepora and (D) A. nasuta versus light intensity for corals deployed in
the field (D) and in the laboratory (s). Lines: linear regression fitted to all
the data (y = a). Data points: mean of 117 samples with error bars (SE). Fit-
ted coefficient of linear regression (y = a) and the statistical significance of 

its difference from zero are shown

Fig. 5. Chl a content per 106 symbiont cells for (A) Acropora digitifera, (B)
A. muricata, (C) A. millepora and (D) A. nasuta versus light intensity for
corals deployed in the field (D) and in the laboratory (s). Lines: non-linear
regression (exponential) fitted to laboratory (solid) or field (dashed) data.
Data points: mean of 144 samples with error bars (SE). Fitted coefficients
of non-linear regression (y = a × ebx) for the laboratory and field and the 

statistical significance of their difference from zero are shown
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less important in structuring coral com-
munities in deeper waters. Our analyses
of coral physiology, however, do not sup-
port the hypothesis that species that are
restricted to high light environments are
unable to persist in deeper waters (with
lower light availability) because they
have limited capacity for photoacclima-
tion. Instead, changes in colony morphol-
ogy (e.g. Anthony et al. 2005, Kaniewska
et al. 2008) and/or very large changes in
physiology in the form of longer-term ac -
climatization processes and/or genetic
adaptation appear to be required to cause
an increase in a coral species’ realised
depth distribution.

Changes in coral physiology along a

light gradient

By quantifying acclimation and accli -
matization of multiple traits in response to
a light intensity gradient, we were able to
better estimate the overall capacity for
physiological plasticity of different spe-
cies. Of the set of physiological traits
measured in this study, the increase in
photochemical efficiency in response to
decreasing light intensity is congruent
with responses observed in coral sym-
bionts (Hennige et al. 2008), phytoplank-
ton (Kropuenske et al. 2010), seagrasses
(Major & Dunton 2002) and higher plants
(Demmig-Adams et al. 1996). Such an
adjustment is part of a common strategy
among photosynthetic organisms aiming
at increasing the utilisation of light
energy under light limiting (low irradi-
ance) conditions (Perkins et al. 2006)
while minimising damage to the photo-
synthetic apparatus under high light con-
ditions (e.g. Hoegh-Guldberg & Jones
1999). The increase in subsaturation irra-
diance with increasing light intensity was
congruent with the decrease in photo-
chemical efficiency across the same light
gradient, and was generally consistent
with observations for mound-shaped
coral species (Hennige et al. 2008) and
other branching coral species (Frade et al.
2008a). Conversely, rETRmax did vary
between Acropora species but did not
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Fig. 6. Maximum photochemical efficiency of PSII (Fv/Fm) (×103) for (A)
Acropora digitifera, (B) A. muricata, (C) A. millepora and (D) A. nasuta

versus light intensity for corals deployed in the field (D) and in the labora-
tory (s). Lines: non-linear regression (exponential) fitted to all the data.
Data points: mean of 151 samples with error bars (SE). Fitted coefficients
of non-linear regression (y = a × ebx) and the significance of their differ-
ence from zero are shown. Note that the same regression applies to data 

for all 4 species

Fig. 7. Relative maximum electron transfer rates (rETRmax) for (A) Acro pora

digitifera, (B) A. muricata, (C) A. millepora and (D) A. nasuta versus light
in tensity for corals deployed in the field (D) and in the laboratory (s).
Lines: linear regression fitted to all the data (y = a). Data points are average
of 151 samples with error bars (SE). Fitted coefficient of linear regression
(y = a), and the statistical significance of its difference from zero are shown
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change significantly with light. This indicates that
rETRmax changes more slowly following a change in
light intensity than Fv/Fm or EK do. Al though further
investigation is needed to understand why EK and
rETRmax vary with light intensity for some species but
not others, we propose that differences in Symbio-

dinium types, as well as host specific traits relating to
light regulation and photoprotection, such as produc-
tion of fluorescent proteins and mycosporine-like
amino acids (e.g. Shick et al. 1999, D’Angelo et al.
2008), are likely to underlie these effects.

