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A B S T R A C T

Coastal water quality and light attenuation can detrimentally affect coral health. This study investigated the
effects of light limitation and reduced water quality on the physiological performance of the coral Acropora
tenuis. Branches of individual colonies were collected in 2m water depth at six inshore reefs at increasing
distances from major river sources in the Great Barrier Reef, along a strong water quality gradient in the
Burdekin and a weak gradient in the Whitsunday region. Rates of net photosynthesis, dark respiration, and light
and dark calcification were determined at daily light integrals (DLI) of moderate (13.86–16.38 mol photons m−2

d−1), low (7.92–9.36mol photons m−2 d−1) and no light (0 mol photons m−2 d−1), in both the dry season
(October 2013, June 2014) and the wet season (February 2014). Along the strong but not the weak water quality
gradient, rates of net photosynthesis, dark respiration and light calcification increased towards the river mouth
both in the dry and the wet seasons. Additionally, a ∼50% light reduction (from moderate to low light), as often
found in shallow turbid waters in the Burdekin region, reduced rates of net photosynthesis and light calcification
by up to 70% and 50%. The data show the acclimation potential in A. tenuis to river derived nutrients and
sediments at moderate DLI (i.e., in very shallow water). However, prolonged and frequent periods of low DLI
(i.e., in deeper water, especially after high river sediment discharges) will affect the corals’ energy balance, and
may represent a major factor limiting the depth distribution of these corals in turbid coastal reefs.

1. Introduction

A warming climate from rising greenhouse gas emissions does not
only increase the frequency of coral bleaching events, but also the storm
intensity and rainfall variability in many tropical regions (Fuessel,
2009; Lough, 2011). In north-eastern Australia, increasing rainfall
variability, in conjunction with the expansion of agriculture, clearing of
vegetation, and intensified grazing and fertiliser application has led to
increasing river discharges of sediments, nutrients and pollutants into
the Great Barrier Reef (GBR) since European settlement (approx. 1870
AD) (McCulloch et al., 2003). Along the coast of Queensland, more than
30 major rivers discharge suspended sediments, dissolved and parti-
culate organic and inorganic nutrients into the GBR, especially during
monsoonal floods in the wet season (Schaffelke et al., 2012; Thompson
et al., 2014a). As a consequence, coastal water quality in the GBR has
been classified as relatively poor in the last decades (Thompson et al.,
2014a).

Species-specific abilities for acclimatisation determine how much
mature corals are affected by water quality related pressures. Corals can
be stressed by suspended sediments and particulate matter, which in-
crease water turbidity and limit light availability for autotrophic (light
driven) energy production (Anthony and Connolly, 2004; Bessell-
Browne et al., 2017a), whereas deposited sediments may smother corals
and interfere with heterotrophic feeding (Erftemeijer et al., 2012;
Weber et al., 2012). A low capacity for photoacclimation –physiological
plasticity that optimizes photosynthesis under different light intensities
(Bradshaw, 1965; Schlichting, 1986) –can lead to reduced photo-
synthesis, a negative energy balance and reduced growth and survival
in corals (Bessell-Browne et al., 2017a, b, Richmond, 1993). In the
Florida Keys, corals are functioning close to a compensation point
where respiration equals photosynthesis and little energy remains for
growth in areas with decreasing water transparency (Yentsch et al.,
2002). In Goniastrea retiformis, daily respiration exceeded daily photo-
synthesis after two months of experimental shading by suspended
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particulate matter (Anthony and Fabricius, 2000). And three corals
Acropora palmata, Diploria strigosa and Montastrea annularis showed
decreasing net photosynthesis during experimental exposure to sedi-
ments, attributable to shading and increasing respiration rates during
sediment removal (Abdel-Salam and Porter, 1988). The efficiency of
sediment rejection depends on growth form, mucus production and
ciliary action, and greatly differ between species (Abdel-Salam and
Porter, 1988; Stafford-Smith, 1993). Similarly, photo- and hetero-
trophic plasticity – the potential to acclimatize and switch from auto-
trophy to heterotrophy in turbid water – are highly species-specific
(Anthony and Fabricius, 2000; Grottoli et al., 2004). In G. retiformis,
increasing rates of suspended particle feeding compensated fully for the
35–47% lower phototrophy after 2 months of experimental shading,
while in Porites cylindrica a lack of photo- and heterotrophic plasticity
resulted in energy deficiencies (e.g. decline in tissue mass and lipid
contents; Anthony and Fabricius, 2000). And two species of tempera-
ture-stressed corals (Stylophora pistillata and Galaxea fascicularis)
maintained higher photosynthetic efficiency and cell division rates of
algal endosymbionts (mitotic index) when well-fed rather than ex-
perimentally starved (Ferrier-Pagès et al., 2010). While some experi-
mental studies suggest that higher energy reserves and increasing het-
erotrophic feeding in nutrient rich coastal waters might increase the
resilience of corals to environmental stressors (reviewed in Fabricius
et al., 2013a), field studies show increasing incidence of coral disease
and bleaching (Pollock et al., 2014; Wiedenmann et al., 2012) in nu-
trient- and suspended sediment-rich and light limited environments. A
model suggests that corals exposed to nutrient-rich coastal waters in the
GBR may have had a decreased bleaching resistance (per degree of
heating) during the 1998 and 2002 mass bleaching events compared to
reefs in oligotrophic oceanic waters, effectively lowering the upper
thermal bleaching threshold by 1.0–1.5 °C (Wooldridge and Done,
2009).

