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The Great Barrier Reef (GBR) is threatened by climate change and local pressures, including contaminants in
nearshore habitats. This study investigated the combined effects of a GBR-relevant contaminant, the herbicide
diuron, under current and two future climate scenarios on the coral Acropora millepora. All physiological re
sponses tested (effective quantum yield (ΔF/Fm′ ), photosynthesis, calcification rate) were negatively affected
with increasing concentrations of diuron. Interactive effects between diuron and climate were observed for all
responses; however, climate had no significant effect on ΔF/Fm′ or calcification rates. Photosynthesis was
negatively affected as the climate scenarios were adjusted from ambient (28.1 ◦ C, pCO2 = 397 ppm) to RCP8.5
2050 (29.1 ◦ C, pCO2 = 680 ppm) and 2100 (30.2 ◦ C, pCO2 = 858 ppm) with EC50 values declining from 19.4 to
10.6 and 2.6 μg L− 1 diuron in turn. These results highlight the likelihood that water quality guideline values may
need to be adjusted as the climate changes.

1. Introduction
Climate change, including ocean warming (OW) and ocean acidifi
cation (OA), is a major threat to coral reefs worldwide (Doney et al.,
2009; Hoegh-Guldberg et al., 2007; Hughes et al., 2018). Since the preindustrial era, the global average temperature has increased by about
1 ◦ C (IPCC, 2014; Lough et al., 2018) with a projected increase of 1–3 ◦ C
by 2100 (Collins et al., 2013; Knutti et al., 2017). The present-day at
mospheric CO2 (pCO2) is approximately 400 ppm, with projections of
around 900 ppm by the end of the century if no mitigation occurs
(Meinshausen et al., 2011; Wuebbles et al., 2017). About a quarter of the
CO2 emitted from anthropogenic sources enters the ocean to produce
carbonic acid and causes a myriad of effects (Kroeker et al., 2010),
including a reduction in available carbonate ions to marine calcifying
organisms (Ganadell et al., 2007; Hoegh-Guldberg et al., 2007).
Many studies have investigated the effects of both OW and OA on
marine calcifying organisms, including tropical reef-building corals
(Brierley and Kingsford, 2009; Edmunds et al., 2012; Hoegh-Guldberg
et al., 2017). One response of corals due to OW is bleaching which is the

breakdown in the symbiotic relationship between the coral host and
algal symbiont (Goreau and Hayes, 1994), and typically occurs when
seawater temperatures are >1 ◦ C above their long-term monthly sum
mer averages for several weeks (Hughes et al., 2017). Bleaching events
are becoming more frequent and severe (Hughes et al., 2018) and can
negatively affect reproduction (Baird and Marshall, 2002) and cause
disease (Bruno et al., 2007) with prolonged and severe bleaching often
leading to large-scale coral mortality events (Hughes et al., 2017). OA
can also affect corals in several ways, including reduced calcification
(Langdon, 2002; Schneider and Erez, 2006) and reduced net produc
tivity (Anthony et al., 2008) as well as having direct and indirect impacts
on recruitment (Albright et al., 2008; Anthony et al., 2010).
In addition to the risks posed by climate change, inshore coral reefs
may be exposed to a suite of local pressures, including poor water
quality caused by coastal development and agricultural activities in
adjacent mainland catchments. Along with increased sediment and
nutrient loads, pesticides including herbicides, contaminate nearshore
ecosystems globally (Bao et al., 2012; Castillo et al., 1997), including the
Great Barrier Reef (GBR) (Lewis et al., 2009; O'Brien et al., 2016;
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Australian Government and Queensland Government, 2018). During the
summer wet season, flood plumes can transport large amounts of agri
cultural herbicides (>17,000 kg) to the GBR (Kroon et al., 2013);
however, due to frequent application and persistence of these herbi
cides, they have been detected in the GBR catchment area year-round
(Gallen et al., 2019; Mercurio et al., 2016). Photosystem II (PSII) her
bicides, including diuron (3-(3,4-dichlorophyenyl)-1,1-dimethylurea;
DCMU), are the most frequently detected herbicides in the GBR lagoon
(Gallen et al., 2019; Lewis et al., 2009; Smith et al., 2012; Warne et al.,
2020) and act by blocking the plastoquinone binding site of photosystem
II, which disrupts electron transport flow and inhibits photosynthesis, in
turn limiting carbon fixation (Oettmeier, 1992). While concentrations of
PSII herbicides are highest in freshwater and estuarine ecosystems
(Australian Government and Queensland Government, 2018), concen
trations of diuron of up to 0.778 μg L− 1 (average measured concentra
tion over one-month passive sampler deployment) have recently been
detected around a nearshore island of the GBR (Gallen et al., 2019),
exceeding the proposed PC99 water quality guideline value (WQGV) for
diuron (0.43 μg L− 1; protection concentration for 99% of species)
(Warne et al., 2018) and indicating potential exposure to nearshore
coral reef species. Several studies have investigated the effects of diuron
on tropical marine phototrophs, including seagrass (Flores et al., 2013;
Haynes et al., 2000; Negri et al., 2015), microalgae (Magnusson et al.,
2008), coral (Jones and Kerswell, 2003; Jones et al., 2003; Negri et al.,
2011) and foraminifera (van Dam et al., 2012). Due to likely exposure
and the extensive toxicity dataset that exists for diuron (Warne et al.,
2018) this PSII herbicide is commonly used as a reference compound in
toxicity bioassays (Thomas et al., 2020a; Thomas et al., 2020b; Wil
kinson et al., 2015).
PSII herbicide concentrations in tropical waters are typically highest
over the summer wet season (Gallen et al., 2019; Smith et al., 2012);
therefore, it is likely that nearshore tropical species, including corals,
will be co-exposed to herbicides and high seasonal water temperatures.
Studies have already shown that diuron toxicity to corals and their
symbionts (Negri et al., 2011), foraminifera (van Dam et al., 2012) and
seagrass (Wilkinson et al., 2017) occurs at lower concentrations as
temperatures increase. However, this past research has primarily
focussed on the effects of PSII herbicides on chlorophyll a fluorescence
endpoints, such as inhibition of effective quantum yield (ΔF/Fm′ ),
which is proportional to photosynthetic efficiency but may not represent
whole-organism responses in symbiotic corals (Ralph et al., 2007).
Furthermore, apart from a single study with calcifying tropical marine
algae Halimeda sp., (Marques et al., 2020), previous investigations on
PSII herbicide toxicity to tropical species only tested the influence of OW
applicable to current heatwave conditions (Negri et al., 2011) and have
not considered the potential influence of combinations of OW and OA
relevant to future climate change scenarios. This is the first study to
investigate the influence of future climate change conditions (2050 and
2100 RCP8.5 scenario predictions (IPCC, 2014; Meinshausen et al.,
2011)) on the toxicity of the GBR-relevant herbicide diuron to a model
coral species Acropora millepora. The measured responses included
photosynthetic efficiency (ΔF/Fm′ ), net photosynthesis rates, net calci
fication rates (as a proxy for coral growth) and survival. Holistic
experimental approaches such as this can inform regulators on the po
tential need to adjust water quality guideline values for contaminants as
the climate changes (Negri et al., 2020).