The general trend of increasing chl a content with
decreasing light was consistent with previous studies

(Falkowski & Dubinsky 1981, Dubinsky et
al. 1984). Interestingly in our study there
was no significant evidence of increasing
Symbiodinium density with decreasing
light unlike previous findings (Titlyanov
et al. 2001a, Titlyanov & Titlyanova 2002).
Similar to our findings with respect to the
fluorescence traits (Fv/Fm, EK and rETR-

max), these findings indicate that changes
in Symbiodinium population density
occur more slowly in response to changes
in light intensity (e.g. over a period of 30
to 90 d; Titlyanov et al. 2001a, Hoogen-
boom et al. 2010b) than do changes in
chlorophyll content. Hence, the 9 d pho-
toacclimation per iod used in this study
might have been too short to observe a
significant effect of light on symbiont
density. Our results also reveal that chl a

content per Symbiodinium cell varies dur-
ing photoacclimation to low light for some
species (i.e. for A. muricata and A. digi-

tifera), but that the production of chl a per
cell is highly sensitive to small differences
in light-quality and/or water quality.
Although we cannot definitively explain
why this result occurred, the treatment
effect on chl a per Symbiodinium sug-

gests that en vironmental conditions in the field com-
pared with the laboratory limited the production of
chl a per symbiont cell. Given that seawater used in
the ex perimental aquaria was obtained directly from
the lagoon less than 500 m away from the site at
which colonies were deployed in the field, it is
unlikely that differences in water quality are respon-
sible for this trend. Instead, we suggest that differ-
ences in the light spectrum experienced in the field
compared with that in the laboratory (i.e. due to light
wavelength specific attenuation with depth below
the water surface) might have contributed to this
finding (e.g. Mass et al. 2010).
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Taxon ————– Difference in carbon acquisition (µg C cm−2) –———— ——– Depth range (m) –——
From change From change in From change in Total Observed Carpenter 

in feeding rate symbiont density chl a content et al. (2008)

A. muricata 8 34 70 112 8 25
A. nasuta 3 8 25 36 8 12
A. millepora −3 6 24 27 6 12
A. digitifera −1 3 9 11 3 10

Table 1. Difference in carbon acquisition (µg C cm−2) between coral adapted to low light and high light, as a result of the
changes in feeding rate, symbiont density and chl a content. Acropora species are ordered based on decreasing depth range

Fig. 8. Subsaturation irradiance (EK) for (A) Acropora digitifera, (B) A. muri-

cata, (C) A. millepora and (D) A. nasuta versus light intensity for corals de-
ployed in the field (D) and in the laboratory (s). Lines: non-linear regres-
sion (exponential) fitted to all the data. Data points: mean of 144 samples
with error bars (SE). Fitted coefficients of non-linear regression (y = a × ebx)
and the statistical significance of their difference from zero are shown
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There is growing evidence that different types of
Symbiodinium have different capacity for photo-
physiological adjustments (Rodriguez-Roman & Igle-
sias-Prieto 2005), and that the scope for variation in
photosynthetic processes can be strongly influenced
by the types of symbionts hosted by coral species
(Iglesias-Prieto et al. 2004, Frade et al. 2008c). There-
fore the ability to harbour a broad range of Symbio-

dinium types might help corals expand their depth
distribution as there is evidence of strong genetic
structuring in both host and symbiont along depth
(Rowan & Knowlton 1995, Frade et al. 2008b, Bon-
gaerts et al. 2010). Indeed differences in the Symbio-

dinium type composition have been linked to irra -
diance gradients (Iglesias-Prieto et al. 2004). Our
work suggests that changes in Symbiodinium type
are required for corals to increase their depth range
as physiological plasticity alone is insufficient. Al -
though we did not identify the specific types of sym-
bionts present within our samples, previous research
into symbiont specificity on the Great Barrier Reef
has revealed that most Acropora species harbour
type C3 (ITS2, see Tonk et al. 2013) under normal
conditions, although low concentrations of other sym -
biont types can also be present (LaJeu nesse et al.
2004). Furthermore, several other studies observe
that Symbiodinium types present within colonies of
the same species are generally consistent for colonies
present at the same depth (Bongaerts et al. 2010,
 Silverstein 2012).