In the Burdekin and Whitsunday regions, exposure to high turbidity,
nutrients and sedimentation, have clearly selected for coral species
tolerant of these conditions (Thompson et al., 2014a). Palaeoecological
evidence and recent investigations suggest a shift in coral communities
in the Burdekin region from communities dominated by arborescent
Acropora species to remnant communities dominated by non-Acropora
species due to a sustained decline in water quality (Roff et al., 2013,
Thompson et al., 2014a, b). Corals of the genus Acropora are typically
classified as highly susceptible to bleaching and diseases, with a low
capacity of individuals to recover from environmental stressors (Loya
et al., 2001; Marshall and Baird, 2000). However, Acropora tenuis oc-
curs in high abundances on inshore reefs, and its lipid contents were
significantly higher at inshore compared to offshore reefs (Anthony,
2006), suggesting a high potential to cope with nutrient exposure in this
particular Acropora species. Similarly, when supplied experimentally
with suspended particulate matter, Acropora intermedia had reduced
bleaching susceptibility and increased survival rates (Anthony et al.,
2007). These studies demonstrate the inconsistency in the literature on
the sensitivity of Acropora spec. to decreasing water quality.

The aim of this study was to determine whether light limitation and
changing water quality affects or benefits physiological processes in A.
tenuis along a strong and a weak water quality gradient in the inshore
GBR. Corals were investigated in the dry and the wet season in the
Burdekin and the Whitsunday regions each with 3 reefs of differing
exposure to a river source. In order to estimate the effect of light at-
tenuation on the physiological performance of these corals, rates of net
photosynthesis, dark respiration, and light and dark calcification of live
A. tenuis were determined in field-based incubation experiments at
moderate, low, and no light (13.86–16.38, 7.92–9.36 and 0mol pho-
tons m−2 d−1).

2. Materials and methods

2.1. Study sites

The study was conducted at six inshore reefs in the central sector of
the GBR, along a strong water quality gradient in the Burdekin region
and a weak water quality gradient in the Whitsunday region, in con-
junction with the study of Rocker et al. (2017). These reefs are regularly
monitored for environmental and ecological parameters (Thompson
et al., 2014a) by the Australian Institute of Marine Science (AIMS) as
part of the long-term Inshore Marine Monitoring Program (MMP). Land
use in the dry tropical Burdekin catchment is dominated by cattle
grazing and irrigated sugarcane cultivation (Brodie et al., 2003). The
Burdekin River contributes the highest loads of suspended sediments to
the GBR lagoon (Bainbridge et al., 2012; Brodie et al., 2003). The study
reefs Pelorus (S18°32.435′ E146°29.326′), Pandora (S18°48.980′
E146°26.059′) and Magnetic Island (S19°09.264′ E146°52.083′) are
located approximately 125 km, 115 km and 60 km from the river
mouth, the latter with high levels of turbidity of up to 8 NTU (long term
mean=2.15 NTU; Fabricius et al., 2013a). The more southerly Whit-
sunday Region, with significantly elevated nutrient loads, comprises
four smaller adjacent river catchments (Proserpine, O'Connell, Pioneer,
Plane) dominated by agriculture (e.g. cropping and grazing; Schaffelke
et al., 2012) and widespread fertiliser use (Brodie et al., 2003). The
reefs Double Cone (S20°06.281′ E148°43.298′), Daydream (S20°15.343′
E148°48.749′) and Pine Island (S20°22.685′ E148°53.311′) are located
50 km, 30 km and 20 km away from the nearest river.

Samples of sea water at the six study sites were regularly collected
and analysed by AIMS as part of the long-term MMP. To characterise
water quality conditions in February (Austral summer, wet season),
June (Austral winter, early dry season) and October (Austral spring,
late dry season), samples from 2007 to 2014 were averaged to de-
termine typical temperature, salinity and dissolved organic, inorganic
nutrients and particulates and Secchi depth (Table 1) as described in
Thompson et al. (2014a). The monthly average irradiances (mol pho-
tons m−2 s−1) at 2m and 5m depth for each site were calculated using
Beer - Lambert's Law:

Ez= E0 x e-kd ∗ z (1)

where Ez is photosynthetically active radiation (PAR) at a given depth,
E0 is surface PAR, kd is the light attenuation coefficient and z is depth in
meters. The light attenuation coefficient was calculated for each site
and month using Secchi depth measurements (zd) taken from Thompson
et al. (2014a):

kd= 1.7/zd (2)

Data of monthly average surface PAR in February (524 μmol pho-
tons m−2 s−1), June (401 μmol photons m−2 s−1) and October
2007–2014 (629 μmol photons m−2 s−1) were obtained from the AIMS
weather station at Cleveland Bay (http://weather.aims.gov.au/#/
station/3). Calculated irradiances at 2m and 5m (E2m and E5m) were
transformed into monthly average daily light integrals (DLI, mol pho-
tons m−2 d−1).

Mean DLI at 2m depth varied between 18 and 22mol photons m−2

d−1 at Magnetic Island, which was on average 18–48% lower compared
to Pelorus and Pandora in the three sampling months (Table 1). In
contrast, reefs in the Whitsundays showed similar DLI at 2m depth in
June and October, and only in February, DLI were on average 18%
lower at Pine compared to Double Cone and Daydream. Furthermore,
DLI declined from 2m to 5m water depth on average by 47% at Pelorus
and Pandora and by 64–69% at the Whitsunday reefs and Magnetic
Island.

