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A B S T R A C T   

Coastal ecosystems such as those in the Great Barrier Reef (GBR) lagoon, are exposed to stressors in flood plumes 
including low light (caused by increased turbidity) and agricultural pesticides. Photosystem II (PSII)-inhibiting 
herbicides are the most frequently detected pesticides in the GBR lagoon, but it is not clear how their toxicity to 
phototrophic species depends on light availability. This study investigated the individual and combined effects of 
PSII-inhibiting herbicide, diuron, and reduced light intensity (as a proxy for increased turbidity) on the marine 
diatom, Phaeodactylum tricornutum. Effective quantum yield (EQY) and cell density were measured to calculate 
responses relative to the controls over 72-h, in tests with varying stressor intensities. Individually, diuron con
centrations (0.1–3 μg l− 1) were not high enough to significantly reduce growth (cell density), but led to decreased 
EQY; while, low light generally led to increased EQY, but only reduced growth at the lowest tested light intensity 
(5 μmol photons m− 2 s− 1) after 48-hours. P. tricornutum was less affected by diuron when combined with low 
light scenarios, with increased EQY (up to 163% of the controls) that was likely due to increased electron 
transport per photon, despite lesser available photons at this low light intensity. In contrast, growth was 
completely inhibited relative to the controls when algae were simultaneously exposed to the highest stressor 
levels (3 μg l− 1 diuron and 5 μmol photons m− 2 s− 1). This study highlights the importance of measuring more 
than one biological response variable to capture the combined effects of multiple stressors. Management of water 
quality stressors should consider combined impacts rather than just the impacts of individual stressors alone. 
Reducing suspended sediment and diuron concentrations in marine waters can decrease harmful effects and 
bring synergistic benefits to water quality.   

1. Introduction 

Second to climate change, degraded water quality from human ac
tivities and land-use changes have been identified as the greatest risk to 
marine and coastal ecosystems, globally (Waterhouse et al., 2017; Smale 
et al., 2019). Inshore areas are often exposed to the highest frequency 
and concentrations of water quality stressors such as nutrients, sedi
ments and pesticides, which are transported via flood plumes following 
elevated rainfall (Devlin et al., 2012; Waterhouse et al., 2021). Reducing 
anthropogenic inputs such as total suspended sediments (TSS) and 
agricultural pesticides are two of the four water quality targets to help 

build resilience of Great Barrier Reef (GBR) ecosystems (Australian 
Government and Queensland Governments, 2018). 

Assessing the combined effects of more than one stressor is a high 
priority for environmental management (Van den Brink et al., 2016; 
Waterhouse et al., 2017); however, the ability to consider multiple 
stressors is limited as empirical data are often lacking (Crain et al., 2008; 
Brown et al., 2014; Chariton et al., 2016; Côté et al., 2016). As a 
consequence, ecological risk assessments (ERAs) which are frequently 
used to inform management decisions still consider stressor impacts 
separately (Brodie et al., 2013; Waterhouse et al., 2017), despite the fact 
that stressors co-occur (Waterhouse et al., 2017; Negri et al., 2020; 
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Warne et al., 2020b), meaning that combined or interacting effects are 
not often considered or assessed by management bodies. 

Increased turbidity, due to elevated TSS and increased phyto
plankton biomass (resulting from eutrophication), cause a decrease in 
the amount of photosynthetically active radiation (PAR) available to 
aquatic photosynthetic organisms such as seagrasses, macroalgae and 
microalgae (Devlin et al., 2012; Fabricius et al., 2014). Photosystem II 
(PSII)-inhibiting herbicides are amongst the most common pesticides 
detected year-round in the waterways that discharge to the GBR 
(Spilsbury et al., 2020; Warne et al., 2020b), and in the GBR lagoon it
self, Australia (Thai et al., 2020). Due to their mode of action, these 
herbicides specifically target phototrophic organisms. They exert their 
toxicity by blocking electron transport that is required for growth and 
survival (Ahrens, 1994), and by increasing intracellular concentrations 
of reactive oxygen species (ROS), which can cause irreversible cell 
damage (Chen et al., 2012). Reduced light, in combination with 
PSII-inhibiting herbicides can also significantly affect physiological re
sponses that directly and indirectly impact phototrophic growth, 
abundance and the distribution of primary producers (Lee et al., 2007; 
King et al., 2021). 

Marine microalgae are important primary producers that form the 
base of many food-webs and contribute to nutrient cycling in marine 
waters (Arrigo, 2005; Reynolds et al., 2014). In the GBR lagoon, marine 
microalgae communities are dominated by small flagellates and pennate 
diatoms (Bell and Elmetri, 1995). Diatoms are useful biological in
dicators as they rapidly respond to changing water quality conditions 
that allow a better understanding of the health and resilience of aquatic 
ecosystems (Armbrust, 2009). Marine diatoms are sensitive to light, 
nutrients and agrochemicals such as PSII-inhibiting herbicides (Arm
brust, 2009; Magnusson et al., 2010; Thomas et al., 2020). Thus, iden
tifying their phytotoxic and physiological responses to water quality 
stressors is important for managing marine ecosystems more broadly. 

Photosynthetic measurements, such as chlorophyll-a fluorescence, 
are often directly associated with energy reserves and growth (Ralph 
et al., 2007b), and thus act as sensitive indicators to assess stressor re
sponses. For example, exposure to various PSII-inhibiting herbicides 
reduced the EQY, photosynthetic efficiency and growth rate of tropical 
microalgae and coral symbionts (Magnusson et al., 2008; Marzonie 
et al., 2021), demonstrating a strong correlation between reduced 
photosynthetic measurements and increased toxicity. However, the ef
fects of chronic low light on photosynthetic measurements, such as 
fluorescence-based estimates, are less defined due to experimental, 
field-based and scale-related variables (Ralph et al., 2007a). It is evident 
that PSII-inhibiting herbicides and light availability both affect the 
photosynthetic apparatus of phototrophs (Gomes and Juneau, 2017) via 
various individual physiological responses. However, further experi
mental research is needed to assess the effects of simultaneous exposure 
to these two stressors (King et al., 2021). 

