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A B S T R A C T

Multiple anthropogenic stressors degrade ecosystems globally. A key knowledge gap in multiple stressor research 
is how variability in stressor intensity (i.e., fluctuations) and synchronicity (i.e., timing of fluctuations) affect 
biological responses, and the mechanisms underpinning responses. We evaluated the mechanistic effects of 
reduced light and herbicide contamination on seagrass, and determined how variations in stressor intensity and 
synchronicity influence the underlying mechanisms of responses. We used structural causal modelling and 
structural equation modelling to elucidate direct and mediating effects. Out-of-phase introduction (i.e., asyn
chronous fluctuations) altered the mechanistic pathways of how stressors affect seagrass relative to static 
stressors, and resulted in the greatest biomass loss (under the most intense stressor combination, ~50 % 
reduction). Therefore, previous experiments that predominantly test only static stressor intensities might un
derestimate detrimental impacts in nature. Future experiments should explore mechanistic effects across realistic 
stressor intensities and synchronicities to improve our understanding and management of multiple stressors.

1. Introduction

Multiple stressors are ubiquitous in the environment and can degrade 
ecosystem structure and function, ultimately contributing to global de
clines in vital habitat (Millennium Ecosystem Assessment, 2005; Geld
mann et al., 2014; Halpern et al., 2019). The management of stressor 
impacts is urgently needed, but because stressors can interact in com
plex ways and result in ‘ecological surprises’ (i.e., antagonisms and 
synergisms), accurately predicting stressor impacts on ecosystems re
mains challenging (Paine et al., 1998; Crain et al., 2008; Côté et al., 
2016). Further, ecosystems are highly dynamic and environmental 
conditions are in a constant state of change across spatiotemporal scales 
(e.g., tidal fluctuations, precipitation patterns; Seddon et al., 2016, 
Sousa et al., 2017, Xu et al., 2020), which can influence the intensity (i. 
e., fluctuations) and synchronicity (i.e., timing of fluctuations) of 
stressors (Gunderson et al., 2016). By gaining a better understanding of 
how these processes and dynamisms affect biological responses, and the 
underlying mechanisms driving outcomes, more effective management 
strategies can be developed (Griffen et al., 2016; Pirotta et al., 2022; 
Ostrowski et al., 2023).

Incorporating stressor dynamics in multiple stressor research can 
influence experimental conclusions (Gunderson et al., 2016; Jackson 
et al., 2021; Ostrowski et al., 2022). Experiments and theoretical 
models, for instance, have shown that stressor interactions and impacts 
can be influenced by how stressors are applied to the system (Ostrowski 
et al., 2022), their intensity (King et al., 2022b), and the study duration 
(Turschwell et al., 2022). For example, exposure to static stressors 
increased coral sensitivity to heat and light stress relative to fluctuating 
stressors (Ross et al., 2022). Fluctuating pH levels, however, amplified 
the negative effects of ocean acidification on marine macroalgae relative 
to static levels (Wei et al., 2023). Despite this, multiple stressor exper
iments rarely consider changes in stressor intensity and synchronicity, 
and instead apply stressors under static (i.e., constant) conditions 
(Gunderson et al., 2016; Ostrowski et al., 2021). These designs that 
exclude variations in stressor intensity and synchronicity may provide 
misleading information regarding impacts to real-world ecosystems.

Seagrass ecosystems are declining in extent, with 19.1 % lost globally 
since 1880 (Dunic et al., 2021). Poor water quality and pollution are 
among the greatest threats to seagrasses (de los Santos et al., 2019; 
Turschwell et al., 2021). For example, herbicide contamination and low 
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light availability can adversely impact seagrass growth and physiology, 
and often co-occur in coastal ecosystems (Negri et al., 2015; Statton 
et al., 2018; King et al., 2021). Herbicides enter waterways from land- 
based runoff and are easily transported from catchments to estuaries 
(Polidoro et al., 2017). Physical disturbance to the seabed (e.g., 
dredging) and increased sedimentation rates from erosion, flooding, and 
land use changes increase turbidity in coastal waters, limiting light 
availability to seagrass (Waterhouse et al., 2017). While the effect of 
light limitation and herbicide contamination on seagrasses have been 
extensively studied in isolation (Roca et al., 2016; Mayer-Pinto et al., 
2020), their combined effects have not been evaluated, despite the 
likelihood that these stressors co-occur in nature (King et al., 2021; 
Ostrowski et al., 2021).

In addition to testing ultimate impacts of multiple stressors (e.g., 
seagrass mortality), evaluating the underlying mechanisms by which 
stressors affect biological responses can improve predictions of multiple 
stressor effects to alternative stressors or study systems, where similar 
mechanisms are driving responses, ultimately leading to more effective 
ecosystem management (Schäfer and Piggott, 2018; Schuwirth et al., 
2019; Orr et al., 2020). Identifying the mechanistic pathways by which 
multiple stressors affect organisms can reveal underlying causes of effect 
pathways at the individual level and why species might respond to 
stressors differently, which can allow for extrapolation to predict effects 
within various environmental contexts, on different species, and across 
levels of biological organisation (Kearney and Porter, 2009; Griffen 
et al., 2016). Such mechanisms underpinning biological responses to 
multiple stressors can be difficult to accurately predict, as stressors can 
interact in unpredictable ways and are likely to vary across response 
types and levels of biological organisation (Bruder et al., 2019; Polazzo 
et al., 2022). For example, the interaction between photosystem II- 
inhibiting (PSII) herbicides and reduced light may result in antago
nistic effects on photosynthetic capacity (because light enhances PSII- 
inhibiting herbicide toxicity on the photosynthetic apparatus), but ad
ditive or synergistic effects on growth (King et al., 2021). The use of 
mechanistic models in multiple stressor research, therefore, can be a 
powerful tool to enhance our understanding of ecological complexities 
and identify how stressors operate in the environment (Pirotta et al., 
2022).