Spatial and temporal patterns in the other water quality and phy-
sical parameters at the six study sites in February, June and October
2007–2014 have been characterised with principle component analysis
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(PCA) and generalised linear models (GLMs) by Rocker et al. (2017). At
all reefs, sea water temperatures were highest in February and lowest in
June (Table 1). At most reefs, distinctly higher values of dissolved in-
organic nutrients and chlorophyll a were measured in February com-
pared to June and October, while total particulates were lowest in June
(Table 1). At the Burdekin reefs, salinity was consistently lower and
dissolved organic carbon higher in February compared to the other
months. The six inshore reefs were best differentiated in the wet season
(February) (see PCA and GLM results, Rocker et al., 2017). High values
of particulates, dissolved organic carbon, dissolved inorganic nutrients
and low salinity separated Burdekin reefs and ordered them according
to decreasing distance from the river source and coast. In comparison,
the reef separation in the Whitsundays was not as strong (Fabricius
et al., 2013b; Rocker et al., 2017; Thompson et al., 2014a). For ex-
ample, concentrations of total suspended solids were up to five times
higher at Magnetic Island than Pelorus (2.44 ± 1.54mg l−1 versus
0.42 ± 0.25mg l−1) compared to the Whitsunday reefs with higher
variation (e.g. 3.79 ± 2.88 versus 2.27 ± 1.11mg l−1, Table 1). In
the latter, all three reefs were described by high temperature and par-
ticulates in February (Rocker et al., 2017, Table 1). Secchi depth and
calculated irradiances at 2m and 5m water depths were considerably
higher, while total particulates and total suspended solids were lower at
Pelorus and Pandora compared to all other sites (Table 1).

As described in Rocker et al. (2017), fragments of 12–20 individual
Acropora tenuis colonies (∼15×15 cm2) were collected at each of the
six reefs at depths of 1–3m. To facilitate multiple sampling, the frag-
ments were attached to a stainless steel rack ∼0.5m above the sub-
strate at each reef following Howells et al. (2013). Racks were located
in 2m water depth in close proximity (≤10m) to the MMP water
sampling sites where environmental parameters are monitored reg-
ularly (Thompson et al., 2014a). The racks were established in October
2012 at all reefs except Daydream and Double Cone, which were es-
tablished in February and June 2013 for logistical reasons (Rocker
et al., 2017).

2.2. Physiological measurements in corals

To determine rates of net photosynthesis, dark respiration and net
calcification, one branch (5–6 cm in height) per colony was collected
from 10 to 12 of these A. tenuis fragments per reef in October 2013,
February 2014 and June 2014. The branches were transported to the
RV Cape Ferguson in partitioned, perforated plastic boxes, and kept
continuously submerged in temperature controlled sea water during
transport and experimentation. Seawater for the incubation experi-
ments was collected at the respective sampling sites in large buckets.

The 10 to 12 replicate branches per reef were incubated in the light
and in the dark under controlled conditions on the ship deck of the RV
Cape Ferguson following the protocol of Strahl et al. (2015). Branches
were transferred into bins with seawater sourced from their site of
origin, and placed upright (kept in place with a plastic screw) into the
lids of custom-made, inverted clear acryl incubation chambers with a
water volume of 0.635 L (Fig. 1C). The chambers were placed onto
submersible stands (Fig. 1A and B) in black flow-through bins acting as
water baths to keep the temperature constant according to seasonal
field conditions. The stands contained motor units and pullies (Fig. 1A
and B) to continuously mix the seawater in each chamber by a magnetic
stir bar to minimize boundary layer thickness. Incubations were con-
ducted under controlled light (AI Sol White LED Modules, Clear choice,
Los Angeles, USA) at either 350 or 200 μmol photons m−2 s−1,
equivalent to moderate DLI of 16.38, 13.86 and 15,12mol photons m−2

d−1 or low DLI of 9.36, 7.92 and 8.64mol photons m−2 d−1at 11, 12
and 13 h of illumination in February, June and October, similar to va-
lues recorded at the most turbid reefs in the Burdekin and Whitsunday
region between 2m and 5m depth (Table 1). For a better resolution of
the effect of light attenuation on physiological performance of A. tenuis
along the strong water quality gradient, incubation experiments were

run at both moderate and low DLI (13.86–16.38 and 7.92–9.36mol
photons m−2 d−1) in the Burdekin region, while corals in the Whit-
sunday region were investigated at moderate DLI (13.86–16.38mol
photons m−2 d−1) exclusively. After approximately 2 h of incubation
under controlled light, the chambers were opened, and the oxygen
concentration (O2) of each chamber was analysed with a hand-held
dissolved oxygen meter (HQ30d, equipped with LDO101 IntelliCAL
oxygen probe, Hach, USA). The accuracy of using final O2 readings with
the Hach oxygen meter was confirmed in a previous study by Strahl
et al. (2015). Subsamples of seawater with a volume of 0.05 L were
taken from each incubation chamber for the determination of total al-
kalinity (AT). To minimize the effect of light enhanced respiration, the
corals were pre-incubated in the dark for 0.5 h. Then, the chambers
containing the corals were again filled with fresh seawater from the
respective sampling sites and closed, keeping the corals submerged at
all times. Dark incubations were conducted with the bins covered with
black lids, and the seawater samples from each chamber analysed for AT