This study aims to assess the phytotoxic and physiological responses 
of a unicellular marine microalga to environmentally relevant concen
trations of a PSII-inhibiting herbicide and reduced light availability. 
Specifically, we test how the simultaneous acute and chronic exposures 
of varying concentrations of diuron and light intensity affect the phys
iological responses of marine diatom, Phaeodactylum tricornutum. Indi
vidual and combined effects on effective quantum yield (chlorophyll-a 
fluorescence) and growth rate (cell density) were measured over a 72- 
hour exposure period. 

2. Methods 

2.1. Microalgae isolation and culture maintenance 

The test organism P. tricornutum is a marine pennate diatom that is 
widely distributed in estuarine and coastal areas (ISO, 2016), and is 
considered to be an excellent model species for assessing physiological 
and biological endpoints (Bengtson Nash et al., 2005; Schreiber et al., 

2007). P. tricornutum (CSIRO strain CS-29) was purchased as a stock 
culture from the CSIRO Australian National Algal Culture Collection 
(ANACC, Tasmania, Australia), and cultured under axenic conditions in 
50 ml Erlenmeyer flasks. The growth medium was sterile seawater 
supplemented with f/2 nutrients and silicate (ANACC, Tasmania, 
Australia). Cultures were maintained at 20 ◦C in an incubator, following 
batch culturing methods (ISO, 2016), which included growth medium 
without aeration, continuous illumination (80 μmol photons m− 2 s− 1) 
from cool white fluorescence tubes (Sylvania Grolux, Germany) and 
shaking at 90 RPM. Culture maintenance conditions are the same as 
those used at the CSIRO Australian National Algal Culture Collection 
service prior to dispatch (i.e., 20 ◦C, 80 μmol photons m− 2 s− 1), sug
gesting that the P. tricornutum culture would be well acclimated to the 
control conditions prior to test commencement. 

Effective quantum yield (EQY) of the algae suspension was measured 
before testing to determine photochemical efficiency or ‘health’ of the 
culture. Under 80 μmol photons m− 2 s− 1, a steady state EQY of ≥ 0.5 was 
considered healthy, and that the culture was suitable for testing (Ralph 
and Gademann, 2005). 

2.2. Toxicant preparation 

Diuron (CASRN 330-54-1; analytical standard, > 95% purity) and 
methanol (HPLC-grade 99.9%) were obtained from Sigma Aldrich, New 
South Wales, Australia. In sterilised glassware, stock solutions of diuron 
were made up in methanol as the carrier solvent. Diuron concentrations 
were 1:3 serial diluted (3, 1, 0.3 and 0.1 µg l− 1) from freshly made stock 
solutions immediately prior to each test. Solvent (methanol) controls (at 
0.08%; held identical for each treatment) were included in each test. 

It is recommended that exposure concentrations are measured for 
compounds with a log Kow > 3 (Riedl and Altenburger, 2007). As diuron 
is non-volatile, water soluble (37.4 mg l− 1 at 25 ◦C; BCPC, 2012) and has 
a low octanol-water coefficient (log Kow of 2.85 at 25 ◦C; BCPC, 2012), 
adsorption or binding to test vessels is unlikely (BCPC, 2012). On this 
basis, nominal concentrations of diuron were deemed accurate for the 
chosen exposure regimes. 

2.3. Microalgae growth and calibration curve 

P. tricornutum axenic cultures showed a ~60-h lag-phase before 
entering exponential growth phase. Therefore, all algae used in the tests 
were sub-cultured 72-hours prior to test initiation to ensure cultures 
were in the exponential growth phase at test initiation. 

A calibration curve between optical density and cell density was 
established by measuring the optical density by spectrophotometric 
absorbance (at 685 nm (OD685)) and counting the number of cells (×
104) with a haemocytometer (Neubauer, Germany). This was done in 
three 72-h old cultures and growth media blanks that were 1:2 serially 
diluted ten times. A relationship between absorbance and cell density 
was established using a linear regression curve as per Eq. 1:  

Cell density (y) = 4179⋅6 × (absorbance at 685 nm) – 172⋅5 (R2 = 0.99)[1]  

2.4. Range-finding for diuron and decreased light exposure 

Range finding toxicity tests were conducted to identify concentra
tions of each stressor that were likely to cause a 0–90% effect on a 
sensitive endpoint (USEPA, 2012). For diuron, these concentrations 
were 0.4, 0.8, 1.6, 3.1, 6.3, 12.5, 25 and 50 μg l− 1, which caused an 
8–94% inhibitory EQY after a 2-h exposure period. For light, a 
decreasing gradient ranging from optimal light to complete darkness 
(80, 55, 35, 20, 5, >0.01 μmol photons m− 2 s− 1) inhibited growth 
(15–100%) after a 96-hour exposure period. 

Phototrophic species will often acclimate to changes in light before 
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growth is negatively affected at later exposure times (Dubinsky and 
Stambler, 2009); therefore, the range finding test for decreased light was 
conducted over a longer exposure period. In comparison, diuron can 
inhibit the sensitive endpoint, photosynthesis, almost immediately due 
to the direct impairment of photosystem II (Morin et al., 2018); there
fore, a 2-hour exposure was sufficient. 

The concentration/level of stressor at which an ~50% effect 
occurred was set as the highest exposure threshold, to allow for 
increased effect when combined with the other stressor. Definitive 
exposure concentrations/levels were as follows; diuron at 0.1, 0.3, 1 and 
3 μg l− 1 and decreased light at 80, 20 and < 5 μmol photons m− 2 s− 1. The 
lower diuron concentrations were within the lower to mid-range of 
maximum concentrations detected in the GBR lagoon (i.e., 0.8 μg l− 1 in 
2017–18 (Gallen et al., 2019)), and the higher concentrations were 
included to represent potential future increases in diuron concentrations 
in the GBR lagoon. The range-finding tests for light indicated that re
sponses between 80 and 20 μmol photons m− 2 s− 1 were similar, so 
including additional light levels between these would not provide 
meaningful information. 

All experiments were performed on four separate occasions (called 
‘blocks’), using independent algae cultures. Within each block, two 
replicates of algae-only control flasks were initially included at each 
light level to investigate variability. This resulted in low standard de
viation (relative to the mean) values of < 5% (EQY) and < 10% (growth 
rate) over the 72-hour exposure period. The only exception to this was 
for growth rate at 72-hours under 20 μmol photons m− 2 s− 1 where 
variation reached 19%. As space within the incubator was limited, the 
number of control flasks in subsequent blocks was therefore reduced to 
one, to prioritise a greater number of treatment levels. This gradient 
design is optimal for detecting non-linear effects of stressors (Kreyling 
et al., 2018). 