Here we exposed the seagrass, Halophila ovalis, to various combina
tions of the PSII-inhibiting herbicide, diuron, and reduced light levels 
across five variations in stressor intensity and synchronicity in the lab
oratory. H. ovalis is abundant in coastal waters in Australia (Carter et al., 
2021) and highly sensitive to disturbance (Collier et al., 2016), making it 
a model organism for our study. Furthermore, diuron contamination and 
reduced benthic light availability due to, for example, land use changes, 
dredging, and flood plume events are stressors of concern in coastal 
estuaries around the world (Devlin et al., 2015; Waterhouse et al., 
2017). We build on the preliminary analysis using linear models on a 
subset of the treatments in Ostrowski et al. (2022) to evaluate the un
derlying mechanisms by which diuron contamination and reduced light 
availability affect seagrass biomass and photo-physiology, and identify 
whether variable stressor intensity and synchronicity influences mech
anistic responses to multiple stressors. We used structural causal 
modelling (SCM, Arif and MacNeil, 2023) and structural equation 
models (SEMs, Lefcheck, 2016) to identify both the direct and mediating 
(i.e., indirect) causal effects. Our results provide evidence regarding the 
importance of considering environmentally relevant changes in stressor 
intensity and synchronicity in future experimental designs.

2. Methods

We exposed individual seagrass plants to various combinations of 
reduced light and diuron contamination across five variations in stressor 
intensity and synchronicity in the laboratory, according to the methods 
and experimental design described by Ostrowski et al. (2022). Changes 
in seagrass biomass and photo-physiology were recorded across a seven- 

day period. We then used SCM and SEMs to elucidate the direct, medi
ating (i.e., indirect), and total effects of our target stressors on seagrass 
responses across the variations in stressor intensity and synchronicity.

2.1. Seagrass collection

Seagrass, Halophila ovalis, was collected from Moreton Bay, 
Queensland, Australia (¡27.495590, 153.400453). We transplanted the 
seagrass into acclimation tanks within a constant temperature labora
tory for seven days prior to stressor exposure (120 μmol photons m− 2 s− 1 

photosynthetic photon flux density (PPFD), 12 h light:12 h dark 
photoperiod, 24 ± 0.5 ◦C). We standardised each plant (mean ± SE leaf 
pair; 5.22 ± 0.08) prior to transplantation into individual experimental 
microcosms (15 × 15 cm, 2 cm of sediment, 0.8 L artificial seawater, 33 
ppt; Reef Revolution reef salt). We then dosed each microcosm with 
liquid plant fertiliser (All-In-One Premium; Liverpool Creek Aquariums). 
Each microcosm consisted of two seagrass plants of equal size, the 
duplicate plant of which was used to measure a single response variable 
(i.e., pigment concentration) that required destructive methods for 
analysis across multiple time points during the experiment, which would 
interfere with measurements of additional responses of interest.

2.2. Target stressors

2.2.1. Diuron stock solutions
We prepared stock solutions (1 mg mL− 1) of diuron (PESTANAL™ 

analytical standard, ≥98 % purity, Sigma-Aldrich) dissolved in pure 
ethanol and then diluted in seawater to achieve target diuron concen
trations: 1 μg L− 1 (mean ± SE; 0.89 ± 0.05 μg L− 1) and 2 μg L− 1 (1.69 ±
0.09 μg L− 1). A control with non-contaminated artificial seawater (0 μg 
L− 1 diuron; < 0.03 % ethanol) was also tested.

2.2.2. Light reduction levels
We maintained target light levels by placing each microcosm at 

varying distances from overhead LED aquarium lights to achieve 75 % (i. 
e., 25 % reduction; target = 90 μmol photons m− 2s− 1; measured mean 
± SD = 80.7 ± 2.68) and 25 % (i.e., 75 % reduction; target = 30 μmol 
photons m− 2s− 1; measured = 25.6 ± 2.81), of control light conditions. 
The LED lights create only very minimal heat by incorporating heat sinks 
that remove and release heat from the bulbs, so change in water tem
perature of the microcosms due to the intensity of or proximity to lights 
is not likely. The target control light level (i.e., 100 % ambient light) was 
120 μmol photons m− 2 s− 1 (measured = 119.6 ± 3.64; LI-COR light 
meter; LI-250A).

2.3. Experimental design and multiple stressor exposure

We exposed H. ovalis to various combinations of average diuron 
concentrations (0 μg L− 1, “low”; 1 μg L− 1, “medium”; 2 μg L− 1, “high”) 
and light availability (100 %, “high”; 75 %, “medium”; 25 %, “low”, 
relative to control light levels) across five variations in stressor intensity 
and synchronicity (i.e., stressor introduction method). Control condi
tions consisted of exposure to full light (100 % of ambient light) and 0 
μg L− 1 diuron. Target stressor concentrations were selected based on the 
literature, are environmentally relevant, and are within ranges known to 
adversely affect seagrass (e.g., Negri et al., 2015; Strydom et al., 2017). 
The five variations in stressor intensity and synchronicity (i.e., stressor 
introduction method; also see Ostrowski et al., 2022) were: static-static 
(static light and diuron), static-fluctuating (static light and fluctuating 
diuron), fluctuating-static (fluctuating light and static diuron), in-phase 
(synchronous fluctuations), and out-of-phase (asynchronous fluctua
tions; see Table 1). Seagrasses were exposed to a total of 29 experimental 
treatments (i.e., stressor combination plus the stressor introduction 
method; Table S1), each replicated 12 times across a total of four weeks 
(N = 348 individual microcosms). This was not a full factorial design 
because fluctuating control conditions (i.e., fluctuating 0 μg L− 1 diuron 
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or fluctuating 100 % light) is impossible.
We manipulated target herbicide and light reduction levels 

throughout the week according to the methods described in Ostrowski 
et al. (2022). Briefly, we changed 100 % of the water every 48 h, and 
altered stressor intensity according to the stressor introduction method. 
Under static-static stressor introduction, renewed water maintained 
constant diuron concentrations while light levels remained unchanged. 
Under fluctuating treatments, renewed water alternated between high 
and low diuron concentrations to achieve the same average concentra
tion under static treatments (e.g., alternate between 2 and 0, or 3 and 1 
μg L− 1 to match static-static at 1 and 2 μg L− 1 diuron, respectively). The 
same method was used for light (i.e., alternate between 100 and 50 %, or 
50 and 0 % of control light levels to match static-static at 75 % and 25 % 
of control light, respectively). In-phase introduction consisted of syn
chronous stressor fluctuations where the most intense levels of each 
stressor were introduced simultaneously (e.g., 3 μg L− 1 diuron paired 
with 0 % light). Out-of-phase introduction consisted of asynchronous 
stressor fluctuations where the highest stress level of a single stressor 
was paired with the lowest stress level of the second stressor (e.g., 0 % 
light paired with 0 μg L− 1 diuron).