Heterotrophic feeding can act as an alternate
source of carbon for corals when the capacity for
photo synthesis becomes limited (Anthony & Fabri-
cius 2000, Grottoli et al. 2006). However, our study
showed that light intensity did not influence the
feeding rates of corals either in the laboratory or
in the field. Interestingly, throughout the experiment,
A. millepora was the only species to have expanded
tentacles during the day and night, suggesting this
species might rely more on heterotrophic feeding
than the other species, as indicated by Anthony
(1999, 2000). The availability of par ticulate food dur-
ing laboratory experiments can affect how coral
grazing rates differ in response to variation in irradi-
ance (Hoogenboom et al. 2010b). However, even
though corals used in the laboratory experiment ver-
sus the field experiment had dif ferent food availabil-
ity during the photoacclimation period, feeding rates
were generally consistent be tween these 2 groups
and no treatment effect was detected after data
analyses. More broadly, the absence of a general up-
regulation in grazing rate in response to declining
light availability suggests that Acropora species are

unlikely to be able to rely solely on heterotrophy as
their food source during coral bleaching events (see
Grottoli et al. 2006).

Physiological plasticity and carbon acquisition

In order to better understand how changes in
 individual physiological processes influence energy
acquisition of coral colonies, some of the traits meas-
ured here were converted into carbon units. Unfortu-
nately the conversion could not be done accurately
for Fv/Fm and EK due to limitations associated with
fluorescence data (Enríquez & Borowitzka 2010).
Nevertheless, this analysis clearly showed that the
observed variation in the different traits had different
implications for carbon gain. In particular, the varia-
tion in feeding rates had a smaller effect on colony
carbon acquisition compared with variation in chl a

concentration and Symbiodinium density. When con-
verted into units of carbon acquisition, the species
with the largest depth range (Acropora muricata) did
have the greatest photoacclimation-associated total
change in carbon acquisition across the experimental
light gradient. Although these conversions to carbon
equivalents only approximate the relative effects
of changes in the measured traits on overall coral
energy acquisition, these analyses indicate that the
observed change in chl a content has a larger effect
on energy acquisition of coral colonies than the
observed change in particle feeding. Therefore, con-
verting variation in physiological traits into common
units of energy acquisition is important for under-
standing how overall coral health varies along envi-
ronmental gradients. Research on species-specific
traits relating to carbon use efficiency, carbon trans -
location from symbiont to host, and carbon and nutri-
ent allocation to host and symbiont tissue is required
to confirm the relationship between physiological
plasticity in carbon acquisition and coral depth distri-
butions.

Beyond ‘reversible plasticity’

Although our study provides a useful contribution
towards elucidating the role of physiological toler-
ance in shaping the habitat distributions of reef-
building corals, we measured only the ‘reversible
plasticity’ (sensu Angilletta 2009) of adult corals to
changes in light intensity. This type of plasticity en -
compasses only the short-term physiological changes
that enable individual coral colonies to cope with, for
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instance, weekly or seasonal fluctuations in environ-
mental conditions. Extrapolating from our results, we
suggest that the capacity for physiological plasticity
of coral colonies may be greater in juvenile corals
compared with adults. Such ‘developmental plasti-
city’ is common in both terrestrial and marine species
(Beck 1983, Newman 1989) but, to our knowledge,
has not yet been investigated in reef corals. How-
ever, consistent with our interpretation, juvenile
corals at the end of their pelagic larval phase are able
to recognize habitat-specific cues from the substra-
tum to actively choose the depth of their settlement
(Baird et al. 2003), and exhibit light dependent settle-
ment patterns that match the vertical distribution of
adults (Mundy & Babcock 1998). This suggests that
coral larvae have enhanced physiological plasticity
that enables them to successfully establish in diverse
environments, and that the early stage of the coral
life-cycle is critical for determining species’ depth
distributions. Quantitative studies of the relationship
between the physiological plasticity and recruitment
success of coral larvae in different environments are
required to determine whether depth-selection by
coral larvae establishes the depth distribution of coral
colonies, and whether the physiological tolerance of
adult corals is established early in their life-cycle.