2.5. Toxicity tests 

Exposures were conducted in 50 ml Erlenmeyer glass flasks. Each 
flask contained 20 ml of growth medium and algae cells at a starting cell 
density of 1 × 104 cells ml− 1, determined using hemocytometer counts. 
Flasks were covered with permeable film (PARAFILM® sealing tape, 
Sigma Aldrich) to permit gas exchange, but minimise evaporation. 
Cultures were incubated following standard culture maintenance con
ditions (see Section 2.1) for 72-hours prior to test initiation, to ensure 
cultures were in the exponential growth phase at test initiation. 

Four blocks were tested to calculate the EQY and growth rate of 
P. tricornutum to diuron exposure and light reduction. Each test and 
control treatment were run once within each block, allowing the four 
blocks to act as four replicates. A total of 18 flasks were used per block, 
containing four diuron treatments (0.1, 0.3, 1 and 3 µg l− 1) plus a solvent 
(methanol) control (at 0.08%) and an algae control, each at three light 
levels of 5, 20 and 80 μmol photons m− 2 s− 1 (n = 72). Flasks were 
wrapped in foil to achieve two levels of reduced light coverage (from 
optimal of 80 μmol photons m− 2 s− 1). Thus, each block contained 
treatments of diuron and light, both alone and in combination (Sup
plementary material, Table S1). 

Measurements of chlorophyll-a fluorescence (effective quantum 
yield, EQY) were recorded at 0-hours (immediately before dosing), 2, 
24, 48 and 72-h after dosing while measurements of absorbance (as a 
proxy for cell density and growth) were recorded at 0, 24, 48 and 72-h 
after dosing to cover acute and chronic exposures. 

The water quality parameters of the test flasks throughout the 
exposure tests were salinity 33.5‰, temperature 20 ± 2 ◦C and pH of 8 
± 0.2. 

2.5.1. Measurements of effective quantum yield 
EQY (or photosynthetic efficiency of PSII) was determined via 

measures of variable chlorophyll-a fluorescence, which was quantified 
by measuring the amount of light re-emitted at longer wavelengths than 

the defined wavelength that the microalgae were exposed to (Maxwell 
and Johnson, 2000). Two sub-sample aliquots (300 μl) of blanks (media 
only), controls and exposed algae from each test vessel were transferred 
into clear 96-well microplates (Greiner Bio-One, Austria) and immedi
ately placed in the Maxi-Imaging-PAM (Maxi-iPAM Chlorophyll Fluo
rometer M-Series, Heinz Walz GmbH, Germany) to record chlorophyll-a 
fluorescence response (Schreiber et al., 2007). To activate and record 
chlorophyll-a fluorescence, three light intensities were emitted from the 
iPAM at 450 nm with varying light intensities: a measuring light of 1 
μmol photons m− 2 s− 1 (= 4) and modulation frequency of 8 Hz, an 
actinic light of 11 μmol photons m− 2 s− 1 (= 1) for 120 s prior to mea
surement and a saturating light of 5000 μmol photons m− 2 s− 1 applied as 
six pulses in 30 second intervals. The gain and damping were both set to 
2. 

The ImagingWinGigE software program (v2.45b; Walz GmbH) was 
used to obtain maximum (Fm′) and minimum (F) chlorophyll-a fluo
rescence parameters of each individual well (sample) in the 96-well 
plate. Actinic light was switched on, followed by a saturating pulse, 
upon which F and Fm′ were recorded. The recording of Fm′ and F 
continued every 30 ss until steady-state chlorophyll-a fluorescence was 
reached (within 2 min). The data of the last five saturating pulse mea
surements were averaged once steady-state chlorophyll-a fluorescence 
was reached. 

The effective quantum yield (EQY) for each well (sample) was 
calculated according to Eq. 2: 

EQY =
Fm′

− F
Fm′

[2] 

EQY-values were averaged across the two sub-samples. To correct for 
any temporal drift in the EQY-values of the controls, the test EQY-values 
were expressed as a percentage of the control at the same point in time, 
calculated according to Eq. 3: 

EQY (%) as a percentage of the controls =
EQYtest

EQYcontrol
× 100 [3] 

Calculating EQY as a percentage of the controls allowed plotting of 
stressor response curves, where values less than and greater than 100% 
indicate inhibition and increased EQY relative to the controls, 
respectively. 

2.5.2. Measurements of growth rate 
Cell density was determined via measures of spectrophotometric 

absorbance at 685 nm (OD685). At each time point, two sub-sample al
iquots (100 μl) of blanks, controls and exposed algae from each test flask 
were transferred into clear 96-well microplates (Greiner Bio-One, 
Austria) and immediately placed in the Tecan Spark® multimode 
microplate reader (Tecan, Männedorf, Swizerland) to measure absor
bance. All absorbance measurements were converted to cell density 
using Eq. 1, and the average (cell density) of the two sub-samples (from 
each flask) was used in the following growth calculations. 

The average specific growth rate (μ) for each test (flask) was 
expressed as the logarithmic change in cell density over time, and was 
calculated using the time of the test start (t0), the time of the test 
termination (tL), the initial cell density (N0) and the measured cell 
density at time tL (NL) (Eq. 4). 

μ =

(
lnNL − lnN0

tL − t0

)

[4] 

μ -values were averaged across the two sub-samples. As some test 
results had greater μ-values than the controls, test values were expressed 
as a percentage of the control, and calculated using Eq. 5: 

Growth rate (%) as a percentage of the controls =
μtest

μcontrol
× 100 [5] 

Calculating growth rate as a percentage of the controls allowed 
plotting of stressor response curves, where values less than and greater 
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than 100% indicate inhibition and stimulation relative to the controls, 
respectively. Negative values were rare, but occurred when growth in 
the test was negative. 

2.6. Statistical analysis 

Standard stressor-response curves and column graphs, both with 
standard error of the mean (SEM) bars, were plotted using a four- 
parameter sigmoid regression model in GraphPad Prism 8 (version 
8.4.3). Two-sample t-tests were used to determine significant differences 
in column graphs, with the difference considered significant when 
p ≤ 0.05. 