2.4. Response variables

2.4.1. Biomass
We measured initial seagrass biomass (g fresh weight, FW) on day 

zero prior to transplant into individual microcosms, and final biomass (g 
FW) seven days later following stressor exposure. We used proportional 
biomass change in our model, calculated using Eq. (1): 

(BiomassFINAL − BiomassINITIAL/BiomassINITIAL. (1) 

2.4.2. Photosynthetic efficiency
Effective quantum yield (EQY) measures the proportion of light 

absorbed by chloroplasts used in photosynthesis (Maxwell and Johnson, 
2000). This is directly proportional to photosynthetic efficiency and is 
used as a sensitive biomarker for plant stress (Wilkinson et al., 2015). 
We measured effective quantum yield of photosystem II (PSII) in light- 
adapted leaves on day zero prior to stressor exposure, during water 
changes on days two, four, and six, and at the end of the experiment on 
day seven (see Appendix A for more detailed methodology). We used a 
Mini-PAM-II (Walz GmbH, Germany) to measure EQY according to Eq. 

(2): 

ΦPSII = (Fm
’ − F)/Fm

’ = ΔF/Fm
’). (2) 

where ΦPSII is the EQY of PSII, Fm’ is maximum fluorescence, F is fluo
rescence yield, and ΔF is change in fluorescence yield. We used total 
change in our model, calculated using Eq. (3): 

EQYFINAL − EQYINITIAL. (3) 

2.4.3. Photosynthetic pigments
Photosynthetic pigments facilitate photochemical processes and 

have photoprotective roles in plants (Croft and Chen, 2017). Changes in 
pigment content, therefore, may lead to damage of the photosynthetic 
apparatus. We measured pigment concentrations in seagrass leaves (μg 
pigment per gram tissue) on day zero prior to stressor exposure, during 
water changes on days two and four, and at the end of the experiment on 
day seven. We used the duplicate plant in each microcosm to extract 
pigments (i.e., we used a separate plant from the one used to measure 
the previous two responses). Chlorophyll a, chlorophyll b, and total 
carotenoid concentrations were determined spectrophotometrically 
using a microplate reader (Spark® Multimode Microplate Reader; 
Tecan). We calculated pigment concentrations according to Wellburn 
(1994; see Appendix A for more detailed methodology). We used total 
change in our model, as per Eq. (3).

2.5. Statistical analysis

A subset of our dataset (i.e., fully crossed experimental design with 
both light reduction and diuron stressors present, for 20 treatment 
combinations) was previously assessed for biomass and photosynthetic 
efficiency in Ostrowski et al. (2022), using linear mixed-effects models. 
Here, we used all 29 experimental treatments, and using the total change 
in each response variable, we applied the logic of SCM in a series of SEMs 
to evaluate the causal mechanistic effects of each treatment on seagrass 
responses (see Table 1 for definitions). We first report the raw data for 
mean proportional biomass change, photosynthetic efficiency, and 
pigment concentrations across each treatment. Next, we use SEMs to 
assess the total, direct (i.e., effect on a response variable is truly direct or 
via an unmeasured mediating pathway), and mediating (i.e., indirect) 
causal effects of light reduction, diuron, and variable stressor intensity 
and synchronicity on the seagrass (code used in the analyses are avail
able at https://github.com/ostro2al/SEM-multi-stressor). Note that the 
term “direct effect” is used in a statistical context and not every potential 
underlying physiological mechanism can be considered.

2.5.1. Hypothesised causal models
We tested the causal effects of light reduction, diuron contamination, 

and variable stressor intensity and synchronicity (i.e., stressor intro
duction method) on seagrass biomass and photo-physiology, applying 
the logic of structural causal modelling (SCM) within a series of piece
wise structural equation models (pSEM). We created a series of directed 
acyclic graphs (i.e., DAGs; Fig. 1, Table 1) to test plausible hypothesised 
causal effects of our target stressors based on a priori knowledge of the 
relationships between and among predictor and response variables 
(Pearl, 2009). We tested four plausible causal models (Fig. 1). Model 1 
hyposthesised direct and mediating (i.e., indirect) effects of light 
reduction and diuron on biomass via photosynthetic efficiency and 
pigments, direct and mediating effects on photosynthetic efficiency via 
pigments, and direct and mediating effects on chlorophyll via accessory 
pigments. All subsequent models hypothesised similar causal relation
ships to Model 1, with few causal paths excluded. Model 2 excluded the 
hypothesis that stressor effects on biomass are mediated via pigments. 
Model 3 excluded the hypothesis that both stressors directly affect 
biomass. Finally, Model 4 hypothesised that only chlorophyll a mediates 
stressor effects on biomass and not the accessory pigments (Fig. 1).

We used the piecewise SEM framework to test each hypothesised 

Table 1 
Description of key terminology.