Our study provides a new assessment of the light
intensity reaction norms for photophysiology of 4
common coral species based on a multi-trait ana lysis.
Previous studies (Lesser et al. 2010, Frade et al.
2008b,c) measured physiological traits of corals after
collection of colonies from different depths, therefore
targeting long-term acclimatization re sponses. In -
stead this study included corals from same light
regimes to novel light levels in the laboratory and in
the field, thereby comparing short-term acclimation
and acclimatization potential. The results showed
that the capacity for physiological plasticity was gen-
erally limited for the 4 Acropora species. Indeed out
of the 7 physiological traits that we measured, which
are known to contribute to photoacclimation in other
species, 4 did not significantly vary with light, sug-
gesting that plasticity in these particular traits is
strongly species-specific or occurs in response to
longer-term changes in the environment than those
investigated here. Collectively, the lack of evidence
of a link between depth distribution and physiolo -
gical plasticity indicates that light availability is
unlikely to set the lower depth of occurrence for
branching coral species that have relatively shallow
depth distributions. Although short-term reversible
plasticity is im por tant for corals to cope with short-
term (diurnal or weekly) changes in environmental

conditions, larger changes in photophysiology over a
longer time pe riod appear to be required to enable
corals to ex pand their depth distributions. Further-
more, the re sults of this study suggest that other bio-
logical pro cesses such as selective recruitment,
depth-related variation in Symbiodinium types, and
inter-specific competition are important determinants
of the habitat distribution of sessile marine organisms.

Acknowledgements. This work was funded by James Cook
University. We thank J. Jeans, M. Rocker and the staff of
Lizard Island Research Station for their valuable assistance
with the field work. This research was conducted under
GBR Marine Park Authority permit number G12/35052.1.

LITERATURE CITED

Angilletta MJ (2009) Thermal adaptation:  a theoretical and
empirical synthesis. Oxford University Press, New York,
NY

Anthony KRN (1999) Coral suspension feeding on fine par-
ticulate matter. J Exp Mar Biol Ecol 232: 85−106

Anthony KRN (2000) Enhanced particle-feeding capacity of
corals on turbid reefs (Great Barrier Reef, Australia).
Coral Reefs 19: 59−67

Anthony KRN, Fabricius KE (2000) Shifting roles of hetero -
trophy and autotrophy in coral energetics under varying
turbidity. J Exp Mar Biol Ecol 252: 221−253

Anthony K, Hoegh-Guldberg O (2003) Kinetics of photo -
acclimation in corals. Oecologia 134: 23−31

Anthony KRN, Hoogenboom MO, Connolly SR (2005) Adap-
tive variation in coral geometry and the optimization of
internal colony light climates. Funct Ecol 19: 17−26

Anthony KRN, Hoogenboom MO, Maynard JA, Grottoli AG,
Middlebrook R (2009) Energetics approach to predicting
mortality risk from environmental stress:  a case study of
coral bleaching. Funct Ecol 23: 539−550

Baird AH, Babcock RC, Mundy CP (2003) Habitat selection
by larvae influences the depth distribution of six com-
mon coral species. Mar Ecol Prog Ser 252: 289−293