1700 L flow-through tanks. Terminal portions of A. millepora branches
(~2 cm height) were fragmented and affixed on marked glass tiles and
maintained in flow-through filtered natural seawater at 27 ± 1 ◦ C under
150–200 μmol m− 2 s− 1 (range) for at least one week prior to experi
mentation. Coral fragments were fed daily with Artemia (0.5 nauplii
mL− 1) during the healing period but were not fed for the duration of the
two-week experiment due to possible effects on water quality within the
experimental chambers.
2.2. Experimental setup
A. millepora were transferred from acclimation tanks into three
climate scenarios (OW + OA): 28.1 ± 0.3 ◦ C and 397 ± 64 ppm pCO2;
29.1 ± 0.3 ◦ C and 680 ± 90 ppm pCO2; 30.2 ± 0.3 ◦ C and 858 ± 149 ppm
pCO2 (details are given in Table 1), and five concentrations of diuron
(averaged measured: 0.29 ± 0.01, 0.96 ± 0.04, 2.9 ± 0.1, 9.6 ± 0.4 and
29 ± 1 μg L− 1, Supporting material Table S1), including a solvent control
(measured: below detection limit), in an orthogonal design. Corals (n =
4 replicate coral fragments per chamber) were placed in custom 3 L
acrylic chambers (15 cm diameter x 19 cm height, working volume 2.5
L) in temperature-controlled water baths with the appropriate concen
tration of pCO2 gently bubbling directly in each chamber. Due to a
limited number of experimental chambers, there were no seawater
controls (only solvent controls) and there was a 7-day staggered start for
corals at 29 μg L− 1 diuron to maximise number of diuron treatments.
pCO2 dosing was achieved via mass flow controllers (Model GFC17,
Aalborg, NY, USA) delivering a precise flow of CO2 to a series of mem
brane contactors (Liqui-Cel Extra-Flow 2.5X8, 3M, NC, USA). Analytical
grade diuron (>98% purity) was purchased from Sigma-Aldrich (NSW,
Australia) and stock solutions (10 mg L− 1) were prepared in filtered
seawater (0.4 μm) using ethanol as a solvent carrier (<0.03% v/v).
Header tanks (60 L) were filled daily with filtered seawater (1 μm)
spiked with the appropriate volume of diuron stock to achieve target
diuron concentrations. Diuron was delivered from the header tanks to
the experimental chambers using peristaltic pumps (Masterflex L/S and
Ismatec IPC 12, Cole-Parmer, Vernon Hills, IL, USA) for a turnover rate
of 1–1.5 times per day. Three independent replicate chambers were used
for each diuron concentration and each climate scenario (a total of 54
chambers). Chambers were randomised within their respective water
baths to minimise potential systematic effects of chamber position.
Corals were illuminated over 13 h cycles (LED Hydra, Aqua
Illumination, PA, USA) with ramping up of light intensity for the first 3 h
to approximately 200 μmol m− 2 s− 1 then down to darkness over the last
3 h (equivalent to 7 mol m− 2 d− 1 daily light integral, DLI). Irradiance
was measured with a Licor LI-250A meter with LI-190R quantum sensor
(Licor, Lincoln, NE, USA). Physico-chemical parameters (pH, salinity
and dissolved oxygen) were measured several times over the 15-d exper
iment (Table 1). Water temperature and pCO2 levels were controlled by
a programmable logic controller (PLC) and measured every 10 min
Table 1
Measured physico-chemical parameters and seawater carbonate chemistry
(measured and calculated) during the experimental period. Parameters (mean ±
SD) include pH, temperature, salinity and DO. Carbonate chemistry (mean ± SD)
includes dissolved inorganic carbon (DIC), total alkalinity (TA), partial pressure
of CO2 (pCO2) and aragonite saturation state (Ωarag) of each climate condition
throughout the duration of the experiment. n denotes sample size.