Term Definition

Static-static Light and diuron intensity remained constant 
throughout the experiment

Static-fluctuating Light intensity remained constant while diuron intensity 
fluctuated every 48 h

Fluctuating-static Light intensity fluctuated every 48 h while diuron 
intensity remained constant

In-phase Light and diuron intensity fluctuated every 48 h 
synchronously

Out-of-phase Light and diuron intensity fluctuated every 48 h 
asynchronously

Structural causal 
modelling (SCM)

Framework used to test causal hypotheses against data, 
applying the logic that all causes follow their effects

Structural equation 
modelling (SEM)

Statistical analysis method that analyses relationships 
between and among predictor and response variables

Directed acyclic graph 
(DAG)

Visual representation of hypothesised causal 
relationships tested against data

DAG-data consistency Determines whether a DAG is consistent with the 
dataset tested and all appropriate variables are included

Saturated model A model where the number of estimated parameters is 
equal to the values (datapoints) fitted

Backdoor criteria Adjustments made to DAGs to identify valid adjustment 
sets (i.e., sets of variables that when controlled for can 
help estimate causal effects) to avoid biased causal 
estimates
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causal model against our data (Shipley, 2000, 2009). We fit the data 
with linear mixed-effects models, accounting for a random effect of 
week, using the package lme4 (Bates, 2010). The control data was not 
included in our analysis, as there was no change in biomass, and 
photosynthetic efficiency and pigment concentration remained 

relatively constant in the days following transplantation. We evaluated 
each hypothesised causal model using tests of d-separation using the 
package piecewiseSEM (Lefcheck, 2016), and rejected models with p- 
value ˂ 0.05. Significant model p-values mean the proposed DAG does 
not adequately represent all associations in the data (Shipley, 2000, 

Fig. 1. Alternative hypothesised causal models and test statistics. Hypothesised causal relationships among predictors and response variables. Dashed arrows 
indicate differences in model assumptions relative to Model 1 (i.e., saturated model). Shaded boxes represent the response variables. Asterisk denotes the model with 
the lowest AIC that was selected to further test the strength of causal effects.
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2009). We compared saturated models whose DAG-data consistency 
could not be assessed (i.e., the fully saturated Model 1) with the most 
plausible unsaturated models using an ANOVA, and assumed DAG-data 
consistency if they were not statistically different (Fig. 1, Table 1). We 
then applied the backdoor criteria to identify the appropriate condi
tioning variables to include in each causal test for each plausible 
hypothesised model (Pearl, 2009; Table 1), using the dagitty package 
(Textor et al., 2017; Table S2). Finally, we calculated the Akaike infor
mation criterion (AIC) for each plausible hypothesised model, and the 
model with the lowest AIC was selected to estimate the strength of 
proposed causal relationships (Shipley, 2000).

2.5.2. Quantifying direct, mediating, and total causal effects
Our final selected model was used to test a multigroup pSEM to 

quantify direct and mediating causal effects of our target stressors across 
different stressor introduction methods. The multigroup pSEM allowed 
us to identify how causal effects can differ due to variability in stressor 
dynamics. We performed causal tests using the same linear mixed-effects 
models established to test DAG-data consistency and specified a model- 
wide interaction with stressor introduction method (piecewiseSEM; Lef
check, 2016), after confirming normality of residuals (Q-Q plot) and 
homogeneity of variance (residuals plot). We assessed the individual 
effects of light reduction and diuron contamination across the five 
stressor introduction methods on seagrass biomass, photosynthetic ef
ficiency, and pigment concentration, and specified an interactive effect 
between light and diuron on total carotenoid concentration (because a 
significant interactive effect was identified for only this response vari
able during a priori testing while fitting and selecting individual models 
to analyse in the pSEM). We hypothesised both direct and mediating 
effects of each stressor on each response variable, and that causal effects 
would differ across stressor introduction methods.

We then identified all significant (α = 0.05) direct and mediating 
causal paths within the model. Direct causal effects were determined by 
individual path standardised coefficients, which quantify the strength of 
the association between two variables, (e.g., Light → Biomass). Medi
ating causal effects were calculated as the product of all path coefficients 
within a mediating pathway, and the sum of all mediating pathways 
affecting a response variable, for the effect of each predictor on a 
response variable in each hypothesised causal pathway (e.g., Light → 
Chlorophyll a → Biomass AND Light → Carotenoid → Biomass). The 
total causal effects were calculated as the sum of direct and mediating 
effects for each predictor on a response variable. See Appendix A for the 
partition of standardised direct, mediating, and total effects of each 
stressor on each response variable, across all stressor introduction 
methods. All statistical analyses were conducted in the R programming 
language (version 4.2.2).

3. Results

3.1. Treatment effects on individual response metrics

3.1.1. Proportional biomass
Effects on proportional biomass change across the 29 treatments 

were in line with those previously reported on a partial dataset 
(Ostrowski et al. (2022), whereby seagrass biomass was reduced across 
all stressor combinations and introduction methods relative to the 
control (Fig. 2A; Fig. S1). Under the most intense conditions of low light 
paired with high diuron, out-of-phase fluctuating stressor introduction 
resulted in greater biomass loss relative to all other stressor introduction 
methods, and resulted in the greatest biomass reduction observed across 
all treatments and the control (Fig. 2A; Fig. S1). No differences were 
observed across stressor introduction methods for any other stressor 
combination (Fig. 2A; Fig. S1).

3.1.2. Photosynthetic efficiency
Seagrass photosynthetic efficiency was reduced over time across all 

experimental treatments relative to the control (Fig. 2B; Fig. S2). Greater 
reductions in photosynthetic efficiency were observed under high 
diuron levels irrespective of light level and stressor introduction 
method. Reduced light in the absence of diuron had the weakest effects 
on photosynthetic efficiency relative to all other treatments (Fig. 2B; 
Fig. S2).

3.1.3. Pigment concentration
Seagrass pigment concentrations varied across treatments. As a 

general trend, chlorophyll a and chlorophyll b concentration increased 
by the end of the experiment under low light conditions, irrespective of 
diuron concentration (Fig. 2C; Fig. 2D; Fig. S3; Fig. S4). The greatest 
increases were observed under out-of-phase stressor introduction 
(Fig. 2C; Fig. 2D; Fig. S3; Fig. S4). Total carotenoid concentration 
remained relatively constant across treatments (Fig. 2E; Fig. S5). 
Greatest increase in carotenoids were observed under out-of-phase 
stressor introduction under high diuron paired with light reduction. 
However, reduction in carotenoid concentration was observed under 
medium light levels in the absence of diuron, and under high diuron 
concentrations in the absence of light reduction (Fig. 2E; Fig. S5).

3.2. Causal effects of variable stressor intensity and synchronicity

Of the models supported by our data (1 and 4), Model 1 had the 
lowest AIC and was thus selected for further evaluation of the strength of 
causal effects (Fig. 1). Although Model 1 was saturated, it was not 
significantly different from Model 4 and thus DAG-data consistency was 
assumed. We found several causal pathways, both direct and mediating, 
by which light reduction and diuron can affect seagrass biomass and 
physiology, revealing the complexity of seagrass mechanistic responses 
to stressors. The direction (i.e., positive or negative) of the effects was 
dictated by the response variables affected within each causal pathway 
and by the stressor of interest.