Beck SD (1983) Insect thermoperiodism. Annu Rev Entomol
28: 91−108

Bongaerts P, Riginos C, Ridgway T, Sampayo EM and others
(2010) Genetic divergence across habitats in the wide-
spread coral Seriatopora hystrix and its associated Sym-

biodinium. PLoS ONE 5(5): e10871
Brattstrom BH (1968) Thermal acclimation in anuran

amphibians as a function of latitude and altitude. Comp
Biochem Physiol 24: 93−111

Brown BE, Downs CA, Dunne RP, Gibb SW (2002) Exploring
the basis of thermotolerance in the reef coral Goniastrea

aspera. Mar Ecol Prog Ser 242: 119−129
Burnham KP, Anderson DR (2002) Model selection and

multi model inference:  a practical information theoretic
approach, 2nd edn. Springer, New York, NY

Calosi P, Bilton DT, Spicer JI (2008) Thermal tolerance,
acclimatory capacity and vulnerability to global climate
change. Biol Lett 4: 99−102

Calosi P, Bilton DT, Spicer JI, Votier SC, Atfieid A (2010)
What determines a species’ geographical range? Ther-
mal biology and latitudinal range size relationships in

160

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤



Langlois & Hoogenboom: Physiological plasticity and coral ecology

European diving beetles (Coleoptera:  Dytiscidae).
J Anim Ecol 79: 194−204

Carpenter KE, DeVantier L, Edgar GJ, Edwards AJ and oth-
ers (2008) One-third of reef-building corals face elevated
extinction risk from climate change and local impacts.
Science 321: 560−563

Chown SL, Terblanche JS (2006) Physiological diversity in
insects:  ecological and evolutionary contexts. Adv Insect
Physiol 33: 50−152

D’Angelo C, Denzel A, Vogt A, Matz MV and others (2008)
Blue light regulation of host pigment in reef-building
corals. Mar Ecol Prog Ser 364: 97−106

Demmig-Adams B, Adams WW, Barker DH, Logan BA,
Bowling DR, Verhoeven AS (1996) Using chlorophyll
fluo rescence to assess the fraction of absorbed light allo-
cated to thermal dissipation of excess excitation. Physiol
Plant 98: 253−264

Dubinsky Z, Falkowski PG, Porter JW, Muscatine L (1984)
Absorption and utilization of radiant energy by light- and
shade-adapted colonies of the hermatypic coral Stylo -

phora pistillata. Proc R Soc Lond B Biol Sci 222: 203−214
Enríquez S, Borowitzka M (2010) The use of the fluores-

cence signal in studies of seagrasses and macroalgae. In: 
Suggett DJ, Prášil O, Borowitzka MA (eds) Chlorophyll a

fluorescence in aquatic sciences:  methods and applica-
tions, Book 4. Springer, Dordrecht

Enriquez S, Menndez ER, Iglesias-Prieto R (2005) Multiple
scattering on coral skeletons enhances light absorption
by symbiotic algae. Limnol Oceanogr 50: 1025−1032

Falkowski PG, Dubinsky Z (1981) Light-shade adaptation of
Stylophora pistillata, a hermatypic coral from the Gulf of
Eilat. Nature 289: 172−174

Falkowski PG, Dubinsky Z, Muscatine L, Porter JW (1984)
Light and the bioenergetics of a symbiotic coral. Bio-
science 34: 705−709

Ferrier-Pagès C, Hoogenboom M, Houlbrèque F (2011) The
role of plankton in coral trophodynamics. In:  Dubinsky Z,
Stambler N (eds) Coral reefs:  an ecosystem in transition.
Springer, Dordrecht

Frade PR, Bongaerts P, Winkelhagen AJS, Tonk L, Bak RPM
(2008a) In situ photobiology of corals over large depth
ranges: a multivariate analysis on the roles of envi -
ronment, host, and algal symbiont. Limnol Oceanogr 53:
2711–2723

Frade PR, De Jongh F, Vermeulen F, Van Bleijswijk J, Bak
RPM (2008b) Variation in symbiont distribution between
closely related coral species over large depth ranges.
Mol Ecol 17: 691−703