2. Methods
2.1. Sample collection
Four adult colonies (30–40 cm diameter) of Acropora millepora were
collected from Backnumbers Reef (18◦ 29′ S, 147◦ 09′ E), GBR under
Great Barrier Reef Marine Park Authority (GBRMPA) permit G12/
35236.1. Colonies were transported to the National Sea Simulator at the
Australian Institute of Marine Science in Townsville and maintained in
2

Parameters

2018

2050

2100

pH (NIST) (n = 96–99)
Temperature (◦ C) (n = 92–93)
Salinity (n = 32–41)
DO (mg L− 1) (n = 36)
DIC (μmol kg− 1 SW) (n = 6)
TA (μmol kg− 1 SW) (n = 6)
pCO2 (ppm) (n = 6)
Ωarag (n = 6)

8.11 ± 0.03
28.1 ± 0.3
34.6 ± 0.5
7.66 ± 0.1
2039 ± 14
2291 ± 45
397 ± 64
2.70 ± 0.4

7.94 ± 0.02
29.1 ± 0.3
34.6 ± 0.5
7.50 ± 0.2
2136 ± 21
2349 ± 18
680 ± 90
2.61 ± 0.3

7.84 ± 0.05
30.2 ± 0.3
34.7 ± 0.4
7.40 ± 0.1
2137 ± 12
2309 ± 18
858 ± 149
2.25 ± 0.1
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(Table 1). Salinity was measured via a LAQUAact PC110 meter (Horiba,
Kyoto, Japan), pH was measured with a HQ40d equipped with Intellical
PHC301 pH electrode (Hach Co., Loveland, CO, USA) and dissolved
oxygen concentration was determined with a HQ30d meter equipped
with Intellical LDO101 oxygen probe (Hach Co., Loveland, CO, USA).

2.7. Net photosynthesis and calcification rates
Corals (n = 3 replicate corals per treatment) used for incubations
were chosen at random. Oxygen production and respiration rates, and
light and dark calcification rates were determined in corals after 12–15
d exposure for the 0, 0.29, 0.96 and 2.9 μg L− 1 diuron treatments. Corals
exposed to 9.6 μg L− 1 diuron bleached (and some died) at 10 days
exposure, irrespective of the climate scenario. Due to the loss of sym
bionts and coral tissue rates of oxygen production, respiration and
calcification could not be determined for these individuals. Since there
was a staggered start for the corals in the 29 μg L− 1 diuron treatments,
these physiological processes were measured after 7–8 d exposure, just
prior to bleaching/dying.
To assess net photosynthesis and calcification rates, corals were
incubated in the light and dark with respective pCO2 seawater and
diuron treatments in 50 mL clear acrylic chambers for 3 h under
experimental light conditions and 4 h dark incubations. Incubation
chambers were placed on custom underwater stirrer plates under similar
light conditions and water temperature as the experimental chambers.
After each incubation, dissolved oxygen concentration (DO) was
immediately measured in each incubation chamber, including two blank
incubations per treatment as per Strahl et al. (2015). Following dark
incubations, corals were snap frozen in liquid nitrogen for future
determination of surface area and volume. Surface area of A. millepora
colonies were determined via wax dipping (Stimson and Kinzie, 1991)
and volume of coral was determined using water displacement as per
Strahl et al. (2015). Oxygen production and respiration rates (in mg O2
cm− 2 h− 1) were normalized to surface area:

2.3. Chemical analysis
Analytical samples (2 concentrations plus control per climate sce
nario) were taken at initiation and termination of experiment. Aliquots
(1 mL) were transferred into 1.5 mL liquid chromatography amber glass
vials and spiked with a diuron surrogate standard (diuron-d6; stock
solution of 1 μg mL− 1), of which the final concentration of the surrogate
standard was 10 ng mL− 1. Diuron concentrations were determined by
HPLC-MS/MS (SCIEX Triple Quad 6500 QTRAP mass spectrometer
Shimadzu Nexera X2 uHPLC system) at the Queensland Alliance for
Environmental Health Sciences (QAEHS), The University of Queensland
(Mercurio et al., 2015; Thomas et al., 2020a). The SCIEX software
package Analyst Software 1.6 was used for data acquisition and Multi
Quant 3.0 was used for quantification. The measured concentrations
were calculated based on the linear relationship between nominal and
the time weighted average (time = 0 and 15 d) of measured
concentrations.
2.4. Seawater carbonate system parameters
Dissolved inorganic carbon (DIC) and total alkalinity (AT) were
determined on a Vindta 3C system (Marianda, Kiel, Germany) from
seawater samples taken at the end of the experiment (Table 1). In-house
seawater standards and certified reference material (CRM Batch 164 and
174, A.G. Dickson, Scripps Institution of Oceanography, San Diego, CA,
USA) were used to validate the accuracy of results. DIC and AT were used
to calculate carbonate system parameters (aragonite saturation state,
Ωarag) according to (Mehrbach et al., 1973) with modifications from
(Dickson and Millero, 1987) using CO2Sys software (Pierrot et al.,
2006).