A significant model-wide interaction with stressor introduction 
method in the multigroup pSEM means that the mechanistic effects of 
stressors can differ depending on stressor dynamics. We found three 
model-wide interactions between: stressor introduction method and 
light reduction on biomass (p = 0.016), stressor introduction method 
and chlorophyll b on photosynthetic efficiency (p = 0.033), and stressor 
introduction method and diuron on chlorophyll b concentration (p =
0.034). Here, the causal effects of light reduction and diuron contami
nation on seagrass responses differed across stressor introduction 
methods, where out-of-phase introduction resulted in both direct and 
mediating causal effects that differed from all other introduction 
methods (Fig. 3). Although stressor introduction method influenced the 
effect of diuron on chlorophyll b concentration, the causal pathway 
between these two variables was not significant.

3.3. Causal effects among seagrass response variables

The direct causal effects among the seagrass response variables were 
the same across the five stressor introduction methods (Fig. 3). Acces
sory pigments, chlorophyll b and carotenoids, directly and positively 
affected chlorophyll a, where an increase in accessory pigments caused 
an increase in chlorophyll a concentration. Furthermore, photosynthetic 
efficiency and pigment concentrations affected biomass. Carotenoids 
and photosynthetic efficiency directly and positively affected biomass, 
where increases in these photosynthetic variables caused an increase in 
biomass. Conversely, chlorophyll a directly and negatively affected 
biomass, where increased chlorophyll a concentration caused a decrease 
in biomass. Taken together, increased concentration of accessory pig
ments caused a decrease in biomass via increased chlorophyll a 
concentration.
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Fig. 2. Mean (± SE) proportional biomass change (A), photosynthetic efficiency (B), chlorophyll a concentration (μg pigment/g seagrass tissue; C), chlorophyll b 
concentration (μg/g; D), and total carotenoid concentration (μg/g; E) on the final day of the experiment for all stressor combinations tested across the five variations 
in stressor intensity and synchronicity and control group (N = 29).
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3.4. Total causal effects

The total causal effects were calculated as the sum of direct and 
mediating effects for each predictor on a response variable. The total 
effects of light reduction were consistent across all stressor introduction 
methods, except for the static-static group. Light reduction had total 
positive effects on photosynthetic efficiency and pigments across all 
stressor introduction methods, while effects on biomass were negative 
(relative to controls), but higher biomass was maintained under static- 
static treatments relative to all other stressor introduction methods 
(Tables S3-S7). All subsequent results presented are relative to other 
stressor introduction methods, which excludes the control group (but 
see Fig. 2 for control data).

The total effects of diuron on each response variable were similar 
across all stressor introduction methods. Diuron had a total negative 
effect on photosynthetic capacity, but positive effects on all other re
sponses (Fig. 3). The one exception was the static-fluctuating method, 
which negatively (as opposed to positively across all other introduction 
methods) affected chlorophyll b (Fig. 3b).

3.5. Direct and mediating causal effects of stressors

3.5.1. Light reduction
Light reduction directly affected seagrass physiological responses, 

which then mediated effects on biomass. Light reduction directly and 

positively affected pigment concentration, but had no direct effect on 
photosynthetic efficiency across all stressor introduction methods 
(Fig. 3). There was a direct negative effect of light reduction on biomass 
observed only under out-of-phase introduction (Fig. 3e). However, the 
effect of light reduction on biomass was mediated by chlorophyll a and 
carotenoid concentration across all stressor introduction methods, with 
the direction of the effect dependent upon the mediating pathway. Light 
reduction caused an increase in chlorophyll a concentration, which had 
negative flow-on effects on biomass. Conversely, light reduction 
increased carotenoid concentration, which positively affected biomass 
(Fig. 3).

The strength of direct and mediating effects of light reduction were 
similar across stressor introduction methods for pigment concentrations, 
but differed for biomass and photosynthetic efficiency responses (Fig. 4). 
The direct effect of light reduction on biomass was negative, but static- 
static treatment showed a smaller reduction in biomass relative to all 
other stressor introduction methods, with the strongest negative effect 
observed under out-of-phase treatments. Additionally, the mediating 
effects on photosynthetic efficiency were stronger than the direct effects 
under static-fluctuating treatments. Across all stressor introduction 
methods, the direct effects of light reduction were stronger than the 
mediating effects for all response variables and stressor introduction 
methods, except for chlorophyll a where mediating effects were stronger 
(Fig. 4).

Fig. 3. The individual and interactive causal effects of light reduction and diuron contamination on the seagrass, Halophila ovalis, tested across stressor introduction 
methods. Solid arrows indicate a significant causal pathway between a predictor and a response variable (α = 0.05), with standardised coefficient estimates 
demonstrating the strength of association between variables. Dashed lines indicate insignificant paths. Red arrows indicate a negative effect of a predictor on a 
response while black arrows indicate a positive effect. Significant casual pathways were the same across static-static (a), static-fluctuating (b), fluctuating-static (c), 
and in-phase (d) stressor introduction methods. The two thicker arrows in out-of-phase (e) indicate the casual pathways that differ to those observed for all other 
stressor introduction methods. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.5.2. Diuron contamination
Diuron directly and negatively affected photosynthetic efficiency, 

but positively affected carotenoid concentration across all stressor 
introduction methods (Fig. 3). There were no direct effects of diuron on 
chlorophyll concentration or biomass. Only out-of-phase stressor intro
duction resulted in a direct positive effect of diuron on chlorophyll b 
concentration (Fig. 3e).

Diuron directly affected seagrass physiological responses, which 
then mediated the effects on biomass, with the direction of the effect 
differing across mediating pathways. For example, diuron reduced 
photosynthetic efficiency, which caused a negative mediating effect on 
biomass across all stressor introduction methods. Conversely, diuron 
increased carotenoid concentration, resulting in a positive mediating 
effect on biomass (Fig. 3). An additional mediating pathway was 
revealed under out-of-phase introduction whereby diuron directly 
increased chlorophyll b concentration. This resulted in mediating effects 
on both chlorophyll a and biomass. Increased chlorophyll b concentra
tion caused an increase in chlorophyll a concentration, which ultimately 
decreased biomass (Fig. 3e).