Effect concentration (ECx) values were determined by non-linear 
regression of the stressor-response curves using the least squares 
method within the ‘ECanything’ function. Diuron concentrations (μg 
l− 1) that affect EQY and growth rate by 10% (EC10) and 20% (EC20) 
with 95% confidence intervals at each light level were calculated for 2, 
24, 48 and 72-h exposures. 

Predicted versus observed values were then used to identify expected 
interaction types between diuron and reduced light. The predicted (or 
additive) value was calculated using the Independent Action (IA) 
mathematical model of joint action (Eq. 6) (Bliss, 1939), where RA and 
RB are the individual responses (%) of stressor A and B, respectively.  

Predicted (additive) value = 1 – (1 – RA) × (1 – RB)                            [6] 

This predictive model is commonly used in ecotoxicology to estimate 
the environmental impact of multiple stressors that act on different 
target sites within an organism. The observed value was the measured 
combined response (%) from the toxicity tests. The expected interaction 
type (i.e., antagonistic, additive or synergistic) for each treatment 
combination was calculated by subtracting the predicted (additive) 
value (%) from the observed value (%). When the observed response was 
greater than the predicted value (i.e., 150% and 110%, respectively), the 
algae were doing ‘better’ than the controls, and therefore an antago
nistic interaction occurred. In contrast, when the observed response was 
less than the predicted value (i.e., 70% and 10%, respectively), the algae 
were doing ‘worse’ than the controls and therefore a synergistic inter
action occurred. When the observed value was equal to the predicted 
value, the algae were considered to be no different to the controls and 
thus were response additive (consistent with Independent Action). 

The individual effects of diuron and reduced light with exposure 
duration, on EQY and growth rate inhibition were tested using linear 
mixed effects models with the R statistical software package, “lmer”. The 
combined effects of diuron and reduced light on EQY and growth rate 
were tested by fitting generalised additive mixed models (GAMMs) with 
the R statistical software package, “mgcv”. Significance was set at the 
5% level for all tests (α = 0.05). 

3. Results and discussion 

3.1. Validity of the tests 

The cell density of all controls increased by at least 16-fold in 72-h 
(data not shown), and flasks were continuously shaken during the test 
to minimise variations in pH, successfully meeting the required test 
validity criteria for algae growth inhibition (ISO, 2016). No interna
tionally recognised standard method was available to test validity con
ditions for the chlorophyll-a fluorescence endpoint. However, prior to 
testing (t = 0), the EQY of all algae suspension was ≥ 0.5. All control 
EQY values for each time point are provided in Supplementary Material, 
Table S2. 

The mean coefficient of variation (standard deviation relative to the 
mean) values of EQY and growth rate responses during the whole test 
period in replicate control treatments did not exceed 20%, which is 
within the 35% stipulated by OECD (2011). Similarly, solvent 

(methanol) controls did not exceed 20% effect (either positively or 
negatively), except for two growth values where variation reached 76% 
relative to the controls (i.e., 24% growth inhibition) and 185% relative 
to the controls (i.e., 85% growth stimulation) at 72-hours under 80 μmol 
photons m− 2 s− 1 and at 48-hours under 5 μmol photons m− 2 s− 1, 
respectively. 

In some instances, the data were deemed to be invalid for inclusion in 
the analysis. Growth rate data from block 1 (replicate 1) was excluded 
due to an error with the plate-reader. The 24-h growth rate measure
ments were highly variable showing both increased and decreased 
growth rates relative to the controls. This is likely to be due to cell 
density still being too low at 24-h because higher cell density increases 
precision, a response lag-phase, stimulated growth as a final mechanism 
for survival, or biological reasons such as short-term utilisation of the 
stressor for nutrient purposes. 

3.2. Exposure to diuron alone 

3.2.1. Effects on effective quantum yield 
The four-parameter sigmoidal regression curve demonstrated a 

typical stressor-response relationships between diuron and EQY 
(Fig. 1A). There was a significant interaction between diuron and 
exposure duration on EQY (χ2 = 126.7, df = 25, p = 1.46 × 10− 15). 
Relative to the controls, EQY was most impacted after 2-hours of 
exposure to 3 μg l− 1 of diuron with a mean ± SEM of 48 ± 2.1% (R2 =

0.97), compared to 61 ± 3.5% (R2 = 0.46), 67 ± 3.0% (R2 = 0.85) and 
68 ± 3.0% (R2 = 0.85) after 24, 48 and 72-h, respectively (Fig. 1A). 
Reduced EQY at 2-h may indicate a specific effect on the algae, namely 
PSII-inhibition, or that maximum cellular uptake hadn’t yet occurred; 
while, later readings indicate delayed phytotoxicity, and includes both 
specific and non-specific effects (Escher et al., 2008). 

It was observed that EQY decreased when algae were exposed to 
increasing diuron concentrations. This study determined 2-h EC10 and 
EC20 (EQY, inhibition) values of 0.50 and 0.96 μg l− 1 diuron, respec
tively (Table 1). The EC10 value fell within the lower range of previously 
published EC10 (photosynthetic efficiency) values for P. tricornutum after 
acute exposures to diuron; 2-h EC10 value of 0.80 μg l− 1 (Muller et al., 
2008) and 4-h EC10 value of 0.42 μg l− 1 (Magnusson et al., 2010). There 
were no available diuron EC20 toxicity values available in the literature 
for P. tricornutum exposed to diuron. However, the EC20 value deter
mined in this study was less than previously reported acute toxicity 
values of diuron to P. tricornutum: 2-h EC50 (photosynthetic efficiency) of 
18 μg l− 1 (Muller et al., 2008), 4-h EC50 (photosynthetic efficiency) of 
2.7 μg l− 1 (Magnusson et al., 2010), 4.5-h EC50 (photosynthetic effi
ciency) of 1.8 μg l− 1 (Sjollema et al., 2014a) and an IC50 (undefined 
acute exposure, photosynthetic efficiency) of 3.3 μg l− 1 (Schreiber et al., 
2002). 

Finally, a decrease in EQY (suggesting improved photosynthetic ef
ficiency) over time was observed for diuron exposed diatoms. This 
decrease may be attributed to factors such as; low starting densities of 
the algae (i.e. 1 × 104 cells ml− 1, as per the ISO, 2016 methodology), 
where the decrease in EQY over time might be less visible if using higher 
starting densities of algae; or, algae recovery may begin to occur over 
time as the impacts of diuron on EQY occur rapidly. Previous studies 
have reported faster recovery of chlorophyll fluorescence when marine 
benthic diatoms are exposed to lower concentrations of diuron over 
longer time periods (Du et al., 2021). Similarly, the EQY of di
noflagellates recovered to control levels after chronic exposure to their 
lowest tested concentration of diuron (1 μg l− 1) (Howe et al., 2017). 