Oxygen production and respiration rates =

ΔDO × (Vchamber − Vcoral )
SA × T × 1000

where ΔDO is the difference in DO of blank incubations and incubations
with coral (in mg L− 1); Vchamber is the volume of the incubation chamber
(in mL); Vcoral is the displacement volume of the coral (in mL); SA is the
surface area of the coral (in cm2); and T is the incubation duration (in
hours).
Incubation water samples were collected immediately in 50 mL
conical centrifuge tubes, fixed with mercuric chloride and analysed for
AT to determine calcification rates by the alkalinity anomaly technique
(Chisholm and Gattuso, 1991). AT was measured on a Metrohm 855
robotic titrosampler (Metrohm, Herisau, Switzerland) by gran titration
using 0.5 M HCl using multiple seawater standards and certified refer
ence material (CRM Batch 164 and 174, A.G. Dickson, Scripps Institu
tion of Oceanography, San Diego, CA, USA) as described in Uthicke and
Fabricius (2012). Light and dark calcification rates were normalized to
surface area:

2.5. Colour index and mortality
Coral fragments were photographed at initiation and 17 days expo
sure (10 days exposure for 9.6 and 29 μg L− 1 diuron corals) using a highresolution digital camera (Nikon D810 with a 60-mm lens and a Nikon
Speedlight SB-910 flash). All corals at 29 μg L− 1 diuron died by 10 days
hence could not determine colour index for these individuals. Colour
index (proxy for bleaching) was assessed on a random ~0.5 cm2 square
surface area of live coral tissue via the image processing package
ImageJ2 (Rueden et al., 2017; Schindelin et al., 2015) as per BessellBrowne et al. (2017). Briefly, the histogram function in ImageJ2 was
used to take the mean grey pixel values (range 0–255) on a black and
white scale. Mean grey pixel values were standardised to the minimum
and maximum values and converted to a proportion. Complete and
partial mortality was also quantified from these images using ImageJ2.

(
) ΔTA × (Vchamber − Vcoral ) × 1.028
Calcification in μmol CaCO3 cm− 2 h− 1 = 2
SA × T × 1000
where ΔTA (in μmol kg SW− 1); Vchamber is the volume of the incubation
chamber (in mL); Vcoral is the displacement volume of the coral (in mL);
1.028 is the density of seawater (in kg L− 1); SA is the surface area of the
coral (in cm2); and T is the incubation duration (in hours) (Cohen et al.,
2017).
Oxygen production and respiration rates were used to calculate daily
net photosynthesis and light and dark calcification rates for daily
calcification rates using 13 h of daylight and 11 h of darkness.

2.6. Chlorophyll fluorescence
Effective quantum yield (ΔF/Fm′ ) measurements were taken just
prior to the start of exposure and after 7 and 14 days of exposure using a
pulse amplitude modulation fluorometer (mini PAM, WALZ, Germany;
settings: ML = 5, G = 2, D = 2, SI = 8). Two measurements per coral
were obtained using a 6-mm fibre optic probe perpendicular to the
surface of the coral. Minimum fluorescence was determined by applying
a pulse-modulated red measuring light (650 nm, 0.15 μmol photons m− 2
s− 1). A short pulse (800 ms) of saturating actinic light (>3000 μmol
photons m− 2 s− 1) was applied to measure light adapted maximum
fluorescence. Effective quantum yield was calculated based on F and Fm′
(Genty et al., 1989): ΔF/Fm′ = (Fm′ − F) / Fm′ .

2.8. Data analysis
For modelling of relationships, generalized linear mixed models
(GLMM) were fitted for each of the coral responses (colour index, ΔF/
Fm′ , net photosynthesis, daily calcification) with ‘Climate’ and ‘Diuron’
as the categorical fixed effects and ‘Fragment’ as the categorical random
factor using the package glmmTMB (Brooks et al., 2017) in R 4.0.3 (R
3
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Core Team, 2020). Colour index and chlorophyll fluorescence data were
modelled as a beta distribution using a logit link function (BessellBrowne et al., 2017) while net photosynthesis and calcification rates
were modelled using a gaussian distribution. For all physiological re
sponses, Dunnett's test was used to test for comparisons against the
control (2018 climate scenario, 0 μg L− 1 diuron). Assumptions of
normality and homoscedasticity were checked with Shapiro-Wilk test
and Levene's test, respectively. Linear regression models were plotted in
GraphPad Prism (V7).
Concentrations that decreased colour and inhibited ΔF/Fm′ , net
photosynthesis and calcification by 50% (EC50) were estimated in R
using the package bayesnec (Fisher and Barneche, 2020). This package
uses a model averaging approach based on DIC weighted averaged
predictions across a potential candidate model set composed of a range
of functional NEC models adapted from Fox (2010), along with several
more commonly used concentration-response relationship models
(Table S2). In all cases model fit was assessed visually through chain
mixing, R hat values and an assessment of the number of divergent
transitions. Where models showed poor model fit, they were excluded
from model averaged estimates of endpoints. EC50 values were calcu
lated using weighted model averaged estimates of all successfully fitted
models. Posterior prediction from all successfully fitted models for each
response were weighted using pseudo Bayesian Model Averaging
method ‘pseudobma’ via the loo package (Vehtari et al., 2020; Vehtari
et al., 2017) with the BB option set to TRUE (i.e. using Bayesian
bootstrapping).
ΔF/Fm′ and colour index were modelled as a function of log diuron
using Bayesian non-linear models, with the response modelled as a beta
distribution. Due to multiple 0 ΔF/Fm′ values for the higher diuron
concentrations and since beta distribution are defined on the interval
>0 and <1, ΔF/Fm′ was transformed as per Smithson and Verkuilen
(2006) whereby if y assumes extremes 0 and 1, a useful transformation