Direct and mediating effects of diuron were similar across stressor 
introduction methods for each response variable, except for chlorophyll 
b (Fig. 5). Here, out-of-phase stressor introduction had the strongest 
positive direct effects. The strength of direct and mediating effects of 
diuron, however, differed by the response variable measured and across 
stressor introduction methods. Direct effects of diuron were stronger 
than mediating effects across all responses and stressor introduction 
methods, except for chlorophyll a where mediating effects were stron
ger. The effects were the same under static-fluctuating and fluctuating- 

static methods, except the strength of direct and mediating effects of 
diuron on chlorophyll b were equal. Under out-of-phase introduction, 
the mediating effect was only stronger than the direct effect of diuron on 
chlorophyll a concentration (Fig. 5).

3.6. Interactive stressor effects

There was a significant interaction between light reduction and 
diuron on carotenoid concentration (p = 0.043) across all stressor 
introduction methods (Fig. 3), where the effect of diuron was reduced 
with increasing light reduction, suggesting an antagonistic interaction. 
The interaction was strongest when light levels remained static while 
diuron levels fluctuated (Fig. 3b), and weakest when the stressors were 
introduced out-of-phase, likely because stressors are not occurring at 
high intensities simultaneously, thereby reducing the antagonistic effect 
(Fig. 3e).

Individually, light reduction and diuron indirectly and positively 
affected biomass via carotenoids, but when introduced in combination, 
the antagonistic interaction resulted in a negative effect on biomass via 
carotenoids (Tables S3-S7). Across all stressor introduction methods, 
reduced light increased the effect of diuron on biomass, resulting in 
negative total interactive effects mediated by both carotenoid and 
chlorophyll a concentration (Fig. 3, Tables S3-S7). This negative total 
interactive effect on biomass was strongest under static-static condi
tions, likely because here both stressors were overlapping at high in
tensities for the entire experiment (Table S3).

Fig. 4. Light reduction effects. Strength of direct versus mediating effects of light reduction on seagrass responses across the five variations in stressor intensity and 
synchronicity (i.e., stressor introduction method) for biomass (A), photosynthetic efficiency (B), chlorophyll a (C), chlorophyll b (D), and carotenoids (E). The dashed 
line indicates no effect of light reduction on a response variable. The standardised coefficient is given for direct and mediating causal effects to indicate the strength of 
the effect. Note the direction of effect is relative to all methods of stressor introduction and not the control group.

Fig. 5. Diuron effects. Strength of direct versus mediating effects of diuron contamination on seagrass responses across the five variations in stressor intensity and 
synchronicity (i.e., stressor introduction method) for biomass (A), photosynthetic efficiency (B), chlorophyll a (C), chlorophyll b (D), and carotenoids (E). The dashed 
line indicates no effect of diuron on a response variable. The standardised coefficient is given for direct and mediating causal effects to indicate the strength of the 
effect. Note the direction of effect is relative to all methods of stressor introduction and not the control group.
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4. Discussion

Identifying the mechanisms by which stressors affect ecosystems can 
improve our ability to predict the effects of novel stressor combinations, 
and reveal how effects can be mediated across levels of biological 
organisation, thus aiding in developing more effective management 
strategies to mitigate stressor impacts (Simmons et al., 2021; Pirotta 
et al., 2022). Despite this, the use of mechanistic models in multiple 
stressor research remains uncommon (Griffen et al., 2016; Ostrowski 
et al., 2021). Here, we found that light reduction and diuron contami
nation have both direct and mediating effects on seagrass biomass and 
photo-physiology, and that mechanisms underpinning seagrass re
sponses differ across variations in stressor intensity and synchronicity. 
Out-of-phase stressor introduction altered the mechanistic effects of 
light reduction and diuron on seagrass biomass and photo-physiology, 
and compounded the adverse effects on seagrass biomass relative to 
all other variations in stressor intensity and synchronicity. Direct effects 
were often stronger than mediating effects, except for chlorophyll a 
concentration where stressors had greater impacts through mediating 
paths via accessory pigments. Ultimately, our results suggest that 
experimental conclusions and mechanistic effects can depend on how 
stressors are introduced to the environment, with implications for 
effective ecosystem management.

4.1. Individual stressor mechanistic effects

Light reduction increased seagrass photosynthetic pigment concen
trations, regardless of variations in stressor intensity and synchronicity. 
This suggests a photo-acclimation response to reduced light conditions 
under short-term stressor exposure (e.g., Davey et al., 2018; Wong et al., 
2020). Increased photosynthetic pigment concentration is a common 
compensatory physiological response to light limiting conditions to 
maximise light absorption and drive photosynthesis (Collier et al., 2012; 
Kong et al., 2020). Accessory pigments, including chlorophyll b and 
carotenoids, harvest light that is transferred to the main photosynthetic 
pigment, chlorophyll a, functioning as a positive feedback loop among 
pigments (Smith and French, 1963; Croft and Chen, 2017). Photo- 
acclimatory responses to low light can assist seagrass in maintaining 
productivity (Marín-Guirao et al., 2022), which might explain why there 
was no effect of light reduction on photosynthetic efficiency. However, 
we might expect direct and mediating effects over longer exposure du
rations. For example, the plant’s ability to increase pigment concen
trations and maintain photosynthetic efficiency might be impacted by 
limited energy production under continuous low light conditions, ulti
mately impacting plant growth, resilience, and survival (Longstaff et al., 
1999; Yaakub et al., 2014; Marín-Guirao et al., 2022).