3.2.2. Effects on growth rate 
There was no significant interaction between diuron and exposure 

duration on growth rate (χ2 = 3.938, df = 16, p = 0.999). Compared to 
the controls, growth inhibition was observed for only one test condition, 
90 ± 7% (mean ± SEM) observed at 0.11 μg l− 1 of diuron after 48-h 
(Fig. 1B). The remaining mean values for the diuron only exposures 
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ranged from 100% to 122% suggesting a slight increase in growth (i.e., 
> 100%). However, in all but two cases (i.e., 0.11 μg l− 1 and 3 μg l− 1 of 
diuron at 48-h) the SEMs overlapped to less than and greater than 100%, 
respectively, suggesting minimal or no change in growth relative to the 
controls for most treatments (Fig. 1B). The subtle increase of growth 
observed at these diuron concentrations was likely due to hormesis, 
which is an adaptive response characterised by low-dose stimulation and 
high-dose inhibition (Calabrese and Baldwin, 2003). Hormesis is either 
directly induced, or the result of compensatory biological processes 
(Calabrese and Baldwin, 2002), and has been previously documented in 

aquatic phototrophs when exposed to sub-lethal concentrations of pes
ticides (Cedergreen et al., 2005, 2007). 

These results suggest that diuron at concentrations of up to 3 μg l− 1 

did not stimulate nor inhibit the growth (within 20% of the controls) of 
P. tricornutum after 48- or 72-h. A poor fit of the four-parameter 
sigmoidal regression model to the growth inhibition data (R2 = ≤

0.01 for 48 and 72-h) prevented typical stressor-response relationships 
from being obtained. Thus, ECx values were not able to be accurately 
calculated for growth inhibition. 

Previous studies reported the growth of P. tricornutum to be nega
tively affected at higher diuron concentrations and longer exposure 
periods than were used in the present study. For P. tricornutum, USEPA 
(2015) reported a 10-day EC50 (growth, biomass) value of 10 μg l− 1 

diuron while Clarkson et al. (1998) reported 3-day and 7-day EC50 
(growth) values of 20.98 and 77 μg l− 1 diuron, respectively. This sug
gests that in order to have observed inhibition of P. tricornutum growth 
after 72-h of exposure, test concentrations need to be within range of 
~20 μg l− 1 diuron. However, all diuron concentrations in this study 
were intentionally kept low (≤ 50% effect) to allow for increased effect 
(≥ 50%) when combined with reduced light availability in combined 
stressor tests. 

3.3. Exposure to reduced light alone 

3.3.1. Effects on effective quantum yield 
There was a significant interaction between light and exposure 

duration on EQY (χ2 = 76.63, df = 10, p = 2.29 × 10− 12). Relative to the 
controls, light alone significantly increased EQY (i.e., all treatments 
were > 100%; p ≤ 0.05) of P. tricornutum after 72-hours of exposure at 
the light intensities used (Fig. 2 A). Relative to the controls, EQY was 
highest at the lowest light level (5 μmol photons m− 2 s− 1) reaching a 
mean ± SEM of 157 ± 5.6% (R2 = 0.88) at 48-hours of exposure 
(Fig. 2A). The EQY of the algae treatments remained ≥ 0.5 throughout 
the tests, whilst the controls (80 μmol photons m− 2 s− 1) dropped below 
0.5 (i.e., lowest of 0.3) (Supplementary material, Table S 2). 

Under light limiting conditions, there is a reduction of captured 
photons, which ultimately leads to a reduction in electron transport 
(Ralph and Gademann, 2005). When this occurs, the rate of light har
vesting meets the rate of electron transport, thus reducing emitted 
fluorescence and increasing the observed effective and maximum 
quantum yields of PSII (Ralph et al., 2007a). Additionally, chlorophyll 
content that is responsible for harvesting light will generally increase 
after exposure to low light levels (Zhu et al., 2017), in an attempt to 

Fig. 1. Stressor response curves of the mean ( ± SEM) for the effective quantum yield (A; n = 4) and growth rate (B; n = 3) of P. tricornutum expressed as a per
centage of the controls, when exposed to a range of diuron concentrations. Responses (%) have been expressed as a percentage of the control (dashed line) so that the 
controls equal 100%, and values less than and greater than 100% indicate decreased and increased EQY/growth, respectively (e.g., 90% and 120% values on the y- 
axis are equivalent to 10% reduction of photosynthetic efficiency/growth and 20% increase of photosynthetic efficiency/growth relative to the controls, respec
tively). Stressor-response curves could not be fitted to the growth rate data (R2 = ≤ 0.01 for 48 and 72-hours). 

Table 1 
ECx values of diuron concentrations (μg l− 1) that decrease EQY and growth rate 
by 10% (EC10) and 20% (EC20) with 95% confidence intervals in parentheses at 
each light level (μmol photons m− 2 s− 1) at various exposure times. R2 values 
explain the variance around the four-parameter sigmoid regression model fitted 
values. Growth was not reached for 80 and 20 μmol photons m− 2 s− 1 after 48 and 
72-h, thus denoted by NR to indicate no relationship as the model could not fit 
the data. An asterisk indicates the upper and/or lower confidence intervals could 
not be defined.  