is: (y * (n − 1) + 0.5) / n where n is the sample size. Both net photo
synthesis and daily calcification rates were modelled as a function of log
diuron with the response modelled as a gaussian distribution. EC50
values for each climate scenario were directly interpolated from the
model averaged posterior predictions using the value halfway between
the mean response value for 2018, 0 μg L− 1 diuron and the mean
response value at 2100, 29 μg L− 1 diuron.
3. Results
Physico-chemical and seawater carbonate chemistry parameters in
the treatment chambers over the experimental period are provided in
Table 1 and were in the range of the target treatment levels. Measured
concentrations of each diuron treatment at each climate scenario were
similar (Table S1).
3.1. Colour index and mortality
All corals exposed to 9.6 and 29 μg L− 1 diuron in the present day and
both future climate change scenarios died (complete tissue loss) after
10–11 days exposure. One coral exposed to 2.9 μg L− 1 diuron in the 2100
climate scenario died and another coral in the same treatment showed
14% partial mortality (data not shown).
Mean grey pixel value of corals at the beginning of the experiment
was 93.7 (±13.6 SD). Coral colour was consistent across climate treat
ments for up to 17 days when exposed to low concentrations of diuron (0
to 0.96 μg L− 1) (Fig. 1A, Table S3). However, corals exposed to ≥2.9 μg
L− 1 diuron under 2050 and 2100 were paler in colour than control corals
(2018, 0 μg L− 1) (Fig. 1A). The corals exposed to 29 μg L− 1 diuron were
not photographed before the mortality event. The modelled concentra
tions that resulted in 50% colour change (EC50) for each climate (2018,
2050, 2100) were 6.05, 4.99 and 4.86 μg L− 1, respectively (Fig. 1A;

Fig. 1. Concentration-response relationships of A) colour index, B) ΔF/Fm′ , C) net photosynthesis and D) daily calcification of A. millepora under three climate
scenarios and varying concentrations of diuron. Solid lines are Bayesian non-linear beta model fits (colour index and ΔF/Fm′ ) and gaussian model fits (net
photosynthesis and daily calcification) with 95% confidence intervals (shaded areas) used to derive EC50 values (dashed lines). Percent inhibition is relative to
control corals (2018, 0 μg L− 1 diuron).
4
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Table 3). The probability of the colour index EC50 values for the 2050
and 2100 scenarios being less than the 2018 EC50 were 0.956 and
0.970, respectively (Fig. S1.A).

Table 3
Summary of EC50 values (in μg L− 1; 95% CI) for colour index, ΔF/Fm′ , net
photosynthesis and net calcification of A. millepora under three climate scenarios
and varying concentrations of diuron. NC: not calculable.

3.2. Effective quantum yield
Control corals (no herbicide) from all climate scenarios exhibited
similar ΔF/Fm′ after 7 days (2018: 0.67 ± 0.03 (SD); 2050: 0.67 ± 0.03;
2100: 0.68 ± 0.03; Table S3). These measurements were repeated after
14 d for concentrations up to 2.9 μg L− 1 and there was no significant
difference in ΔF/Fm′ at day 7 and day 14 measurements for each
treatment (pairwise t-test, p = 0.678). ΔF/Fm′ was negatively affected
by diuron but not climate scenario (Table 2) and ΔF/Fm′ decreased with
increasing diuron concentrations (Fig. 1B). The modelled concentrations
that inhibited ΔF/Fm′ by 50% (EC50, in μg L− 1) for each climate (2018,
2050, 2100) were 2.06, 2.02 and 2.03, respectively (Fig. 1B; Table 3).
Despite a significant interaction term (Table 2), there were no significant
differences in these EC50 values, with the probabilities of the 2050 and
2100 EC50 values being different than the 2018 EC50 estimated as
0.615 and 0.539, respectively (Fig. S1.B).

2018
2050
2100

Net photosynthesis rates were influenced by both climate scenario
and diuron, and an interaction was observed (Table 2; Fig. 1C). Photo
synthesis was not affected at 0.96 μg L− 1 diuron under 2018 conditions;
however, the same concentration reduced photosynthesis by 35% and
100% under 2050 and 2100 climate conditions, respectively (Fig. 1C).
Negative net photosynthesis rates were observed for corals exposed to
≥0.96 μg L− 1 diuron and under 2100 conditions while this did not occur
until 29 μg L− 1 diuron for corals under 2018 and 2050 conditions
(Fig. 1C). Diuron significantly reduced net photosynthesis to levels
lower than control (2018, 0 μg L− 1) at lower concentrations as the
climate scenarios changed: ≥ 29 μg L− 1 (2018), ≥ 2.9 μg L− 1 (2050), ≥
0.29 μg L− 1 (2100) (Table S3). Oxygen production (from light incuba
tion) was the main contributor to changes in net photosynthesis rates, as
dark respiration rates were comparatively consistent across treatments
(Fig. S2; Table S3). The approximate diuron concentrations that
inhibited net photosynthesis by 50% (EC50, in μg L− 1) for each climate
(2018, 2050, 2100) were: 19.4, 10.6 and 2.56, respectively (Table 3).
The probability of the net photosynthesis EC50 values for the 2050 and
2100 scenarios being less than the 2018 EC50 were 0.861 and 0.997,
respectively (Fig. S1.C).
Daily calcification rates were affected by diuron but not by climate
scenario and there was a significant interaction between these two
factors (Table 2). Daily calcification rates were negatively correlated
with diuron concentration; however, substantial increases in calcifica
tion rates were observed for corals exposed to 0.29 μg L− 1 diuron from