Photosynthetic pigments mediated the effects of light reduction on 
seagrass biomass across all variations in stressor intensity and syn
chronicity. For example, increased concentration of accessory pigments 
also increased chlorophyll a concentration, which had negative medi
ating effects on seagrass biomass. This might be due to a trade-off from 
investing energy into pigment creation to maintain photosynthesis 
during light limiting conditions rather than in maintaining biomass (e. 
g., Xiao et al., 2022), or because the seagrass could no longer sustain a 
positive carbon balance (e.g., Brouwer et al., 2012). Independently, an 
increase in carotenoids directly increased biomass under reduced light 
conditions. Carotenoids might increase seagrass biomass through 
increased light absorption used to drive photosynthesis (Niyogi et al., 
1997), enhanced stress tolerance through photo-protection from 
oxidative damage (Young, 1991), or stimulated hormones that enhance 
plant growth (Mi et al., 2022).

Diuron reduced photosynthetic efficiency and increased carotenoid 
concentration, regardless of variations in stressor intensity and syn
chronicity. Diuron exerts its toxicity by blocking electron transport in 
the photosystem II (PSII) complex during photosynthesis (Ahrens, 
1994), which can increase the formation of reactive oxygen species 

(ROS) that can lead to cellular damage and apoptosis (Halliwell, 1991). 
Excess ROS production can damage the photosynthetic apparatus, 
thereby reducing photosynthetic efficiency (e.g., Bai et al., 2015). 
Therefore, a build-up of ROS from diuron contamination might have 
increased carotenoid concentration to prevent photo-oxidative damage 
(Stahl and Sies, 2003). Conversely, diuron affected chlorophyll con
centration only indirectly, via increased carotenoids. Past studies, 
however, show that PSII-inhibiting herbicides reduce chlorophyll con
centrations (e.g., Gao et al., 2011; Carve et al., 2018). Therefore, we 
might expect to see direct effects of diuron on chlorophyll production at 
higher concentrations and over longer exposure durations, which might 
further impact seagrass photosynthetic efficiency and growth.

Diuron did not directly affect biomass across any variation in stressor 
intensity and synchronicity, but rather impacted biomass indirectly via 
reduced photosynthetic efficiency and increased carotenoid concentra
tion. Reduced photosynthetic rates via herbicide contamination are 
known to adversely impact individual growth, as energy reserves 
available for growth are limited when photosynthetic activity decreases 
(e.g., Thomas et al., 2020). Conversely, increased carotenoids resulting 
from diuron contamination increased seagrass biomass, similar to the 
mediating effects observed under light reduction. The positive media
tion of diuron on biomass via carotenoids could be a result of increased 
scavenging of ROS to prevent cellular damage and impacts to growth, as 
carotenoids play an important role as antioxidants in plants (Havaux, 
2014). Increased carotenoid production can also lead to increased 
biomass by enhancing photosynthetic efficiency (e.g., Moreno et al., 
2020). Directly measuring ROS may further elucidate the underlying 
mechanisms by which diuron affects seagrass. Ultimately, we should 
continue to investigate the complex mechanistic effects of stressors to 
accurately scale-up predictions of impacts to populations and 
ecosystems.

4.2. Combined effects of reduced light and diuron contamination

Limited light availability and PSII-inhibiting herbicides commonly 
co-occur in coastal environments (e.g., flood plumes; Devlin et al., 
2012), and are expected to have detrimental interactive effects on ma
rine autotrophs, including seagrass (Negri et al., 2015; King et al., 2021). 
Diuron interacts synergistically with high light intensity to affect 
photosynthetic efficiency via excess ROS production during photosyn
thesis, which only occurs in the presence of light (Halliwell, 1991; 
Ahrens, 1994). Therefore, low light reduces the toxic effect of diuron. 
This antagonistic interaction affected carotenoids, likely via reduced 
ROS production, thereby reducing carotenoid production for photo- 
oxidative protection. The individual physiological effects of light 
reduction and diuron can thus amplify adverse effects on seagrass 
growth when introduced concomitantly (King et al., 2021). These 
adverse impacts on individual plants can scale-up to population and 
community levels, ultimately degrading seagrass ecosystems.

The combined effects of diuron (and other PSII-inhibiting herbicides) 
and reduced light can compound the effects on seagrass growth through 
impacts to similar physiological pathways that can have flow-on effects 
at higher levels of biological organisation (Negri et al., 2015). We found 
a negative effect of reduced light and diuron on biomass across all 
variations in stressor intensity and synchronicity, even though each 
stressor affected different seagrass photo-physiological responses and 
interacted antagonistically (see Ostrowski et al., 2022). A recent study 
also found reduced growth rates in marine microalgae following 
simultaneous exposure to low light and diuron contamination (King 
et al., 2022a). Reduced light availability decreases electron transport in 
the PSII complex, which can reduce photosynthetic efficiency and rates 
(Campbell et al., 2003). Similarly, diuron inhibits electron transport in 
the PSII complex, thereby reducing photosynthetic rates and limiting 
carbon fixation (Oettmeier, 1992; Ahrens, 1994), and produces excess 
ROS (Halliwell, 1991). Therefore, the adverse effects of each stressor on 
photosynthesis and energy production, and the invested energy in 
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chlorophyll a production to maintain photosynthetic rates, could be the 
main drivers behind seagrass biomass loss observed in this study.

4.3. Mechanistic effects of variable stressor intensity and synchronicity

Our results show that different mechanisms underpin seagrass re
sponses to reduced light and diuron when stressors fluctuate asynchro
nously compared to other variations in stressor intensity and 
synchronicity, and that stressor fluctuations can amplify adverse im
pacts on biological responses. Seagrass exposed to stressors under static- 
static conditions showed a smaller reduction in biomass relative to all 
other stressor introduction methods. This suggests that seagrass was able 
to physiologically compensate for stress and maintain biomass only 
when both stressors remained constant. Under out-of-phase treatments, 
light reduction caused the greatest reduction in biomass suggesting that 
a physiological compensatory response to stressors was not triggered. 
Further, out-of-phase stressor introduction revealed additional causal 
paths by which both stressors affected the seagrass (e.g., diuron directly 
and positively impacted chlorophyll b), which further reduced biomass. 
Our results ultimately highlight the risk of underestimating detrimental 
stressor impacts under current multiple stressor experimental designs 
that ignore environmentally relevant stressor fluctuations.