Frade PR, Englebert N, Faria J, Visser PM, Bak RPM (2008c)
Distribution and photobiology of Symbiodinium types in
different light environments for three colour morphs of
the coral Madracis pharensis:  Is there more to it than
total irradiance? Coral Reefs 27: 913−925

Gattuso JP, Pichon M, Delesalle B, Canon C, Frankignoulle
M (1996) Carbon fluxes in coral reefs. I. Lagrangian
measurement of community metabolism and resulting
air−sea CO2 disequilibrium. Mar Ecol Prog Ser 145: 
109−121

Grottoli AG, Rodrigues LJ, Palardy JE (2006) Heterotrophic
plasticity and resilience in bleached corals. Nature 440: 
1186−1189

Hennige SJ, Smith DJ, Perkins R, Consalvey M, Paterson
DM, Suggett DJ (2008) Photoacclimation, growth and
distribution of massive coral species in clear and turbid
waters. Mar Ecol Prog Ser 369: 77−88

Hoegh-Guldberg O, Jones RJ (1999) Photoinhibition and
photoprotection in symbiotic dinoflagellates from reef-
building corals. Mar Ecol Prog Ser 183: 73−86

Holt RD (2009) Bringing the Hutchinsonian niche into the
21st century:  ecological and evolutionary perspectives.
Proc Natl Acad Sci USA 106(Suppl 2): 19659−19665

Hoogenboom MO, Connolly SR, Anthony KRN (2009)
Effects of photoacclimation on the light niche of corals:  a
process-based approach. Mar Biol 156: 2493−2503

Hoogenboom M, Beraud E, Ferrier-Pages C (2010a) Rela-
tionship between symbiont density and photosynthetic
carbon acquisition in the temperate coral Cladocora cae-

spitosa. Coral Reefs 29: 21−29
Hoogenboom M, Rodolfo-Metalpa R, Ferrier-Pagès C

(2010b) Co-variation between autotrophy and heterotro-
phy in the Mediterranean coral Cladocora caespitosa.

J Exp Biol 213: 2399−2409
Hoogenboom MO, Connolly SR, Anthony KRN (2011) Biotic

and abiotic correlates of tissue quality for common scler-
actinian corals. Mar Ecol Prog Ser 438: 119−128

Hortal J, Diniz Filho JAF, Bini LM, Rodríguez MÁ and oth-
ers (2011) Ice age climate, evolutionary constraints and
diversity patterns of European dung beetles. Ecol Lett 14: 
741−748

Hutchinson GE (1957) Concluding remarks. Cold Spring
Harb Symp Quant Biol 22: 415−427

Iglesias-Prieto R, Beltrán VH, LaJeunesse TC, Reyes-Bonilla
H, Thomé PE (2004) Different algal symbionts explain
the vertical distribution of dominant reef corals in the
Eastern Pacific. Proc Biol Sci 271: 1757−1763

Kahng SE, Hochberg EJ, Apprill AM, Wagner D, Luck DG,
Perez D, Bidigare RR (2012) Efficient light harvesting in
deep-water zooxanthellate corals. Mar Ecol Prog Ser
455: 65−77

Kaniewska P, Anthony KRN, Hoegh-Guldberg O (2008)
Variation in colony geometry modulates internal light
levels in branching corals, Acropora humilis and Stylo -

phora pistillata. Mar Biol 155: 649−660
Kaniewska P, Magnusson SH, Anthony KRN, Reef R, Kühl

M, Hoegh-Guldberg O (2011) Importance of macro- ver-
sus microstructure in modulating light levels inside coral
colonies. J Phycol 47: 846−860

Kearney M, Porter WP (2004) Mapping the fundamental
niche:  physiology, climate, and the distribution of a noc-
turnal lizard. Ecology 85: 3119−3131

Keddy PA (1992) Assembly and response rules:  two goals for
predictive community ecology. J Veg Sci 3: 157−164