and O2 after 3 h incubation. During each light and dark incubation run,
two chambers without corals were used as blanks to provide informa-
tion on potential changes in AT and O2 due to the metabolic activity of
microorganisms (e.g., plankton and bacteria) in the seawater. Sub-
sequent to the dark incubations, coral branches were snap-frozen in
liquid nitrogen to determine surface area and pigment content. Light
and dark calcification rates of the incubated corals were determined
with the alkalinity anomaly technique (Chisholm and Gattuso, 1991).
Rates of net photosynthesis, dark respiration, and light and dark cal-
cification were standardised to surface area and incubation time, and
calculated in mg O2 cm−2 h−1 and μM C cm−2 h−1 after subtracting
the values measured in the blank chambers. Net calcification was cal-
culated in μM C cm−2 24 h−1 assuming 12 h and 12 h (of day and night
time, respectively) in October, 13 h and 11 h in February and 11 h and
13 h in June.

2.3. Surface area and pigment content determination

Coral tissue was removed from the skeleton with an air gun in 10mL
of ultra-filtered seawater (0.05 μm), and the homogenate was separated
into host and Symbiodinium fractions by centrifugation (3min, 1500×g,
4 °C). Skeletons were dried overnight in the oven at 60 °C and the
surface area was determined using the single wax dipping technique
(Veal et al., 2010).

Contents of chlorophyll a and b of the Symbiodinium fraction were
determined spectrophotometrically following a modified protocol of
Lichtenthaler (1987) and Ritchie (2008). The Symbiodinium fraction
was suspended in ethanol 95%, sonicated on ice (15 s, 40% amplitude,
Sonic-Vibra Cell, John Morris Scientific), incubated on ice for 20min
and centrifuged for 5min at 4 °C and 10,000×g. The absorbencies of
the supernatant containing the pigments were recorded in a Synergy H4
Hybrid Reader spectrophotometer (BioTek, USA) at 664 and 649 nm.
The total chlorophyll (= chlorophyll a + b) content was calculated
with equations of Lichtenthaler (1987) and standardised to surface
area.

2.4. Statistical analysis

Statistical analyses were conducted with R (Version 2.15.3, R Core
Team 2015). The Burdekin and the Whitsunday region were analysed
separately due to geographical (e.g. one big versus four small river
catchments; 65–125 km versus 20–50 km distance from the river
mouths) and environmental differences (e.g. different spatial and
temporal patterns in DLI, water quality and physical parameters result
in strong versus weak water quality gradient). Generalised linear models
(GLM) and ANOVA were used to assess the effect of light, sampling time
(= month), reef, on rates of net photosynthesis, dark respiration, light,
dark and net calcification, and pigment content using the R package
stats (GLM=Burdekin net photosynthesis and light and net
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calcification; ANOVA=all remaining data sets). The three explanatory
factors in the models - light, month and reef - were treated as fixed
factors. The distribution pattern of each data was tested with a
Kolmogorov–Smirnov test, resulting in a Gaussion distribution pattern.
Net photosynthesis and light and net calcification of corals in the
Burdekin region fitted the model best after a square root transforma-
tion.

3. Results

3.1. Burdekin region

Typically, net photosynthesis, dark respiration rates and total
chlorophyll content increased from reefs with low turbidity to high
turbid reefs, and tended to increase with sea water temperature
(Figs. 2A and B & 3). At moderate DLI, corals displayed 13–76% higher
photosynthesis rates at Magnetic Island compared to Pelorus and Pan-
dora in all months (Table 2, Fig. 2A). Similarly, dark respiration rates
were significantly higher (24–31%) at Magnetic Island compared to
Pelorus in all three months, and compared to Pandora in February and
June (20–26%) (Table 2, Fig. 2B). In all three months, total chlorophyll
content was higher at Magnetic Island than at Pelorus (56–85%) and
Pandora (31–50%) (Table 2, Fig. 3). Net photosynthesis at moderate
DLI was significantly higher at Magnetic Island (31%), Pandora (42%)
and Pelorus (63%) in February (= the warmest month) compared to
October and June (Fig. 2A). Also, total chlorophyll content was highest
in February at all three reefs (Fig. 3), while dark respiration was
14–40% lower in June compared to October and February (Fig. 2B).

Importantly, net photosynthesis rates in corals from the Burdekin
region significantly decreased with experimental light (Table 2). At
Pelorus and Magnetic Island, net photosynthesis significantly declined
(50–69%) at low compared to moderate DLI during all sampling
months. At Pandora, net photosynthesis decreased by 18–24% in Oc-
tober and February and by 66% in June (Fig. 2A).

Similar to observations in net photosynthesis and dark respiration,
calcification tended to increase from low to high turbid reefs (Table 3,
Fig. 2C and D). In February and June, dark calcification as well as light
and net calcification at moderate DLI were significantly higher
(28–55%) at Magnetic Island compared to less turbid reefs (Tables 2

and 3, Fig. 2C and D). Net calcification rates at Magnetic Island and
Pelorus were highest in February and at Pandora in October (Table 3).

In most cases, light and net calcification declined with light
(Table 3, Fig. 2C). At low compared to moderate DLI, light and net light
calcification rates decreased significantly at Magnetic Island in Feb-
ruary (42% and 32%) and June (24% and 17%), and at Pelorus in
October (49% and 40%) and February (37% and 27%) (Tables 2 and 3,
Fig. 2C).