Continuous changes in stressor intensity may impact an organism’s 
ability to initiate compensatory physiological responses to mitigate 
stressor impacts relative to static stressor exposure (Chen and Stillman, 
2012; Gunderson et al., 2016). Only for the out-of-phase treatment did 
we observe a direct negative effect of light reduction on biomass. This 
direct effect likely compounded negative mediating effects via chloro
phyll a and photosynthetic efficiency, thus resulting in the strongest 
total effect of light reduction on biomass. One explanation could be that 
legacy effects of one or both stressors carried over into periods of no (or 
low) stress under fluctuating conditions, thereby strengthening stressor 
interactions and amplifying adverse effects on the seagrass (e.g., Sun and 
Arnott, 2022). Furthermore, constant overlap between diuron contam
ination and higher light intensities under out-of-phase treatments likely 
enhanced diuron toxicity on responses (e.g., alternating between 100 % 
ambient light paired with 3 μg L− 1 diuron, and 50 % ambient light 
paired with 1 μg L− 1 diuron). This overlap might increase ROS pro
duction, further reducing photosynthetic efficiency and biomass. Sea
grass was also constantly exposed to high intensity stress under out-of- 
phase treatments (i.e., high intensity of one stressor followed by high 
intensity of the second stressor). These extreme conditions might lead to 
greater ROS production (Maurya, 2020) and decreased tolerance by 
inhibiting compensatory physiological responses to stress (Chen and 
Stillman, 2012), resulting in amplified adverse effects on responses, as 
seen here for biomass. Ultimately, the direct effect of light reduction on 
biomass only observed under out-of-phase treatment might have been 
influenced by additional physiological parameters not measured in this 
study (e.g., ROS production). Additionally, the direct positive effect of 
diuron on chlorophyll b concentration under out-of-phase introduction 
further compounded the negative effects of chlorophyll a on biomass. 
This increase in chlorophyll b could prevent photosynthetic inhibition 
via increased chlorophyll a production, as chlorophyll b can harvest and 
transfer light to chlorophyll a to utilise during photosynthesis (Croft and 
Chen, 2017).

4.4. Management implications and future directions

Multiple stressor experiments that only assess static stressors might 
be underestimating detrimental impacts and considering the wrong 
ecological mechanisms, leading to inaccurate predictions of stressor 
effects when scaling up experimental conclusions from the individual 
level to higher levels of biological organisation, or when making pre
dictions for untested stressors. Despite low light reducing diuron toxicity 
on the photosynthetic apparatus, their combined total effects reduced 
seagrass biomass. Therefore, the co-occurrence of low light and 

herbicides in estuarine environments could lead to large-scale seagrass 
meadow declines during periods of extreme stress, such as those 
observed during flood plume events (Devlin et al., 2012). Flooding 
brings pulse inputs of excess nutrients, sediments, and herbicides into 
coastal waters, which can vary in magnitude over time (Waterhouse 
et al., 2017; Taucare et al., 2022). The timing of these pulse inputs can 
affect the duration of overlap and the intensity of stressors at a particular 
time (Gunderson et al., 2016; Jackson et al., 2021). Therefore, 
ecosystem monitoring and management strategies should consider the 
timing of disturbance events to minimise stressor effects to coastal 
ecosystems during peak flood times (e.g., Wu et al., 2017).

The use of mechanistic models to analyse the effects of novel stressor 
combinations across ecologically relevant stressor intensities and syn
chronicities can further enhance our understanding of ecological 
mechanisms of stressor response (Griffen et al., 2016; Pirotta et al., 
2022). By scaling-up experiments to measure responses across multiple 
levels of biological organisation and increasing efforts in the field, 
experimental conclusions should be more representative of conditions in 
nature and better inform management decisions (Bruder et al., 2019; 
Ostrowski et al., 2023). Conducting experiments over longer durations 
can also reveal how stressor interactions, mechanistic effects, and bio
logical responses can vary over time (Ryo et al., 2019; Jackson et al., 
2021; Turschwell et al., 2022). Implementing novel experimental de
signs in multiple stressor research can enhance our ability to predict 
impacts to real-world ecosystems, and to develop conservation and 
management strategies that more effectively mitigate detrimental 
impacts.

5. Conclusions

Quantifying and predicting the impacts of multiple stressors under 
dynamic conditions that better reflect natural ecosystems is becoming 
increasingly important in the Anthropocene as habitats continue to be 
degraded (Millennium Ecosystem Assessment, 2005; Halpern et al., 
2019). Coastal ecosystems are highly dynamic, yet our current under
standing of multiple stressor effects is derived from highly controlled 
experiments that predominantly keep stressors of interest constant over 
time (Gunderson et al., 2016; Ostrowski et al., 2021). We found that out- 
of-phase stressor introduction, where stressor intensities fluctuate 
asynchronously, altered the mechanistic effects of light reduction and 
diuron on seagrass biomass and photo-physiology, and compounded the 
adverse effects on seagrass biomass relative to all other variations in 
stressor intensity and synchronicity. Our results provide the first insight 
into the mechanistic effects of two novel stressors in combination, and 
show that the underlying mechanisms by which seagrasses respond to 
stressors can be influenced by variations in stressor intensity and syn
chronicity. Thus, our current understanding of multiple stressor impacts 
on ecosystems based on static experiments might be underestimating 
impacts. Incorporating environmentally relevant changes in stressor 
intensity and synchronicity in experimental designs will ultimately help 
to elucidate real-world mechanisms underpinning biological responses 
to stressors that can inform ecosystem conservation and management.
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Devlin, M.J., McKinna, L.W., Álvarez-Romero, J.G., Petus, C., Abott, B., Harkness, P., 
Brodie, J., 2012. Mapping the pollutants in surface riverine flood plume waters in 
the Great Barrier Reef, Australia. Mar. Pollut. Bull. 65, 224–235.

Devlin, M.J., Petus, C., Da Silva, E., Tracey, D., Wolff, N.H., Waterhouse, J., Brodie, J., 
2015. Water quality and river plume monitoring in the Great Barrier Reef: an 

overview of methods based on ocean colour satellite data. Remote Sens. (Basel) 7, 
12909–12941.

Dunic, J.C., Brown, C.J., Connolly, R.M., Turschwell, M.P., Côté, I.M., 2021. Long-term 
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