χ2

DF

p

Colour index

Climate
Diuron
Interaction
Climate
Diuron
Interaction
Climate
Diuron
Interaction
Climate
Diuron
Interaction

36.2
638
58.7
0.291
2786
51.2
62.8
396
29.4
4.56
105
21.3

2
4
8
2
5
10
2
4
8
2
4
8

<0.0001
<0.0001
<0.0001
0.29
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.10
<0.0001
0.0064

ΔF/Fm′

Net photosynthesis
Daily calcification

Net
photosynthesis

Daily
calcification

6.05
(5.28–7.74)
4.99
(4.30–6.02)
4.86
(4.24–6.0)

2.06
(1.86–2.24)
2.02
(1.88–2.17)
2.03
(1.89–2.16)

19.4 (10.6–29.1)

20.6 (1.76-NC)

10.6 (5.75–23.7)

42.2 (4.91-NC)

2.56 (1.39–5.75)

9.08 (2.40-NC)

3.4. Relationships between physiological parameters
ΔF/Fm′ was positively correlated with oxygen production under all
climate scenarios (Fig. 2A, Table S4). There were significant linear re
lationships between light calcification rate and oxygen production rate
and between daily calcification and net photosynthesis rates for the
2050 and 2100 climate scenarios (Fig. 2B and C, Table S4).
4. Discussion
The herbicide diuron negatively affected coral survival, coral colour,
effective quantum yield (ΔF/Fm′ ), net photosynthesis and calcification
in Acropora millepora branches and the effects on coral colour and net
photosynthesis were exacerbated by future climate conditions (OW and
OA). The effect of diuron was concentration-dependent and no corals
survived at ≥9.6 μg L− 1 diuron for the full two-week exposures in any of
the climate scenarios. Net photosynthesis EC50s significantly decreased
with increased pCO2 and temperature; in contrast, ΔF/Fm′ EC50 values
were similar under all climate scenarios and while daily calcification
EC50 at 2100 was lower than that of 2018 and 2050, there was a high
variation in response as shown by the wide confidence intervals of the
modelled EC50 values. The increased negative effects of diuron under
future climate conditions on net photosynthesis, but not on ΔF/Fm′ or
calcification, demonstrates the value of assessing multiple toxicity
endpoints and highlights the likelihood that water quality guideline
values may need to be adjusted as the climate changes.

Table 2
Generalized linear mixed model summary results analysing the effects of climate
scenario, diuron and the interaction of the two to chlorophyll fluorescence (ΔF/
Fm′ ), net photosynthesis and daily calcification rates of A. millepora. DF: degrees
of freedom. Statistically significant (α = 0.05) effects are in bold.
Factor

ΔF/Fm′

all climate scenarios (Fig. 1D; Table S3). This corresponded to an
average increase of 2.5-fold compared to controls (0 μg L− 1 diuron).
Negative daily calcification rates were observed for corals at ≥2.9 μg L− 1
diuron (Fig. 1D) though there was high variability in calcification rates
of corals under all climate scenarios, potentially explaining the apparent
interaction (Fig. 1D; Table S3). Most of the positive calcification across
treatments occurred in illuminated corals (Fig. S3, Table S3). The
approximate diuron concentrations that inhibited daily calcification by
50% (EC50, in μg L− 1) for each climate (2018, 2050, 2100) were 20.6;
42.2 and 9.08, respectively (Table 3). However, the probabilities that
daily calcification EC50 values for the 2050 and 2100 scenarios were
different to the 2018 EC50 were low: 0.373 and 0.693, respectively
(Fig. S1.D).

3.3. Net photosynthesis and calcification rates

Endpoint

Colour index

4.1. Future climate scenarios tested did not affect coral physiology in the
absence of diuron
In the absence of diuron, elevating OW and OA from ambient
(28.1 ◦ C, pCO2 = 397 ppm) to RCP8.5 2050 (29.1 ◦ C, pCO2 = 680 ppm)
and 2100 (30.2 ◦ C, pCO2 = 858 ppm) conditions had little or no effect on
coral colour, ΔF/Fm′ , net photosynthesis and calcification in Acropora
millepora branches. Previous experimental evidence has shown each of
these parameters can be affected by OW and OA, but the responses are
species-specific and vary considerably with experimental conditions
(Ban et al., 2014; Chan and Connolly, 2012; Kornder et al., 2018).
Thermal stress from OW alone can cause oxidative damage to PSII in
5
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Fig. 2. Regression models (±95% CI) of A) effective quantum yield (ΔF/Fm′ ) and oxygen production, B) light calcification rate and oxygen production and C) daily
calcification rate and net photosynthesis for A. millepora under three climate scenarios and elevated diuron concentrations. Slopes and goodness of fit values are
in Table S4.