Exposure 
time (hours) 

Light level 
(μmol 
photons 
m¡2 s¡1) 

EC10 (95% CI) EC20 (95% CI) R2 

Effective quantum yield 
Acute  2 80 – control 0.50 (0.27–0.78) 0.96 (0.62–1.3)  0.97 

20 0.65 (0.44–0.88) 1.1 (0.87–1.4)  0.98 
5 0.62 (0.32–0.98) 1.1 (0.73–1.5)  0.96  

24 80 – control 0.50* 1.4 (*–7.0)  0.46  
20 0.16* 0.55 (*–3.0) 0.56  

5 0.72* 1.3* 0.56 
Chronic  48 80 – control 0.46 

(2.0 × 10− 7–1.3) 
1.3 
(5.4 × − 3–2.4)  

0.85 

20 0.36 
(2.5 × 10− 7–1.2) 

1.1 
(2.3 × 10− 5–2.2)  

0.82 

5 0.72 (0.15–1.5) 1.4 (0.54–2.1)  0.88  
72 80 – control 0.15 (*–1.1) 0.72 (*–2.3)  0.85  

20 0.96 (0.12–1.9) 2.0 (0.62–2.8) 0.85  
5 0.70 (0.05–1.6) 1.5 (0.29–2.3) 0.87 

Growth rate 
Chronic  48 80 – control NR NR  0.01 

20 NR NR  -1.6 
5 0.30 (0.02–1.1) 0.46 (0.07–1.3)  0.62  

72 80 – control NR NR  -0.13  
20 NR NR -0.75  

5 1.6 (0.16–*) 1.8 (0.39–*) 0.55  
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compensate for any reduced photosynthetic yield (Boardman, 1977). 
Therefore, it is common for total chlorophyll content and quantum yield 
(effective and maximum) to increase within hours to days of algae being 
subjected to low light stress (Ralph, 1999; Ralph et al., 2007a; Dubinsky 
and Stambler, 2009; Li et al., 2014; Negri et al., 2015; Zhu et al., 2017). 
To more accurately assess the impacts of reduced light, it would be 

beneficial to measure pigment and chlorophyll content in addition to 
EQY. 

3.3.2. Effects on growth rate 
There was a significant interaction between light and exposure 

duration on growth rate (χ2 = 17.784, df = 8, p = 0.023). Growth was 
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Fig. 2. Mean ( ± SEM) for the effective quantum yield (A; n = 4) and growth rate (B; n = 3) of P. tricornutum expressed as a percentage of the controls, when exposed 
to decreased light (from optimal). Responses (%) have been expressed as a percentage of the control (dashed line) so that the controls equal 100%, and values less 
than and greater than 100% indicate decreased and increased EQY/growth, respectively (e.g., 90% and 120% values on the y-axis are equivalent to 10% reduction of 
photosynthetic efficiency/growth and 20% increase of photosynthetic efficiency/growth relative to the controls, respectively). Asterisk (*) indicates value signifi
cantly different from the 80 μmol photons m− 2 s− 1 controls at each respective time point (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001). 

Fig. 3. Stressor response curves of the mean ( ± SEM) for the effective quantum yield (n = 4) of P. tricornutum expressed as a percentage of the controls, when 
exposed to a range of diuron concentrations at three light levels after 2-h (A), 24-h (B), 48-h (C) and 72-h (D). Responses (%) have been expressed as a percentage of 
the control (dashed line) so that the controls equal 100%, and values less than and greater than 100% indicate decreased and increased EQY, respectively (e.g., 90% 
and 120% values on the y-axis are equivalent to 10% reduction of photosynthetic efficiency and 20% increase of photosynthetic efficiency relative to the controls, 
respectively). 
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most inhibited (however not significant, p = 0.128) after 48-h of expo
sure to 5 μmol photons m− 2 s− 1, with a mean ± SEM of 50 ± 19% 
relative to the controls. At the same low light level, the longer exposure 
(72-h) was very similar to the controls with a mean ± SEM of 98 ± 0.8% 
(Fig. 2B). Only one treatment (20 μmol photons m− 2 s− 1 at 48-h) slightly 
facilitated growth, with a mean ± SEM of 110 ± 12% (Fig. 2B). 

Low-light stress may cause growth inhibition by reducing photon 
capture for photosynthetic processes and/or by amplifying the produc
tion of reactive oxygen species (ROS). However, chronic exposure to low 
light stress increases ROS-scavenging enzymes, which maintain and/or 
reduce ROS to normal concentrations (Barros et al., 2003; Wang et al., 
2018). Thus, growth inhibition from low light stress is likely to be driven 
by plant starvation via reduced photosynthesis, rather than the presence 
of ROS (Negri et al., 2015). 

3.4. Simultaneous exposure to diuron and reduced light 

The simultaneous exposure of P. tricornutum to diuron and reduced 
light had less impact on EQY than diuron alone (under optimal light) at 
all exposure durations (2–72-h), but more of an impact on EQY than 
light alone at 2, 48 and 72-h (Fig. 1A, 2A and 3). For EQY, there was a 
significant interactive effect between diuron and all light levels (F =
38.7, df = 2, p ≤ 0.001, F = 86.9, df = 1, p ≤ 0.001; and, F = 88.9, df = 1, 
p ≤ 0.001, for 80, 20 and 5 μmol photons m− 2 s− 1, respectively). When 
exposed to all concentrations of diuron (0.1–3 μg l− 1) under the lowest 
light intensity (5 μmol photons m− 2 s− 1), EQY typically increased with 
increased exposure duration (Fig. 3). For example, exposure to 3 μg l− 1 

diuron and 5 μmol photons m− 2 s− 1 increased EQY by 52 ± 3.5%, 82 
± 6.1%, 101 ± 6.1% and 99 ± 6.2% relative to the controls, at 2, 24, 48 
and 72-hours, respectively (Fig. 3). Thus, EQY was halved after 2-hours 
of exposure, but then no different to the controls after 48 and 72-hours of 
exposure. 

Effect concentration values (EC10 and EC20) for EQY were calculated 
for diuron exposure under all light levels (80 – 5 μmol photons m− 2 s− 1) 
at 2, 24, 48 and 72-h (Table 1). Typically, EC10 and EC20 (EQY) values 
increased with decreasing light from 80 to 5 μmol photons m− 2 s− 1 at 
each time point, suggesting that low light decreases the sensitivity of 
P. tricornutum to diuron. Trends in ECx values with decreasing light are 
unlikely to be biologically meaningful at 2 and 24-h as microalgae will 
generally take ≤ 24-h to acclimate to low light stress before directly 
impacting EQY. 

Growth was only significantly affected by diuron concentrations at 
the lowest light level (5 μmol photons m− 2 s− 1) (F = 7.769, df = 1, 

p = 0.006); while, non-significant effects occurred between diuron and 
growth at the 80 and 20 μmol photons m− 2 s− 1 light levels (F = 0.000, df 
= 1, p = 0.983; and, F = 0.099, df = 1, p = 0.753, respectively). Relative 
to the controls, growth was not inhibited for any combination of diuron 
and the 80 or 20 μmol photons m− 2 s− 1 light over 72-h (Fig. 4). How
ever, growth inhibition increased with increased diuron concentrations 
when simultaneously exposed to 5 μmol photons m− 2 s− 1. Increasing the 
duration of the exposure to diuron and 5 μmol photons m− 2 s− 1 led to 
decreased growth inhibition relative to the controls. 