3.2. Whitsunday region

Concurrent to findings for the Burdekin region, net photosynthesis
rates in A. tenuis at moderate DLI significantly increased in the warmest
month at all three reefs in the Whitsunday region (Table 4). At Double
Cone, values were 10% and 55% higher in February than in October
and June, at Daydream 59% and 26% and at Pine 45% and 27%
(Fig. 4A). Contrasting to the Burdekin region, no clear reef related
pattern could be detected for net photosynthesis and dark respiration in
corals of the Whitsundays (Table 4). At Double Cone, dark respiration
was 24% lower in June compared to October and February, at Day-
dream 4–15% and at Pine 25–29%, however differences between
months were not significant (Fig. 4B). The total chlorophyll content
displayed a significant interaction between month and reef (Table 4). At
all three reefs in the Whitsunday region, the total chlorophyll content in
A. tenuis was 50–62% lower in October than in February and June, but
values were higher at Double Cone than at the other two reefs in all
months (Table 4, Fig. 3). Light, dark and calculated net calcification
rates remained unaffected by reef and months (Tables 3 and 4; Fig. 4C
and D).

4. Discussion

4.1. Physiological variability in corals along a strong and a weak water
quality gradient

A high level of physiological acclimation was detected in A. tenuis
along the relatively strong water quality gradient in the Burdekin re-
gion, with decreasing rates of net photosynthesis, dark respiration and
light and net calcification with increasing distance from the river

Fig. 1. Submersible incubation unit to investigate eight corals at the same time, each fixed in an individual clear acrylic incubation chamber. Side view of the unit
and one incubation chamber (A), top view of the unit and one incubation chamber (B), and incubation chamber with a sea water volume of 635ml (C); 1=Motor
unit, 2= Stands, 3= Pullies, 4=Mount to hold the incubation chamber, 5= Table and screw to fix the coral into the incubation chamber, 6= Screw for sea water
release, 7=Mounting to hold the glass-fibre cable for oxygen sensing.
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mouth. Meanwhile, corals showed no differences in physiological per-
formance between Whitsundays reefs along the weaker water quality
gradient. This is in agreement with recent studies describing a higher
level of temporal and spatial variation in coral health and biochemical
attributes in the Burdekin compared to the Whitsunday region (Rocker
et al. 2017, 2019). Biochemical parameters in the same A. tenuis co-
lonies along the weak water quality gradient investigated by Rocker
and colleagues did not show clear differences related to turbidity; e.g.
neither skeletal density nor energy storage indices were affected by
distance from the river source (Rocker et al. 2017, 2019). This may be
due to closer geographical distance (30 versus 65 km), shorter spatial
and environmental gradients and weaker site separation by water
quality among the reefs in the Whitsunday compared to the Burdekin
region (Table 1, Fabricius et al., 2013b; Rocker et al., 2017; Thompson
et al., 2014a). Nevertheless, temperature seems to be an environmental
factor driving physiological processes in corals at all six reefs. Dark

respiration rates in A. tenuis in the Burdekin and Whitsunday region
were lowest in June with lowest average seawater temperatures of 22 °C
compared to 27–30 °C in February. Highest photosynthesis rates were
found in corals at all reefs in summer (= February), which is according
to the general temperature dependence of physiological processes in
marine invertebrates (Newell, 1970). Several coral studies attributed
seasonal changes in standard metabolic rate, photosynthesis and cal-
cification rates mainly to differences in temperature, but also to light
level and food availability (Buckley and Szmant, 2004; Ferrier-Pagès
et al., 2003).

4.2. Acclimation potential of shallow water corals to marginal reef
conditions in the Burdekin region

Contrary to the expectations, most physiological and biochemical
parameters investigated in A. tenuis (this study, Rocker et al., 2017, and
Rocker et al., 2019) correlated negatively with water quality and dis-
tance from the river mouth in the Burdekin region at moderate
(DLI= 13.86–16.38mol photons m−2 d−1) but not low light condi-
tions. At moderate light, biochemical and physiological health para-
meters suggested strongest performance in A. tenuis from the lowest
water quality site in the Burdekin region (this study and Rocker et al.,
2017). At Magnetic Island, calculated DLI at 2m depth where the coral
racks were located, was up to 48% lower compared to the other two
reefs throughout the year. The high growth rates at this site suggest a
high potential for acclimation to marginal light conditions and in-
creasing nutrients and turbidity in corals on the upper reef slopes,
possibly by improved photosynthetic efficiency. Indeed, total chlor-
ophyll content, net photosynthesis and light and net calcification were
highest in corals at Magnetic Island at moderate light in February (this
study and Rocker et al., 2017). Also, symbiont densities were highest at
the most turbid reef, and dominated by Symbiodinium type C1, which
are typically more common at inshore sites (Rocker et al., 2017, Ulstrup
and Van Oppen, 2003). This indicates an optimisation of the light
harvesting function in response to light attenuation and suggests that
in-water light levels are key drivers of spatial variation in coral pig-
mentation and physiological performance. In agreement, previous field

Fig. 2. Physiological performance of Acropora tenuis at three inshore reefs in the
Burdekin region (white box= Pelorus, very good water quality; light grey
box= Pandora, good water quality; dark grey box=Magnetic Island, mod-
erate water quality) during three sampling months; light measurements (A, C)
conducted at low DLI (7.92–9.36mol photons m−2 d−1, dotted boxes) and
moderate DLI (13.86–16.38mol photons m−2 d−1, plain boxes); n=9–12 per
reef, month and parameter. ANOVA (of data set A, C) and GLM (of data set B, D)
results are given in Table 2.