symbionts which leads to reduced ΔF/Fm′ , limiting electron transport
and reducing oxygen production, and when combined with thermal ef
fects on respiration, reduces net photosynthesis (Coles and Jokiel, 1977;
Lesser, 2011). Calcification rates were higher in the light than in the
dark due to light-enhanced calcification (Goreau, 1959; Kawaguti and
Sakumoto, 1948), but thermal stress can suppress light-enhanced
calcification due to effects on photosynthesis (stress on PSII and loss
of symbionts) (Langdon and Atkinson, 2005). OA, on the other hand, can
affect calcification due to reduced dissolved inorganic carbon (Langdon
and Atkinson, 2005), but its direct effects on PSII and ΔF/Fm′ and net
photosynthesis are less clear and can be either enhanced or suppressed
(Noonan and Fabricius, 2016). The effects of OA and OW have generally
been shown to be exacerbated by experimental combinations of these
pressures (Anthony et al., 2008), but the previously applied conditions
have usually been more severe than those applied in the present study,
likely explaining the lack of effect observed on ΔF/Fm′ , net photosyn
thesis and calcification in A. millepora branches (in the absence of
diuron) here. Furthermore, the exposure duration was relatively brief in
the current study, and corals may have had adequate energy resources to
continue to calcify in the short-term under increased pCO2 conditions.

bleaching and whole organism effects, such as suppression of growth,
are likely to become more severe over sustained exposures (Cantin et al.,
2007). Reduced calcification in corals due to herbicide exposure has
been reported previously in Pocillopora damicornis colonies (Vander
meulen et al., 1972), with suppression of light-enhanced calcification
the likely mechanism. As a proxy for growth, inhibition of calcification
should be investigated further as an ecologically relevant endpoint for
the effects of contaminants on corals. The EC50s in this study
(2.02–42.2 μg L− 1) were higher than diuron concentrations commonly
detected in the GBR, for example, the highest concentration detected in
a recent monitoring was 0.778 μg L− 1 diuron (Gallen et al., 2019). While
EC10 values would be lower and more appropriate for comparison
against environmental values and water quality guidelines, they were
not presented here due to very wide confidence intervals.
4.3. The influence of future climate scenarios on diuron toxicity
This is the first study to investigate the effects of both the global
pressure of climate change (OW and OA) and the local pressure of the
herbicide diuron on corals. ΔF/Fm′ was negatively affected by diuron
across all climate scenarios and inhibition of ΔF/Fm′ was nearly iden
tical at low diuron concentrations among scenarios. While interactive
effects of climate and diuron were observed for ΔF/Fm′ , this significant
interaction was most likely due to the near complete suppression in ΔF/
Fm′ at the two highest diuron concentrations, thus similar EC50 values
were estimated for all three climate scenarios.
Diuron acts by blocking electron transport in Photosystem II which
under illumination causes an increase in chlorophyll fluorescence and a
reduction in ΔF/Fm′ (Genty et al., 1989), and this correlated with
reduced oxygen production in the current study (Fig. 2A). The ΔF/Fm′
EC50 was lower than that of net photosynthesis under 2018 climate
conditions. However, net photosynthesis was far more suppressed by
diuron under the 2100 scenario and the similar EC50s for ΔF/Fm′ and
net photosynthesis indicated close to a 1:1 link between the reduction of
electron transport and net photosynthesis by diuron under these

4.2. Effects of diuron alone on A. millepora
Diuron had clear concentration-dependent effects on ΔF/Fm′ ,
exhibiting EC50s (2.02–2.06 μg L− 1), similar to those reported in other
coral studies (2.3–6 μg L− 1) (Jones and Kerswell, 2003; Jones et al.,
2003; Negri et al., 2011), reinforcing the sensitivity of this photo
physiological endpoint. Diuron also affected coral colour, net photo
synthesis and calcification rates with higher EC50s predicted; however,
the EC50s for calcification had wide confidence intervals and should be
considered preliminary. Similar concentrations or chronic exposures can
lead to coral bleaching (Cantin et al., 2007; Jones et al., 2003; Negri
et al., 2005), decreased lipid content, reproductive output and mortality
(Cantin et al., 2007). While the effect of diuron on ΔF/Fm′ in corals is
almost immediate and does not change over prolonged periods,
6
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conditions. There were strong negative and interactive effects of both
future climate scenarios and diuron on net photosynthesis. This influ
ence of OW and OA on suppressing net photosynthesis in the presence of
diuron was primarily due to the net effects on oxygen production and/or
respiration under illuminated conditions (Fig. S2) indicating light also
plays a role, but it is uncertain whether the influence affects oxygen
production, respiration or both.
Symbiont density was not determined; instead, bleaching was
assessed through colour changes via colour indexing techniques (BessellBrowne et al., 2017; Siebeck et al., 2006). The paling of corals over time
was most likely caused by a loss of symbionts and gradual depletion of
chlorophyll (Anthony et al., 2008). OW and OA heightened bleaching
effects in the presence of diuron by disrupting the photoprotective
mechanisms of coral symbionts (Anthony et al., 2008) and under her
bicidal stress, the inhibition of photochemical efficiency probably led to
a dissociation of symbionts and visible bleaching of the coral (Jones and
Kerswell, 2003).
Diuron concentrations ≥2.9 μg L− 1 reduced daily calcification to
below zero (=net dissolution) in all climate scenarios. This is likely to be
driven by suppression of light-enhanced calcification as calcification
was only affected in illuminated corals (Fig. S3) and the effects on light
calcification rate and oxygen production were well correlated (Fig. 2B).
The diuron EC50s for net calcification were generally higher than for
ΔF/Fm′ and net photosynthesis indicating that despite the herbicide
reducing photosynthesis, the corals likely maintained an intracellular
pool of available dissolved inorganic carbon required for calcification
(Langdon and Atkinson, 2005) over the short exposure period. While the
2100 EC50 was lower than that of the 2018 scenario, indicating possible
exacerbation of future climate scenarios on calcification, the data were
too inconsistent and confidence intervals were too wide to support this
conclusion. Additionally, there was a limitation of sample size in this
study and an increase in sample size may have better defined the trend
and/or influence of climate on calcification. The thermal stress applied
in the future climate scenarios (up to +2 ◦ C for less than two weeks) was
below the bleaching threshold for A. millepora in all the diuron/climate
treatments. However, thermal bleaching of A. millepora at higher tem
peratures (+5 ◦ C) is enhanced by diuron exposure (Negri et al., 2011)
and reduced calcification rates have been observed in bleached corals
(Goreau, 1959; Goreau and Goreau, 1959; Kawaguti and Sakumoto,
1948). These types of interactions are more likely to be evident over
prolonged co-exposures to PSII herbicides during heatwaves or under
future climate conditions.