Kropuenske LR, Mills MM, van Dijken GL, Alderkamp AC
and others (2010) Strategies and rates of photoacclima-
tion in two major southern ocean phytoplankton taxa: 
phaeocystis antarctica (haptophyta) and fragilariopsis

cylindrus (bacillariophyceae). J Phycol 46: 1138−1151
LaJeunesse TC, Bhagooli R, Hidaka M, deVantier L and oth-

ers (2004) Closely related Symbiodinium spp. differ in
relative dominance in coral reef host communities across
environmental, latitudinal and biogeographic gradients.
Mar Ecol Prog Ser 284: 147−161

Legendre P, Borcard D, Peres-Neto PR (2005) Analyzing
beta diversity:  partitioning the spatial variation of com-
munity composition data. Ecol Monogr 75: 435−450

Lesser MP, Slattery M, Stat M, Ojimi M, Gates RD, Grottoli
A (2010) Photoacclimatization by the coral Montastraea

cavernosa in the mesophotic zone:  light, food, and genet-
ics. Ecology 91: 990−1003

Lessios HA, Kessing BD, Robertson DR (1998) Massive gene

161

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤



Mar Ecol Prog Ser 508: 149–162, 2014162

flow across the world’s most potent marine biogeo-
graphic barrier. Proc Biol Sci 265: 583−588

Levins R (1968) Evolution in changing environments.
Princeton University Press, Princeton, NJ

Major KM, Dunton KH (2002) Variations in light-harvesting
characteristics of the seagrass, Thalassia testudinum: 
evidence for photoacclimation. J Exp Mar Biol Ecol 275: 
173−189

Mass T, Kline DI, Roopin M, Veal CJ, Cohen S, Iluz D, Levy
O (2010) The spectral quality of light is a key driver of
photosynthesis and photoadaptation in Stylophora pistil-

lata colonies from different depths in the Red Sea. J Exp
Biol 213: 4084−4091

Mundy CN, Babcock RC (1998) Role of light intensity and
spectral quality in coral settlement:  implication for depth-
dependent settlement? J Exp Mar Biol Ecol 223: 235−255

Murchie EH, Horton P (1997) Acclimation of photosynthesis
to irradiance and spectral quality in British plant species: 
chlorophyll content, photosynthetic capacity and habitat
preference. Plant Cell Environ 20: 438−448

Muscatine L (1980) Productivity of zooxanthellae. In:  Fal -
kowski PG (ed) Primary productivity in the sea. Plenum
Press, New York, NY

Muscatine L, Falkowski PG, Porter JW, Dubinsky Z (1984)
Fate of photosynthetic fixed carbon in light- and shade-
adapted colonies of the symbiotic coral Stylophora pistil-

lata. Proc R Soc Lond B Biol Sci 222: 181−202
Newman RA (1989) Developmental plasticity of Scaphiopus

couchii tadpoles in an unpredictable environment. Eco -
logy 70: 1775−1787

Palardy JE, Grottoli AG, Matthews KA (2005) Effects of
upwelling, depth, morphology and polyp size on feeding
in three species of Panamanian corals. Mar Ecol Prog Ser
300: 79−89

Perkins RG, Mouget JL, Lefebvre S, Lavaud J (2006) Light
response curve methodology and possible implications in
the application of chlorophyll fluorescence to benthic
diatoms. Mar Biol 149: 703−712

Prosser CL (1991) Environmental and metabolic animal
physiology:  comparative animal physiology. Wiley-Liss,
New York, NY

Pulliam HR (2000) On the relationship between niche and
distribution. Ecol Lett 3:349–361

R Development Core Team (2008). R: A language and en -
vironment for statistical computing. R Foundation for
Statis tical Computing, Vienna. www.r-project. org

Ralph PJ, Gademann R (2005) Rapid light curves:  a power-
ful tool to assess photosynthetic activity. Aquat Bot 82: 
222−237