Fig. 3. Total chlorophyll content of Acropora tenuis at six inshore reefs of the
Great Barrier Reef in the Burdekin region (A: white box=Pelorus, very good
water quality; light grey box=Pandora, good water quality; dark grey
box=Magnetic Island, moderate water quality) and the Whitsunday region (B:
white box=Double Cone, good water quality; light grey box=Day Dream,
moderate water quality; dark grey box= Pine, poor water quality) during three
sampling months; mean ± SD, n=9–12 per reef and month. ANOVA results
are given in Tables 2 and 4.
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studies in inshore reefs of the GBR and around Singapore found in-
creasing coral chlorophyll concentrations as light level decline (Browne
et al., 2015; Cooper et al., 2008). During a one-year-time series at three
reefs around Singapore, two foliose corals (Merulina ampliata and Pa-
chyseris speciosa) and one branching coral (Pocillopora damicornis)
showed highest chlorophyll a concentrations and maximum quantum
yields (Fv/Fm) at the site with the lowest light levels and highest se-
diment load and nutrient concentrations (Browne et al., 2015).

On the other hand, highest metabolic rates (= dark respiration
rates) in A. tenuis at Magnetic Island in the present study point towards
intensified heterotrophic feeding and oxidation processes to metabolise
food components. This is supported by high contents of n-6 poly-
unsaturated fatty acids (PUFA) in corals at Magnetic Island (Rocker
et al., 2019), in conjunction with high levels of n-6 PUFA in the food
chain within the Queensland region (Armstrong et al., 1994). In
agreement, previous field and laboratory studies found high respiration
rates in corals exposed to suspended sediments/particulate matter and
light shading due to increasing particle feeding and sediment rejection
activity (Abdel-Salam and Porter, 1988; Anthony and Fabricius, 2000;
Yentsch et al., 2002). The ability to shift from autotrophy to hetero-
trophy is an important strategy to support the energy requirements of
corals at reduced light but high nutrient availability (Anthony and
Fabricius, 2000; Hinrichs et al., 2013). At 2m depth, A. tenuis showed
two times higher growth rates at Magnetic Island and Pandora com-
pared to Pelorus and highest contents of ash free dry weight (as a
marker for organic content) and lipids (as a marker for energy storage),
despite lowest water quality at Magnetic Island (Rocker et al., 2017).
Here, seawater concentrations in total particulates and total suspended

Table 2
Differences in physiological parameters in Acropora tenuis in the Burdekin re-
gion between three inshore reefs, three seasons (‘month’) and with experi-
mental light levels. Significant differences (P < 0.05) of ANOVA (dark re-
spiration and calcification, chlorophyllTotal) or GLM (net photosynthesis, light
and net calcification) results are highlighted in bold. DF=degrees of freedom.

DF F P

Net Photosynthesis
Light 1 133.9 < 0.001
Month 2 48.2 < 0.001
Reef 2 0.4 0.658
Light:Month 2 10.3 < 0.001
Light:Reef 2 3.9 0.021
Residuals 199

Dark Respiration
Month 2 30.6 < 0.001
Reef 2 27.1 < 0.001
Month:Reef 4 4.0 0.007
Residuals 89

Light Calcification
Light 1 0.2 0.656
Month 2 2.3 0.106
Reef 2 7.1 0.001
Light:Month 2 2.5 0.084
Light:Reef 2 4.2 0.016
Month:Reef 4 2.7 0.035
Light:Month:Reef 4 3.4 0.011
Residuals 195

Dark Calcification
Month 2 1.4 0.252
Reef 2 5.9 0.004
Month:Reef 4 4.4 0.003
Residuals 87

Net calcification
Light 1 5.1 0.025
Month 2 2.5 0.089
Reef 2 21.0 < 0.001
Light:Month 2 1.9 0.155
Light:Reef 2 3.0 0.055
Month:Reef 4 6.2 < 0.001
Residuals 185

ChlorophyllTotal
Month 2 55.4 < 0.001
Reef 2 172.6 < 0.001
Month:Reef 4 0.4 0.810
Residuals 91

Table 3
Calculated net calcification rates (μM cm−2 h−1) in Acropora tenuis at six in-
shore reefs of the Great Barrier Reef, during three months and at low DLI
(7.92–9.36mol photons m−2 d−1) and moderate DLI (13.86–16.38 mol photons
m−2 d−1); mean ± SD, n=9–12 per reef and month. ANOVA (Whitsunday
region) and GLM results (Burdekin region) are given in Tables 2 and 4.