EC10 and EC20 (growth rate) values could not be calculated at 80 
(optimal) and 20 μmol photons m− 2 s− 1 light availability as stressor- 
response relationships were not observed (Table 1). As a result, best- 
fit values should be interpreted with caution. No EC10 or EC20 (growth 
rate) values were available in the literature for diuron exposure to 
P. tricornutum under optimal or reduced light availability. At the lowest 
light treatment (5 μmol photons m− 2 s− 1), ECx estimates were 0.30 and 
0.46 μg l− 1 at 48-h and 1.6 and 1.8 μg l− 1 at 72-h for the EC10 and EC20 
values, respectively (Table 1). To the authors knowledge, there are no 
studies that have reported the inhibition of growth from combined 
diuron exposure and low light stress on P. tricornutum. 

3.4.1. Estimated interaction types between diuron and reduced light 
The change in EQY that was observed over the 72-h exposure period 

(Fig. 3) is similar to the trend observed in Fig. 2, where reduced light 
alone had the largest increase in EQY at 48 and 72-h, and a smaller 
increase in EQY at 2-hours. Thus, it is evident that light reduction is 
having a marked effect on EQY. In order to then identify what contri
bution diuron is having on EQY when combined with reduced light, 
predicted values were calculated based on the Independent Action 
model (see Section 2.6) and compared to observed values (Supplemen
tary Material, Table S 3). 

For EQY, synergistic, antagonistic and response additive effects 
occurred for 50%, 47% and 2% of treatments, respectively (Supple
mentary Material, Table S 3). The strongest estimated antagonistic in
teractions occurred at the lower diuron concentrations (0.11–1 μg l− 1) 
under the lowest light level (5 μmol photons m− 2 s− 1) at 24 and 48-h, but 
only in the 5 μmol photons m− 2 s− 1 light level at 72-h (Fig. 5A). The 
strongest estimated synergistic interactions occurred at the highest 
diuron concentration (3 μg l− 1) for both reduced light levels (20 and 5 
μmol photons m− 2 s− 1) at 2, 24, 48 and 72-h (Fig. 5A). In addition, 
synergies occurred for all diuron concentrations (0.1–3 μg l− 1) at 20 
μmol photons m− 2 s− 1 for the 72-h exposures only (Fig. 5A). 

For growth rate (Fig. 5B), estimated antagonistic interactions were 

Fig. 4. Stressor response curves of the mean ( ± SEM) for growth rate (n = 3) of P. tricornutum expressed as a percentage of the controls, when exposed to a range of 
diuron concentrations at three light levels after 48-h (A) and 72-h (B). Responses (%) have been expressed as a percentage of the control (dashed line) so that the 
controls equal 100%, and values less than and greater than 100% indicate decreased and increased growth, respectively (e.g., 90% and 120% values on the y-axis are 
equivalent to 10% reduction of growth and 20% increase of growth relative to the controls, respectively). Stressor-response curves could not be fitted to the growth 
rate data at 80 and 20 μmol photons m− 2 s− 1 light level (R2 = < 0.5 for 48 and 72-hours). 
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more common than estimated synergistic interactions (63% and 37%, 
respectively). The synergies occurred only at the lowest light level (5 
μmol photons m− 2 s− 1) with 0.3–3 μg l− 1 of diuron at 48 and 72-h. All 
other treatment combinations for growth rate were estimated to be 
antagonisms. 

The strongest synergy for growth rate (− 106%) was at 48-h when 
3 μg l− 1 diuron was combined with 5 μmol photons m− 2 s− 1 (Fig. 5B). 
Here, growth rate was most inhibited with a mean ± SEM of − 0.8 
± 32% relative to the controls (i.e., ~100% inhibition or completely 
inhibited) (Fig. 4). At this same time point, EQY was also synergistic 
(− 18%) (Fig. 5A); however, this resulted in increased EQY by 1.3 
± 6.1% (which equates to 101.3% relative to the controls) (Fig. 3C). 

Individually, these results suggest that EQY decreases from diuron 
exposure but increases from decreased light availability; while growth is 
relatively unaffected by the diuron concentrations used here but 
inhibited by low light. We surmise that in combination, the increased 
EQY effects from low light mitigate the decreased EQY effects from 
diuron, meaning that P. tricornutum benefits from low light conditions 
when exposed to diuron concentrations (Fig. 5A and B). However, there 
is a tipping point when exposed to 5 μmol photons m− 2 s− 1 of light and 
3 μg l− 1 of diuron as EQY no longer increases and growth is heavily 
inhibited (Fig. 5A and B). 

The data suggest that exposure to a combination of diuron and low 
light availability heavily impacts the ability of P. tricornutum to harvest 
photons. Available photons are limited under low light conditions, 
limiting photosynthetic efficiency. Here, it is surmised that the higher 

the diuron concentration, the more plastoquinone (electron carrier) 
molecules will be blocked (i.e., preventing majority, or all, of photons 
from passing through the ETC); whereas lower diuron concentrations 
may allow for a portion of plastoquinone molecules to remain 
unblocked, which would still allow for some electron flow. 

These results suggest that the greatest combined negative impact of 
diuron and light limitation on EQY and growth rate occurred between 48 
and 72-h of exposure. However, it should be noted that the maximum 
exposure duration was 72-h, so the effects of longer exposures are not 
known. This timeframe is relevant to GBR flood plume dispersion, where 
diuron concentrations and suspended sediment concentrations are at 
their highest before dilution and dispersion with marine waters (Brodie 
et al., 2010; Devlin et al., 2012). Thus, the results of this study indicate 
that the combined impact of diuron and light limitation on phototrophs 
is likely to be the greatest within the first two to three days of a 
flood-event. Toxicity tests with longer exposure periods (e.g., 5–7 days) 
are required to confirm this. 

3.4.2. Processes driving impact following simultaneous exposure to diuron 
and reduced light 

Exposure of P. tricornutum to diuron alone reduced EQY by up to 48% 
relative to the controls, despite not inhibiting growth (<20%) (Fig. 1). In 
contrast, low light inhibited growth rate by up to 51%, but increased 
EQY by up to 157% relative to the controls (Fig. 2). 