(Vandermeulen et al., 1972). Diuron is a phenylurea herbicide, and
previous studies have shown that carbon (14C) in urea is incorporated
into skeletal carbonate of corals (Crossland and Barnes, 1974). Biscéré
et al. (2018) observed enhanced photosynthetic and calcification rates
in coral with urea enrichment. Urease, which is found in both coral host
and algal symbionts (Barnes and Crossland, 1976) catalyses the hydro
lysis of urea to produce inorganic carbon and ammonia (Krajewska,
2009). Ammonia then neutralizes the protons formed during calcifica
tion and shifts the equilibrium towards the precipitation of CaCO3,
enhancing calcification (Biscéré et al., 2018). It is possible that stimu
lation of calcification by low concentrations of diuron could occur if this
herbicide acts as a source of urea. However, the biochemical trans
formation of diuron into free urea has not yet been described (Moretto
et al., 2019) and further research is needed to understand the mecha
nism underlying the observation that low concentrations of diuron can
enhance calcification by an average of more than two-fold across all
climate treatments.
5. Conclusion
The increased effects of diuron under future climate conditions on
net photosynthesis but not on ΔF/Fm′ or calcification demonstrates the
value of assessing multiple toxicity endpoints. Many previous studies on
the effects of herbicides such as diuron on corals have relied on ΔF/Fm′
inhibition as a toxicity endpoint (Jones and Kerswell, 2003; Jones et al.,
2003; Negri et al., 2011); however, additional stressors such as OA and
OW can also influence other important physiological functions.
Measuring whole-organism responses, such as net photosynthesis, is
needed to reveal the potential enhanced toxicity of diuron under future
climate scenarios. While climate-enhanced effects of diuron on calcifi
cation were not significant, the links between oxygen production and
light calcification indicates that over prolonged exposures skeletal
growth in corals may be more vulnerable to climate change in the
presence of contaminants that suppress photosynthesis, like diuron. This
study supports the management of contaminants to improve coral reef
resilience to climate change (Australian Government and Queensland
Government, 2018) and adjustments to water quality guideline values to
account for future climate conditions may need to be considered to
ensure future protection of marine ecosystems (Negri et al., 2020).
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4.4. Enhanced calcification at low diuron concentrations
Enhanced calcification and to a lesser extent net photosynthesis,
were observed for corals exposed to 0.29 μg L− 1 diuron across all climate
scenarios. The phenomenon that low concentrations of a chemical can
induce a beneficial effect while damaging effects are observed at higher
concentrations (a stimulatory hormetic-like response) has been inten
sively studied (Calabrese and Blain, 2005; Duke et al., 2006). A review of
5600 concentration-response relationships by Calabrese and Blain
(2005) found that the maximum stimulatory response (e.g. growth,
longevity, metabolic parameters) was usually less than two-fold greater
than the control. In this study, calcification rates in corals at 0.29 μg L− 1
diuron were an average of 2.5-fold higher than the rates of control corals
which is well within the range found in the review (>10-fold stimulation
in growth was not uncommon). Additionally, Roubeix et al. (2011)
found low to moderate concentrations of diuron (<5 μg L− 1) stimulated
growth of several species of periphytic diatoms through acute laboratory
ecotoxicological assays. Other PSII herbicides have been found to have
stimulatory effects, including simazine (10–160 μg L− 1) which increased
protein content in rye plants (Ries et al., 1967) and increased protein
content in the roots of barley (Pulver and Ries, 1973). These stimulatory
responses in calcification and photosynthesis may be linked since lightenhanced calcification is largely photosynthesis dependent
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Houlbrèque, F., 2018. Enhancement of coral calcification via the interplay of nickel
and urease. Aquat. Toxicol. 200, 247–256.
Brierley, A.S., Kingsford, M.J., 2009. Impacts of climate change on marine organsims and
ecosystems. Curr. Biol. 19, R602–R614.
Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A., Berg, C.W., Nielsen, A.,
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