October 2013 February 2014 June 2014

Burdekin region, moderate DLI
Pelorus 3.71 ± 0.94 4.65 ± 0.82 4.06 ± 1.22
Pandora 6.00 ± 2.47 4.55 ± 1.71 3.26 ± 1.60
Magnetic Island 4.83 ± 1.85 7.50 ± 2.86 6.12 ± 1.62

Burdekin region, low DLI
Pelorus 2.21 ± 1.17 3.37 ± 1.35 3.62 ± 1.06
Pandora 5.66 ± 2.07 4.60 ± 1.45 3.97 ± 1.67
Magnetic Island 5.52 ± 1.61 5.07 ± 2.70 5.08 ± 0.98

Whitsunday region, moderate DLI
Double Cone 3.57 ± 1.33 4.51 ± 1.75 3.60 ± 1.02
Daydream 4.18 ± 2.10 4.48 ± 1.44 3.78 ± 1.67
Pine 2.82 ± 2.50 4.64 ± 1.87 4.20 ± 1.00

Table 4
Differences in physiological parameters in Acropora tenuis in the Whitsunday
region between three inshore reefs and three seasons (‘month’). Significant
differences (ANOVA, P < 0.05) are highlighted in bold. DF= degrees of
freedom.

DF F P

Net Photosynthesis
Month 2 54.7 < 0.001
Reef 2 2.5 0.089
Month:Reef 4 1.1 0.373
Residuals 91

Dark Respiration
Month 2 17.2 < 0.001
Reef 2 2.9 0.058
Month:Reef 4 1.7 0.155
Residuals 92

Light Calcification
Month 2 0.6 0.553
Reef 2 0.1 0.996
Month:Reef 4 0.9 0.489
Residuals 91

Dark Calcification
Month 2 1.6 0.211
Reef 2 1.3 0.291
Month:Reef 4 0.5 0.752
Residuals 92

Net calcification
Month 2 2.3 0.105
Reef 2 0.2 0.820
Month:Reef 4 0.4 0.803
Residuals 87

ChlorophyllTotal
Month 2 93.9 < 0.001
Reef 2 56.1 < 0.001
Month:Reef 4 5.5 < 0.001
Residuals 93
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solids were higher than at the other two reefs in the Burdekin region
during all three months, some of which can act as supplemental food
source in corals (Anthony and Fabricius, 2000). Higher lipid contents in
A. tenuis were also found at inshore compared to offshore reefs
(Anthony, 2006), suggesting that corals have acclimatised to marginal
water quality conditions in Cleveland Bay (Browne, 2012), at least in
very shallow water and at moderate DLI.

4.3. Prolonged or frequently low DLI will reduce physiological performance
in corals at inshore reefs

Our incubation data at low DLI (7.92–9.36mol photons m−2 d−1)
support earlier studies stating that light variability from sediment

resuspension will affect the autotrophic energy balance and the resi-
lience of some corals in coastal reefs, due to their limited capacity to
photoacclimate (Bessell-Browne et al., 2017a; Di Perna et al., 2018;
Richmond, 1993). An experimental light reduction of ∼43% from
moderate to low DLI – the latter being in the range of mean irradiances
measured from 2005 to 2007 at Magnetic Island at 3.5m depth (Cooper
et al., 2008) and in June and October 2007–2014 at Magnetic Island
and the Whitsundays at 5m depth (this study)– considerable reduced
net photosynthetic, light and net calcification rates in corals at all three
reefs in the Burdekin region. This indicates that the potential of A. tenuis
to optimize photosynthesis at marginal DLI (see paragraph 4.2) seems
to be reduced at low DLI. The ability to photoacclimate to variable light
intensities, either morphologically (e.g. adjustment of growth forms) or
physiologically (e.g. adjustments of the photosynthetic apparatus to
increase the photosynthetic potential or the maximum quantum yield of
photosystem II) can be highly species specific (Browne et al., 2014; Di
Perna et al., 2018). Ideally, corals from low light habitats have in-
creased light-absorption capacities, higher light-harvesting pigment
contents and higher photochemical efficiencies (Dubinsky et al., 1984;
Hennige et al., 2008). A recent experimental study showed fast pho-
toacclimation at a time scale of 3–5 days in the shade-tolerant coral
Pachyseris speciose with rapid declines in maximum quantum yield
during high light (32mol photons m−2 d−1) and subsequent recoveries
during low light (6 mol photons m−2 d−1) (Di Perna et al., 2018). In
contrast, shallow-water Acropora millepora were unable to rapidly ad-
just their photophysiology to variable light, and had slow (> 20 days)
photoacclimation and minimal changes in photosynthetic yields (Di
Perna et al., 2018). This resulted in limited oxygen production under
both low and variable DLI, which is consistent with our findings of
reduced net photosynthesis rates in A. tenuis at low DLI. Similarly, the
capacity for short-term (9 days) photoacclimation to variable experi-
mental light level was limited in four Acropora species (Langlois and
Hoogenboom, 2014). These studies suggest, that rapid (within days)
and prolonged (for several days or weeks) declines in DLI to < 13mol
photons m−2 d−1 due to high levels of terrestrial run-off and sediment
re-suspension might induce physiological stress in A. millepora and
other inshore corals with limited capacities for photoacclimation. In
coastal shallow water environments, variable clouds and turbidity can
alter the cumulative amount of light a benthic organism receives up to
five-fold from one day to the next (Anthony et al., 2007), on top of
seasonal changes due to varying day length and sun angle (Gattuso
et al., 2006). Strong daily and weekly variability in turbidity of more
than 8–16-fold due to changing waves, tides, river flow and rainfall also
suggest rapid changes in DLI in these regions (Fabricius et al., 2013a).
And predicted intensification of rainfall variability due to increasing
greenhouse gas concentrations (Lough, 2011) might increase the fre-
quency of extremely low DLI events in already turbid inshore reefs of
the GBR.

Rocker et al. (2017) studied different biochemical and morpholo-
gical parameters in the same A. tenuis colonies at the same sampling
times. They found reduced skeletal densities in colonies at Magnetic
Island and Pandora compared to Pelorus in 2012–2014, probably as a
result of limited photoacclimation. It has been reported previously that
corals produce fragile thin skeletons under reduced light conditions
(Cook et al., 1997). This effect, which was observed in the Burdekin
region during two-years of relatively benign environmental conditions
without extreme events (e.g. no anomalously warm summer tempera-
ture, decreased salinity, heavy rainfall or extensive run-offs), could
intensify in years of above-median rainfall and seasonal flooding. While
the skeletal framework extends during dark calcification by growing
randomly-oriented granular crystals, this framework is filled in during
light calcification (Gladfelter, 1983). Thus, low light availability over
extended periods of time might severely limit light calcification, while
the much smaller dark calcification will remain unaffected. Indeed, in
the present study light calcification of A. tenuis at Magnetic Island de-
creased up to 42% at low compared to moderate DLI. This, in turn,

Fig. 4. Physiological performance of Acropora tenuis at three inshore reefs in the
Whitsunday region (white box=Double Cone, good water quality; light grey
box=Day Dream, moderate water quality; dark grey box=Pine, poor water
quality) during three sampling months; light measurements (A, C) conducted at
moderate DLI (13.86–16.38mol photons m−2 d−1); n=9–12 per reef, month
and parameter. ANOVA results are given in Table 4.
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might have led to greater skeletal extension than infilling rates in corals
at the most turbid reef site, resulting in a reduced skeletal density and a
compromised structural integrity (Rocker et al., 2017). Calcification
rates were also consistently low in three corals species (A. formosa,
Montipora aeqituberculata, Turbinaria mesenterina) at Middle reef off
Magnetic Island in 1–3m depths, when light was reduced to<50% of
the light available at the surface (Browne, 2012). And other studies
showed that prolonged periods of light limitation and reduced photo-
synthesis can lead to a negative energy balance, and reduce growth and
survival in corals (Bessell-Browne et al., 2017a; Richmond, 1993).
During a 4-week aquarium experiment, light attenuation alone or in
combination with elevated suspended solid concentrations (SSC) in-
creased mortality rates in three scleractinian corals (Acropora millepora,
Montipora capricornis, Porites spp.) (Bessell-Browne et al., 2017a).

Light attenuation might also be a key driver limiting depth dis-
tributions of A. tenuis and other corals in turbid inshore reefs with a
reduced photoacclimation capacity to frequently low DLI. Longer times
of high turbidity and sediment re-suspension (> 50mg suspended se-
diment l−1) are not rare in the central inshore GBR (Cooper et al.,
2008), which might reduce the physiological fitness and resilience of
corals at depths below 2–3m. E.g. during a 2-year time series at Mag-
netic Island, mean total daily benthic irradiances at around 3.5 m depth
were reduced to 5.8 ± 0.9mol photons m−2 day−1 during a 4-week
turbidity event in March/April 2007 and to 1.3 ± 0.5mol photons
m−2 day−1 over 10 days of very strong winds (Cooper et al., 2008).
And in the present study, corals received on average 51% of surface DLI
at 2m depth and only 22% at 5m, averaged across all 6 sites and
sampling months. This demonstrates the potential stress increase as-
sociated with light reduction within the first 5 m in inshore reefs,
especially at Magnetic Island and in the Whitsunday region, where
calculated DLI at 5m depth was on average 48% lower compared to
Pelorus and Pandora (Table 1). Thompson et al. (2014b) found a re-
duction in coral density and changes in assemblage composition of ju-
veniles in the Whitsunday region during a six-year period (2007–2012)
of above-median rainfall and seasonal flooding and compared to a five-
year period (2002–2006) of below median rainfall. In the same period,
Acropora showed a consistent decline in coral cover and juvenile
abundance over 10 years (2002–2012), which was more pronounced at
5m than at 2m depth and is consistent with the compounding of re-
duced light availability and increased sedimentation with increasing
depth (Thompson et al., 2014b; Wolanski et al., 2005). In future re-
search it would be interesting to study physiological mechanisms un-
derlying this threshold of acclimation potential to the combined effects
of light reduction (low DLI), sedimentation and increased nutrients in
inshore corals growing at different depths between 2m and 5m and
with previous exposure to increasing levels of light attenuation.

4.4. Conclusions

The present and recent studies showed that the observed variation
in water quality did not have detrimental effects on A. tenuis in shallow
waters of ∼2m depth as long as light is not limiting. Low water quality
only affected skeletal density, which decreased as linear extension in-
creased (Rocker at al. 2017). It remains unclear how corals will respond
during extreme weather events, especially in greater depths at the more
turbid reefs in the inshore GBR, and with respect to the predicted in-
tensification of rainfall variability due to increasing greenhouse gas
concentrations. Our incubation data suggest that prolonged or fre-
quently low light availability will affect the autotrophic energy balance
and calcification in corals, and that light limitation might be a key
driver limiting coral depth distributions in turbid inshore reefs.
Therefore, benthic irradiance rather than turbidity is likely to be a good
predictor of ecosystem health, especially in the context of globally in-
creasing exposure of coral reefs to coastal run-off and decreasing water
quality.
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