Following exposure to diuron, EQY responses were detected almost 
instantaneously at 0.3-h (data not shown) and 2-h. However, growth and 

Fig. 5. Estimated types of joint action for four diuron concentrations (0.1–3 μg l− 1) under two reduced light scenarios of 20 μmol photons m− 2 s− 1 (grey) and 5 μmol 
photons m− 2 s− 1 (black) on the effective quantum yield (A) and growth rate (B) over 72-h. Positive and negative responses (%) indicate the strength of antagonistic 
and synergistic interactions between stressors, respectively. ND indicates no data. 
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other cytotoxic responses (i.e., cell damage or mortality), which are 
more so cumulative measurements that reflect other underlying physi
ological processes, typically occurred after 12–24-h. At 24-h of simul
taneous exposure of P. tricornutum to diuron and low light, diuron 
appeared to be the dominant stressor driving changes to EQY (Fig. 3A), 
as the different light intensities decreased EQY to similar levels. How
ever after 24-h, it appeared that the compensatory effects of reduced 
light (i.e., increased EQY and/or regulated ROS concentrations) began 
to occur (as indicated by lower light exposures), leading to increased 
EQY (i.e., greater photosynthetic efficiency) at these longer exposure 
periods (Fig. 3B, C, D). 

In contrast, low light intensity was the dominant stressor driving 
stimulation of growth rate (Fig. 4), as diuron concentrations were too 
low to trigger growth inhibition over the 72-hour exposure period 
(Fig. 1B). High variability in growth rate data was observed at 24-h (data 
not shown); however, clear trends of growth inhibition were observed at 
48 and 72-h when P. tricornutum was simultaneously exposed to diuron 
and reduced light (Fig. 4). At 48-hours, reduced light alone caused a 
maximum growth inhibition value of 51 ± 19% (mean ± SEM) relative 
to the controls (Fig. 2A); though when paired with the highest tested 
diuron concentration of 3 µg l− 1, growth rate dropped further to − 1 
± 32% relative to the controls, which equates to a total of 101 ± 32% 
growth inhibition (Fig. 4B). Interestingly, at 72-hours reduced light 
alone did not affect growth rate (98 ± 0.8%) relative to the controls, 
until paired with 3 µg l− 1 of diuron, where growth rate decreased to 20 
± 39% (mean ± SEM) relative to the controls (Fig. 4). As a result, the 
combined effects on EQY and growth rate were exacerbated when 
P. tricornutum was simultaneously exposed to high diuron (≥ 3 µg l− 1) 
and low light availability (5 μmol photons m− 2 s− 1). 

These findings suggest that multiple physiological responses in ma
rine diatoms can be simultaneously impacted by PSII-inhibiting herbi
cides and low light. For example, low light increases chlorophyll content 
(aiding photosynthesis and growth) (Boardman, 1977), whilst diuron 
simultaneously reduces photosynthetic efficiency (via decreased EQY), 
but increases intracellular ROS concentrations and hence, hinders 
growth (Ahrens, 1994; King et al., 2021). These results highlight the 
importance of measuring; multiple physiological responses across 
different levels of biological organisation (i.e., physiological and 
whole-organism effects), and, both acute and chronic exposure dura
tions (i.e., up to and greater than 3-days) (George et al., 2014; Ferreira 
et al., 2016) to accurately quantify the combined impacts of diuron and 
reduced light on photosynthetic organisms. 

Although pesticide concentrations can be relatively high in some 
freshwater catchments, these concentrations become increasingly dilute 
as river waters mix with inshore marine waters (Lewis et al., 2009). In 
the most recent pesticide monitoring data for the inshore portion of the 
GBR lagoon, diuron was the most frequently detected PSII-inhibiting 
herbicide (detected in 88% of passive samplers in 2017–18 and >
90% in 2018–19), closely followed by atrazine and hexazinone (Gallen 
et al., 2019; Thai et al., 2020). The maximum detected concentrations of 
diuron in the GBR lagoon were 0.8 and 0.3 μg l− 1 in 2017–18 and 
2018–19, respectively (Gallen et al., 2019; Thai et al., 2020), which fall 
within the range of diuron concentrations used for exposure tests in the 
present study (0.1–3 μg l− 1). In Australia, the proposed default guideline 
value (ecosystem protection) to protect 99% of marine species from 
harmful effects of diuron is 0.43 μg l− 1 (King et al., 2017). The 99% 
protection value is recommended for use in high conservation value 
systems such as the GBR (Warne et al., 2018). The measured maximum 
environmental concentrations of 0.3 and 0.8 μg l− 1 of diuron (Gallen 
et al., 2019; Thai et al., 2020) correspond to affecting < 1 to ~10% of 
marine species. Thus, posing a very low to moderate risk to aquatic 
organisms (Warne et al., 2020a). The present study highlighted that the 
overall risk (from combined EQY and growth rate effects) of these 
environmentally relevant diuron concentrations may be worsened under 
reduced light availability (Fig. 4). Despite inshore PSII-inhibiting her
bicide concentrations generally being low (Gallen et al., 2019; Thai 

et al., 2020), it is important to understand their combined and/or 
interactive effects with other pesticides (Spilsbury et al., 2020; Warne 
et al., 2020b), as well as non-chemical stressors such as light (Sjollema 
et al., 2014b), nutrients and sediments (Waterhouse et al., 2017), 
elevated sea surface temperature (Negri et al., 2020) and ocean acidi
fication (Flores et al., 2021). In doing so, more rigorous and realistic 
ecotoxicological risk characterisations can be developed for the imple
mentation of environmental management. 

4. Conclusions 

This study found that reduced light negatively affects the phytotox
icity of diuron to the diatom, P. tricornutum. In addition, it highlights; 1) 
the importance of measuring effects after various exposure periods to 
identify when physiological responses occur over time; and, 2) the 
importance of measuring endpoints across different levels of biological 
organisation (i.e., physiological and whole-organism). Measuring 
various endpoints can reflect the numerous modes of action being 
impacted by the specific stressors. In doing so, a more accurate repre
sentation of the combined net effects can be quantified. These results 
indicate that reducing suspended sediment and diuron concentrations in 
marine waters can decrease harmful effects on P. tricornutum. It is 
plausible that these findings would apply to other PSII-inhibiting her
bicides, other diatoms and potentially to other photosynthetic 
organisms. 
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