Ritchie RJ (2006) Consistent sets of spectrophotometric
chlorophyll equations for acetone, methanol and ethanol
solvents. Photosynth Res 89: 27−41

Rodriguez-Roman A, Iglesias-Prieto R (2005) Regulation of
photochemical activity in cultured symbiotic dinoflagel-
lates under nitrate limitation and deprivation. Mar Biol
146: 1063−1073

Rowan R, Knowlton N (1995) Intraspecific diversity and eco-
logical zonation in coral-algal symbiosis. Proc Natl Acad
Sci USA 92: 2850−2853

Salih A, Larkum A, Cox G, Kühl M, Hoegh-Guldberg O
(2000) Fluorescent pigments in corals are photoprotec-
tive. Nature 408: 850−853

Schreiber U, Schliwa U, Bilger W (1986) Continuous record-
ing of photochemical and non-photochemical chloro-
phyll fluorescence quenching with a new type of modu-
lation fluorometer. Photosynth Res 10: 51−62

Shick JM, Romaine-Lioud S, Ferrier-Pages C, Gattuso JP
(1999) Ultraviolet-B radiation stimulates shikimate path-
way-dependent accumulation of mycosporine-like ami -
no acids in the coral Stylophora pistillata despite de -
creases in its population of symbiotic dinoflagellates.
Limnol Oceanogr 44: 1667−1682

Silverstein R (2012) The importance of the rare:  the role of
background Symbiodinium in the response of reef corals
to environmental change. Open Access Dissertations,
Paper 910

Southwood TRE (1988) Tactics, strategies and templets.
Oikos 52: 3−18

Stimson J, Kinzie RA (1991) The temporal pattern and rate of
release of zooxanthellae from the reef coral Pocillopora

damicornis (Linnaeus) under nitrogen-enrichment and
control conditions. J Exp Mar Biol Ecol 153: 63−74

Szabo ND, Algar AC, Kerr JT (2009) Reconciling topo-
graphic and climatic effects on widespread and range-
restricted species richness. Glob Ecol Biogeogr 18: 
735−744

Titlyanov EA, Titlyanova TV (2002) Reef-building corals —
symbiotic autotrophic organisms:  2. Pathways and mech-
anisms of adaptation to light. Russ J Mar Biol 28: S16−S31

Titlyanov EA, Titlyanova TV, Yamazato K, van Woesik R
(2001a) Photo-acclimation dynamics of the coral Stylo -

phora pistillata to low and extremely low light. J Exp Mar
Biol Ecol 263: 211−225

Titlyanov EA, Titlyanova TV, Yamazato K, van Woesik R
(2001b) Photo-acclimation of the hermatypic coral Stylo -

phora pistillata while subjected to either starvation or
food provisioning. J Exp Mar Biol Ecol 257: 163−181

Tonk L, Bongaerts P, Sampayo E, Hoegh-Guldberg O (2013)
SymbioGBR:  a web-based database of Symbiodinium

asso ciated with cnidarian hosts on the Great Barrier
Reef. BMC Ecol 13: 7

Wallace CC (1999) Staghorn corals of the world:  a revision of
the genus Acropora. CSIRO Publishing, Collingwood

Willis BL (1985) Phenotypic plasticity versus phenotypic
 stability in the reef corals Turbinaria mesenterina and
Pavona cactus. In:  Gabrie C, Salvat B (eds) Proc 5th Int
Coral Reef Congr, Tahiti, 27 May−1 June 1985. Vol. 4: 
Symposia and Seminars B: 107−112

Wolstenholme JK, Wallace CC, Chen CA (2003) Species
boundaries within the Acropora humilis species group
(Cnidaria; Scleractinia):  a morphological and molecular
interpretation of evolution. Coral Reefs 22: 155−166

Editorial responsibility: Peter Edmunds, 

Northridge, California, USA

Submitted: June 18, 2013; Accepted: April 24, 2014

Proofs received from author(s): July 14, 2014

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤


