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Understanding the difficult to predict interactive effects of anthropogenic
stressors is recognized as one of the major challenges facing environmental
scientists and ecosystem managers. Despite burgeoning research, predicting
stressor interactions is still difficult, in part because the same two stressors can
interact, or not, depending on their intensities. While laboratory experiments
have provided useful insights about how organisms respond to serial doses of
single stressors, we lack ‘response-surface’ field experiments in which naturally
occurring assemblages are exposed to multiple types and concentrations of
stressors. Here we used a field-based dosing system combined with a ‘response-
surface’ design to test the individual and combined effects of two stressors
(copper and chlorpyrifos) at five concentrations of each, for a total of 25
replicated treatments (n=4). After six weeks of dosing, chemical uptake and
impacts at several levels of biological organization in mussel assemblages were
measured. Stressor combinations produced interactive effects that would not
have been revealed without using this replicated ‘response-surface approach’.
Results show that non-additive effects of multiple stressors may be more
complex and more common than previously thought. Additionally, our findings
suggest that interactive effects of multiple stressors vary across levels of
organization which has implications for monitoring and managing the
chemical, biological and ecological impacts of priority pollutants in the
real world.
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Introduction

Set against a backdrop of growing human-populations, most
habitats are affected by more than one anthropogenic pressure
(Halpern et al., 2008; Barnosky et al., 2011; Bennett et al., 2015;
Halpern et al., 2015; Tilman et al., 2017) and are rarely subject to the
actions of single stressors/disturbances (Folt et al., 1999; Crain et al.,
2008). Research to understand the effects of multiple stressors on
biological and ecological processes has been increasing in recent
years (Underwood, 1980; Vinebrooke et al., 2004; Blake and Duffy,
2010; Darling et al., 2013; MacDougall et al., 2013; Coté et al., 2016;
Galic et al., 2018; Mayer-Pinto et al., 2020; Jackson et al., 2021). At
its most simple, multiple stressors can cause chemical, biological
and ecological impacts in three ways depending on whether the
combined effect of both stressors is smaller (antagonistic
interaction), equal (additive) or greater than (synergistic
interaction) the sum of the effects of the individual stressors (Folt
et al., 1999; Crain et al, 2008; Lyons et al,, 2015). Despite this
simplicity, there is still debate about the terminology used to
describe combined effects, how prolific each non-additive effect is
and whether their frequency and magnitude modify their effects
(Piggott et al., 2015; Cote et al., 2016; Thompson et al., 2018; Orr
et al., 2020).

In part, this is because it is difficult to predict the effects of
multiple stressors because those effects can vary depending on the
intensity of each stressor involved, with some synergistic effects at
smaller concentrations and others antagonistic at larger
concentrations (Chen et al., 2004; Coors and De Meester, 2008;
Townsend et al.,, 2008). Yet, little of that work has, however,
considered more than one or two concentrations/intensities of
each stressor with research mainly having been performed in
laboratory settings with only 10-20% of studies being undertaken
in the field with natural-occurring assemblages (Crain et al., 2008;
Mayer-Pinto et al., 2020). In addition, field experiments with the
ability to test multiple pairwise comparisons have been rare (Cote
et al.,, 2016) despite calls for their implementation (Strain et al.,
2014; Bennett et al., 2015; Lyons et al., 2015; Coté et al., 2016; Orr
et al,, 2020; Rindi et al., 2022). This is predominantly because the
large complex experiments required have been very difficult to run
in the field. A recent review on the sub-lethal effects of multiple
contaminants on habitat-forming species, revealed ~40% of
publications were poorly designed with insufficient replication
and/or appropriate controls (Mayer-Pinto et al., 2020). A suitable
experimental design for such research is the ‘response-surface’
design (Inouye, 2001; Inouye, 2005; Rosenblatt and Schmitz,
2016). ‘Response-surface’ designs test the relationship between the
response and a number of input (predictor) variables across a range
of levels (Box and Wilson, 1951; Inouye, 2005; Lin and Peterson,
2006; Varaksin et al., 2018). Response-surface experiments have
tended to be done in the laboratory with individual species or
simplified assemblages, however, they have been criticized for
lacking replicate combinations of treatments (Benedetti-Cecchi,
2005) and environmental relevance (Mayer-Pinto et al., 2010).
This makes it difficult to examine how chemical and biological
effects on organisms can be translated into ecological effects on
assemblages, which are necessary to understand the effects of

Frontiers in Marine Science

10.3389/fmars.2023.1169677

multiple stressors on the ecosystem (Attrill and Depledge, 1997).
Wildlife exposed to multiple stressors, and not examined using
appropriate experiments, surveys and modelling can fail to identify
and manage declines in populations (Munns, 2006; Browne et al.,
2015; Cote et al., 2016; Rosenblatt and Schmitz, 2016). Therefore, if
we are to improve legislation and guidelines so they protect habitats
and the populations of species they contain, as advocated in the
literature recently (Orr et al., 2020; Jackson et al., 2021),
appropriately designed manipulative field experiments are needed
to test the effects of multiple stressors and their interactions, across
a range of intensities/concentrations and across different levels of
organization within the ecosystem. Here we present a ‘response-
surface’ field with replicated combinations of treatments to (a) test
whether the responses of mussels (copper accumulation, cellular
viability) and their assemblages (filtration, respiration) interact
additively, synergistically, or antagonistically to variations in the
concentration of two stressors. We hypothesize that the combined
influence of stressors (copper and the biocide chlorpyrifos) will vary
depending on their relative concentrations, with maximal combined
influences not necessarily being predictable based on individual
dose-response curves and (b) understand if individual and
combined effects of multiple stressors at a range of concentrations
are consistent among chemical, biological, and ecological responses
derived from different levels of biological organization.

Materials and methods

Location, duration and nature
of experiment

The experiment ran for 6 weeks (19™ August to 30" September
2011) on the floating pontoons at Malahide marina. The marina is
in Malahide estuary located on the East coast of Ireland (Lat: 53° 27’
12” Long: 06° 9’ 5), which has a tidal range of 2-4 m and a salinity
range of 18 - 34. Here sub-tidal mussel assemblages (Mytilus edulis)
attached to pontoons were exposed continuously for 6 weeks to
different concentrations of copper (5, 50, 423, 1269 p.gL’l) and/or
the biocide chlorpyrifos (0.1, 25, 250, 5000 ng']) that are known to
cause sub-lethal/lethal effects on mussels (see Table S1) using a
programmable dosing system (Browne et al,, 2016). In addition,
replicated control plots that were not exposed to either stressor
plots were also established. As such, there was 25 treatments in total
(including the controls). Each of these specific concentrations of
contaminants were delivered continuously over the duration of the
experiment, from one of ten 640 L tanks, to four replicated
experimental plots of each treatment via tubing connected to a
pump, placed in each tank that was controlled by a digital timer
(Browne et al,, 2016). To standardize mussel assemblages in
experimental plots, a 10 cm wide corer marked to a depth of 15
cm was used to standardize the size of assemblages, only
assemblages that were 15 cm in depth were selected and the
surrounding assemblage (outside the core) was cleared using a
scraper to a distance of 15 cm. Plots were separated by a minimum
of 1.5 m, which has previously been shown to ensure independence
by preventing cross-contamination of experimental plots
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(Browneet al., 2016; Brooks and Crowe 2018; 2019). All treatments
were randomly allocated to plots and marked using printed codes
fixed to the pontoon.

After dosing plots, rates of respiration and filtration of
assemblages were measured and the hemocellular viability and
concentrations of copper of three individual mussels from each
plot was quantified at the end of the experiment using established
techniques (Browne et al., 2016; see below for detailed protocols for
each response variable).

Rationale for contaminants

Copper is a trace element used by many organisms to help
sustain important physiological functions (Rainbow, 1997).
Whilst it occurs naturally in aquatic habitats through geological
processes (e.g. weathering, sedimentation), anthropogenic inputs
of copper can come from runoff from agriculture, sewage, storm-
water and mining (Makepeace et al., 1995; Srinivasan and Swain,
2007). It has also been used for the past two hundred years as the
active agent in antifouling paints and there has been resurgence in
its use in the last few years due to the banning of tributyl-tin
(Lewis, 1998). Copper’s toxicity to invertebrates is well known and
has been shown to cause sublethal effects in crabs, mussels and
limpets (Brown et al., 2004). Equally copper can reduce
recruitment by fouling assemblages (Johnston and Keough,
2000) and the cellular viability and attachment of limpets
(Cartwright et al., 2006). Organophosphates such as chlorpyrifos
are used globally as biocides in agriculture, aquaculture and
marinas to reduce the abundance of pests on crops, artificial
structures and fish (Lewis, 1998; Firbank et al., 2008). The
smallest concentration of copper (5 ugL ™ and chlorpyrifos (0.1
ugL™') were chosen to correspond to minimal concentrations
allowed in European (Water Framework Directive, 2000/60) and
North American aquatic habitats (EPA, 1980). The moderate
concentrations of copper (50 and 423 pgL ™" and chlorpyrifos
(25 and 250 pgL ') used have been deemed to be sub-lethal, but
environmentally realistic (Valkirs et al., 2003; Roberts et al., 20065
McKenzie et al,, 2011; McKenzie et al., 2012). The highest
concentration of copper (1269 ugL-1) and chlorpyrifos (5000
ugl™") are at the larger range of values recorded in the
environment (Makepeace et al., 1995; Huang et al., 2020) and
within the range expected to produce biological impacts (Guzzella
et al,, 1997; Kim et al., 2004; Huang et al., 2020).

Protocols for responses

Cellular viability

The day after final dosing, three mussels were collected from
each plot for analysis of cellular viability using established methods
(Cartwright et al., 2006; Browne et al., 2008; Moreira et al., 2013).
Briefly, hemolymph was withdrawn from the adductor muscle of
each mussel using a syringe and a 50 UL aliquot was pipetted into
each of two wells of a 96-well microtiter plate and agitated using a
plate shaker (1400 rpm, 60 s). The plate was then left for 50 min to
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allow hemocytes to adhere at the bottom of wells. After the
incubatory period, excess cells were discarded and the plates were
washed with phosphate buffer solution. Neutral red dye (0.4%) was
added and incubated in the dark for a minimum of 3 hours. Wells
were then washed with phosphate buffer and an acidified solution
(1% acetic acid, 20% ethanol) was added to resolubilize the dye. Dye
was then quantified using a spectrophotometer at 550 nm
absorbance and hemocytes quantified using a protein assay to
quantify total protein in the hemolymph (Bradford, 1976) and
enabled hemocellular viability to be quantified as optical density per
gram of protein from replicate mussels.

Copper in tissue

Three mussels removed from each plot were left in (Instant
Ocean prepared with 18MQ cm conductivity water with < 0.015
ppm Cu) seawater for 24 hr so that they evacuated sediment from
their gut. Mussels were then placed into pre-cleaned 100 mL
polyethylene bags, labelled and frozen. All glassware and plastic
containers were cleaned in a phosphate and soap-free degreasing
detergent (10% solution of Decon 90), then rinsed in water (18 MQ
cm conductivity), followed by nitric acid (10% Aristar grade by
VWR) bath for 24 hr using 18MQ cm water and rinsed again in 18
MQ cm water. Mussels were then dried in an environment free
from particles then stored in bags until required. The frozen mussels
were freeze-dried (Labconco, Freezone 6) in their storage containers
for 3 days. The length, width and height of the shell-valves were
measured to the nearest mm using callipers. Mussels were then
shucked by removing the mussel from its shell and the mass of the
freeze-dried mussel measured (Scalehouse, ALD114CM) and
recorded. Each freeze-dried mussel was then transferred to a
polyethylene container for digestion (20-25°C, 4 days) with
concentrated nitric acid (10 mL) (Sigma-Aldrich). Samples were
then transferred to boiling tubes in a heater (Skalar, Tecator 1016
Digester Heated Block) for digestion (100 °C, 48 hr). Finally, the
acidic solutions containing digested mussels were then transferred
to pre-cleaned polyethylene screw-top 100 mL bottles (Linnux, UK)
and diluted to 10 mL with 18 MQ cm water for storage prior to
analysis. Concentrations of copper in the solutions containing the
digested mussel were determined by Inductively-Coupled Mass
Spectrometry (X Series 2 ICP-MS, Thermo Fisher Scientific,
Hemel Hempstead, U.K.). This instrument was operated in
‘collision/reaction cell mode’, with 7% H, in He as the collision/
reaction gas, to negate the effect of polyatomic interferences, e.g.
*Na, “Ar and *Mg, “°Ar on *Cu and **Cu respectively. All
digested mussels were diluted through series dilution a hundred-
fold prior to analysis to give a final concentration of 10 mgL™" in the
diluted digests. Indium and Iridium were used as internal standards
to account for instrumental drift. All analyses were done using ISO
9001:2008 protocols.

Respiration by assemblages

Respiration was measured using temporal changes in the
concentration of dissolved oxygen (mgO, L") in the dark by
placing an opaque chamber over the assemblage (see Figure S1),
using a hand-held probe (HQ20 Hach Lange Ltd portable LDO™,

frontiersin.org


https://doi.org/10.3389/fmars.2023.1169677
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Brooks et al.

Loveland, USA). To ensure that measurements were taken at the
correct time points, a linearity test was used to test how long it took
the volume of water to be depleted of oxygen. Aqueous
concentrations of oxygen were measured every two minutes for
an hour to identify the period during which there was a linear
decrease of oxygen in the water. On the basis of this test, measures
of oxygen were taken after 10 and 20 minutes. The initial 10
minutes has been shown to also allow for acclimatization of the
assemblages and to ensure photosynthesis had ceased after covering
with an opaque chamber (Noél et al.,, 2010). The chamber was also
fitted with a pump to circulate the water and help homogenize
concentrations of oxygen, so measures were representative. Rates of
oxygen uptake by the assemblages were estimated using the
equation; R = A [02] dark/At dark, where R is Respiration, A
[O2] dark is the difference in concentration of dissolved oxygen
between measures at the beginning and end of the dark period and
At dark is the time difference between these measurements. R was
derived on a per hour basis for each individual plot and expressed as
mgO, L'hr! (Nielsen, 2001; Noél et al., 2010).

Filtration by assemblages

Rates at which assemblages cleared algal cells from the water was
measured in-situ using purpose-built chambers (see Figure S1). Here
5 mL of an algal solution (Isocrysis galbana) was injected into the
chamber to give a concentration of algal cells of 12 -15,000 per 0.5
mL™" in the chamber. To ensure that algae remained suspended in
solution, the chamber was fitted with a circulatory pump. After
introduction of algae, 20 ml samples of seawater from within the
chamber were taken at three time intervals: 0, 15 and 30 minutes
respectively and stored in cool, dark conditions in the laboratory until
analysis. The numbers of particles retained in samples were counted
in the laboratory using flow-cytometry and filtration-rates calculated
as the change in concentration through time using the equation;
Filtration = V (loge C1 — loge C2)/t, where V is the volume of water in
the chamber and Cl and C2 are the algal concentration at the
beginning and end of the timed intervals (t) (Coughlan, 1969; Canty
et al., 2007; Browne et al., 2008).

Statistical analysis

Data for all four response variables were assessed individually using
generalized additive models (GAMs; Hastie and Tibshirani, 1990;
Wood, 2006) within the mgcv package in R v.3.03 (R Development
Core Team, 2014). After examining the data and refining the model,
the predictor variables, concentrations of copper and biocide
concentration were log transformed (log+1 for copper and log+0.01
for biocide) to create equidistance between the ranges of concentrations
and reduce overestimation between data in the model (Wood, 2006).
The optimum degree of smoothing of the model was defined by
minimizing the generalized cross validation (GCV) scores of the
smoothing parameters (i.e., knots and splines), which reduced over-
fitting of the model to the data (Gu and Wahba, 1991; Wood, 2006).
Additionally, to assess interactive effects between stressors (predictor
variables), a tensor product was also included in the model. The data
for the four response variables were assessed using graphical
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diagnostics for normality, homogeneity and model fit. One replicate
was removed from the cellular viability dataset. Its estimate (1.34
optical density g "' hemocyte-protein) was larger in comparison to all
other data, so we concluded that an error had been made when
recording the data. After validating the model, response-surfaces of the
GAMs for each of the four response variables were plotted to visualize
and assess the relationships between both stressors.

Results
Cellular viability

The hemocellular viability of mussels decreased with log-copper
concentration in the single stressor plots (Figure 1; Table 1A).
Concomitantly, mussels exposed to an increase in concentration of
the biocide chlorpyrifos saw an asymptotic decrease in cellular viability
(Figure 1; Table 1A). It appears, however, there was an interactive effect
across the response-surface, when copper and chlorpyrifos where
combined, such that an increasingly strong antagonism developed as
the concentration of both stressors increased: at larger concentrations,
each stressor reversed the effect of the other, although at large
concentrations of copper the relationship was hump-shaped. The
strength of the antagonistic interaction was strongest at intermediate
concentrations of chlorpyrifos and large concentrations of copper, with
no apparent visual difference between the cellular viability of mussels at
those concentrations and those in control plots that were not exposed
to either stressor (Figures 1A, B). Although the model explained a
relatively small amount of deviance of the dataset (Table 1A, 17%
deviance explained), the model was supported statistically (Table 1A).

Copper in tissue

Copper in the mussels from plots exposed to only biocide did not
differ significantly from those in the controls (Figure 2A; Table 1B). In
contrast, there was relatively log-linear increases in copper found in
mussels exposed to increasing concentrations of copper (Figure 2A;
Table 1B). The monotonic relationship between the concentrations of
copper added to mussels and those found in their tissues was unaffected
at the highest concentration of biocide, however, at the smallest
concentrations of chlorpyrifos and large concentrations of copper,
there was a synergistic interaction between the stressors (Figure 2A;
Table 1B). The strength of that interaction was strongest in mussels
exposed to both small concentrations of chlorpyrifos and large
concentrations of copper. Here mussels contained more copper;
twice as much as mussels exposed to the highest concentration of
copper (Figure 2B; Table 1B). The interactive effects of copper and
chlorpyrifos provided a good fit to the data, explaining 38% of the
deviance (Figures 2A, B; Table 1B).

Respiration by assemblages

Respiration by mussel assemblages varied greatly (Figure 3A)
with the fitted model explaining 9% of the deviance contained in the
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Overlay of the GAM generated response-surface on (A) the real data obtained by measuring the cellular viability (optical density g ** hemocyte
protein) of mussels exposed to increasing concentrations of two stressors (Copper & the biocide chlorpyrifos). Also shown is the interaction strength
across the response surface (B), where color is indicative of whether the interaction is either positive (red), negative (blue) or neutral (white).
Concentrations of both stressors are log-transformed (log+1 for copper & log+0.01 for the biocide chlorpyrifos). All treatments and controls were

replicated (n = 4).

data (Table 1C) but there still appeared to be an interactive effect
reflected in the model visualization (Figures 3A, B) and in the
significance of the tensor product (Table 1C). Greater respiration
occurred in assemblages exposed to small concentrations of
chlorpyrifos with and without small concentrations of copper,
however, the ‘response-surface’ flattened at larger concentrations
of copper due to an antagonistic interaction between the two
contaminants (Figures 3A, B). On its own, copper had little effect,
though our model predicts slightly elevated respiration with
increasing concentrations of copper (Figure 3A).

Filtration by assemblages

In the absence of copper, filtration by assemblages decreased
monotonically with increasing concentrations of biocide
(Figure 4A; Table 1D), with assemblages exposed to large
concentrations filtering 70% less compared to controls. In
contrast, there was a non-monotonic (U-shaped) relationship
between filtering by assemblages and the log-transformed
concentration of copper without chlorpyrifos (Figure 4A). At
weak concentrations of copper there was an almost log-linear

TABLE 1 Analyses of GAM (Generalized Additive Model) response-surface generated from (A) cell viability data (optical density g * hemocyte protein),
(B) copper accumulation data (ug g * mussel tissue), (C) respiration data (mgO,L*hr %) and (D) clearance data (Lhr™!) of mussels/mussel assemblages
exposed to increasing concentrations of two stressors (Copper & the biocide chlorpyrifos).

Approximate significance of smooth terms:

(A) Cellular Viability

(B) Copper accumulation

edf Ref.df edf Ref.df
*s(coppper) 0.9958 2 2,51 0.00501 > *s(coppper) 8.35E-01 3 4.136 7.20E-05 ox
s(biocide) 1.5433 2 3.606 0.00637 b s(biocide) 2.12E-11 3 0 0.32644
Ate(copper,biocide) 1.3707 4 3.387 9.09E-05 b Ate(copper,biocide) 5.30E+00 9 2.1 0.00186 e
Deviance explained: 16.50% GCV score: | 0.0145 | R-sq.(adj): 0.131 | Deviance explained: | 37.70% GCV score: 146.8  R-sq.(ad)): 0.336

(C) Respiration

(D) Clearance rates

edf
*s(coppper) 1.45E-09 2 0 0.7007 * s(copper) 0.6331 3 1.574 0.0035 >
s(biocide) 6.49E-01 2 0.748 0.1055 s(biocide) 2.0221 3 8.277 4.39E-07 b
Ate(copper,biocide) 2.13E+00 11 0.506 0.0436 * Ate(copper, biocide) 4.7925 9 1.359 0.0125 *
Deviance explained: 8.58% GCV score: 0.036 R-sq.(adj):  0.059 | Deviance explained: | 46.30% GCV score:  80.661 = R-sq.(adj): 0.419

* denotes significance at P < 0.05, ** P < 0.01, *** P < 0.001, s, spline; A te, tensor product.
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decrease in filtering by mussel assemblages, however, that effect was
greatest (i.e. asymptotic) at intermediate concentrations
(Figure 4B). At large concentrations there was only a small
difference between filtering by assemblages at the large
concentrations of copper and mussel assemblages in control plots
(Figures 4A, B, Table 1). At the highest concentration of copper, a
synergistic interaction with chlorpyrifos caused larger reductions to
filtering than assemblages exposed to no copper (Figures 4A, B,
Table 1D). There was clear evidence of interactions between the
effects of copper and chlorpyrifos, with the two stressors appearing
to synergistically enhance and antagonistically diminish filtering by
assemblages depending upon their concentration (Figures 4A, B,

>

Respiration (mgO,L1hr?)

FIGURE 3

Interaction Strength

Table 1D), which is reflected in terms of the deviance explained
(46%) and is supported statistically (Table 1D).

Discussion

Predicting the combined effects of stressors based on knowledge
of their individual effects is fraught with uncertainty; particularly
when more recent knowledge suggests that non-additive effects may
outweigh additive effects (Strain et al., 2014; Piggott et al., 2015;
Cote et al., 2016). Using a ‘response-surface’ field experiment this
study reveals a prevalence of non-additive effects between stressors

Overlay of the GAM generated response-surface on (A) the real data obtained by measuring the respiration (mgO,L *hr %) of mussel assemblages
exposed to increasing concentrations of two stressors (Copper & the biocide chlorpyrifos). Also shown is the interaction strength across the
response surface (B), where color is indicative of whether the interaction is either positive (red), negative (blue) or neutral (white). Concentrations of
both stressors are log-transformed (log+1 for copper & log+0.01 for biocide chlorpyrifos). All treatments and controls were replicated (n = 4).
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Overlay of the GAM generated response-surface on (A) the real data obtained by measuring the clearance rate (Lhr™) of mussel assemblages
exposed to increasing concentrations of two stressors (Copper & the biocide chlorpyrifos). Also shown is the interaction strength across the
response surface (B), where color is indicative of whether the interaction is either positive (red), negative (blue) or neutral (white). Concentrations of
both stressors are log-transformed (log+1 for copper & log+0.01 for biocide chlorpyrifos). All treatments and controls were replicated (n = 4).

that varied depending on their concentration, and on the responses
of the mussels and assemblages measured. For the cellular level
response variable, there were antagonistic interactions between
increasing concentrations of both stressors that peaked at
intermediate concentrations of chlorpyrifos and the highest
concentration of copper such that the cellular viability of mussels
at those concentrations were similar to the controls (Figures 1A, B).
In terms of copper in the tissue of mussels, there was a synergistic
interaction in which mussels exposed to large concentrations of
copper and intermediate concentrations of chlorpyrifos
accumulated significantly more copper than mussels exposed to
the highest concentration of copper only (Figures 2A, B).
Additionally for filtration, there was evidence of two non-additive
effects with filtering by mussel assemblages exposed from
intermediate to larger concentrations of chlorpyrifos across the
gradient of copper concentrations being reduced to the same extent
as the single stressor with the greatest effect; in this instance the
intermediate to highest concentrations of chlorpyrifos (Figures 4A,
B). This particular type of non-additive effect is suggestive of one
that is predicted under the “simple comparative/dominance model”
where a single stressor dominates the other stressor in determining
their combined effect (Folt et al., 1999; Cote et al., 2016).
Additionally, there was a synergistic interaction between small to
intermediate concentrations of chlorpyrifos and the highest
concentration of the copper, which reduced filtering by
assemblages when compared to the controls (Figures 4A, B). In
terms of respiration by assemblages, there was a significant
interaction between copper and chlorpyrifos (Table 1C;
Figures 3A, B), however, given the small amount of deviance
explained for the model (9%) and considering that p-values in a
GAM are only
the interpretation.

approximate, caution must be taken in

One possible

explanation for the antagonistic interaction

between stressors occurring for cellular viability of mussels could
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be due to exogenous (direct) interactions between the stressors in
the environment (i.e. in the water-column before entering the
organism) (Lyons et al., 2015). These types of chemical
interactions are thought to occur in aquatic environments
between these contaminants, where chlorpyrifos may chelate
copper-ions (Meikle and Youngson, 1978). Others, however,
believe that copper’s speciation is not only indicative of its
toxicity but also indicative of its bioavailability (Hall and
Anderson, 1999). Although some more benign species of copper
can still be assimilated into the tissues of bivalves through feeding or
respiration, this is thought to be at much smaller concentrations
than species of copper that are thought to be more toxic (Pan and
Wang, 2009). As such, if there was an exogenous interaction
between the stressors, one would have expected to observe a
reduced uptake of both stressors when combined. While we were
unable to quantify chlorpyrifos in the tissues of mussels, there was a
synergistic interaction between intermediate chlorpyrifos-
concentrations and increasing copper-concentrations, which
resulted in mussels at those mixtures accumulating more copper
in their tissue than mussels exposed to the highest concentration of
copper alone (Figure 2A).

In fact, Dondero et al. (2011) reported similar antagonistic
interactions between increasing concentrations of this chlorpyrifos
and another metal (nickel) on cellular responses in mussels;
however, the authors found no evidence of exogenous chemical
reactions. Instead, the authors found that the antagonism was due
to the stress-response of the species. They used molecular
techniques to identify whether there were more genes associated
with metals (metallothioneins). This latter finding may be caused by
an endogenous antagonistic interaction between the contaminants,
where an organism responds to different contaminants through a
general response (i.e. inflammation; Browne et al., 2015) that may
include the rapid synthesis of proteins (e.g. enzymes, hormones)
which may detoxify contaminants (Lyons et al., 2015). This may
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lend some weight to an argument that an endogenous (indirect)
interaction occurred in our experiment, in that copper was present
at larger concentrations in mussels exposed to intermediate levels of
chlorpyrifos than it was in all other stressor treatments (Figure 2).
Indeed, the potential for exogenous and endogenous interactions
has been shown for other habitats and other stressors and those
interactions also vary between being synergistic or antagonistic. An
example of evidence of a synergistic exogenous interaction is one
where the toxicity of certain polycyclic aromatic hydrocarbons is
known to be enhanced on exposure to sunlight; in particular
ultraviolet radiation (Oris and Giesy, 1985). Furthermore, the
enhanced toxicity of polycyclic aromatic hydrocarbons has been
shown to cause lethal effects to organisms at concentrations an
order of magnitude smaller than those that are toxic without
ultraviolet radiation (Ankley et al., 2010).

In contrast, examples of antagonistic exogenous interactions
can occur with a range of metals in water where the toxicity
and bioavailability of the metal are thought to depend on
abiotic factors such as pH, temperature, salinity, “minerality-
hardness” and concentrations of organic matter (Kiaune and
Singhasemanon, 2011).

Such endogenous interactions can be even more complex
because they may depend on biochemical and physiological
processes in an organism (Lyons et al., 2015). For a range of
aquatic species exposed to combinations of increased temperature
and different chemical stressors there have been a mix of
antagonistic or synergistic interactions. In particular, the direction
of the interaction was dependent on not only the identity of the
chemical stressor and the intensity of warming, but also the ability
of either stressor type to rapidly activate a stress response; for
example, the synthesis of “heat shock” proteins, which have also
been shown to play a role in reducing toxicity of chemical stressors
(reviewed in Holmstrup et al., 2010). Additionally, increased
temperature combined with a non-ionic organic compound
antagonistically effected freshwater sponges (Miiller et al., 1995),
but copper and warmer temperatures interacted synergistically in
zebra mussels (Rao and Khan, 2000).

The interactive effect of copper and chlorpyrifos on the viability
of hemocytes was not observed with filtration (Figure 4A). In fact,
for filtering by assemblages our analysis indicates there were two
non-additive interaction effects; a synergistic interaction as
predicted under the additive model (Folt et al, 1999) and an
indication that an interaction as predicted under the simple
“comparative/dominance model” occurred (Folt et al., 1999; Cote
et al.,, 2016). Firstly, there was a synergistic interaction at small to
intermediate concentrations of chlorpyrifos and large
concentrations of copper which reduced the filtering rate of
assemblages compared to the controls that were not exposed to
either stressor. Secondly, at larger concentrations of chlorpyrifos the
addition of copper (across all concentrations) did little to change
the effect of the chlorpyrifos, which in this instance determined the
effect across the ‘response-surface’ (Figure 4). Indeed, one possible
explanation for the synergistic effect of stressors on the filtering by
assemblages in our experiment, could be related to the synergistic
increase in copper accumulating in mussels at these concentrations
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(Figure 2). As explained above the mode of action for both these
contaminants can be different, yet despite those differences the
individual effects can combine to overwhelm the organisms at
particular concentrations of both stressors and hence reveal
synergistic effects or ‘surprises’ (Paine et al., 1998) at higher levels
of biological organization. Previous experiments have shown that
when mussels are exposed to large doses of chemical stressors, they
can close their valves (Kramer et al., 1989), which may explain the
increased copper in mussels exposed to small rather than larger
concentrations of chlorpyrifos. Chlorpyrifos can be more toxic at
smaller doses than copper (Serrano et al., 1997). Subsequently the
effects of chlorpyrifos may reduce the organism’s ability to detect
larger doses of copper and hence may ingest and store more copper
when exposed to copper combined with small to intermediate doses
of chlorpyrifos (Figure 2), which is then translated to greater rates of
filtering by assemblages.

Beds of bivalves are some of the most important and dominant
habitat-forming species in aquatic systems, as they provide living
space and favorable conditions for other species, which facilitates
greater biodiversity (Norling and Kautsky, 2007). Mussel beds have
diverse assemblages (O’Connor and Crowe, 2007), and their
filtering can play a major role in assimilating and recycling
sediment, nutrients and energy from the water-column (Newell,
2004). They also provide an important source of food for
scavengers/predators (e.g. crabs, starfish, birds, humans) and
underpin a vast array of both aquatic and terrestrial food webs
(Paine, 1966; Norling and Kautsky, 2007). As such, the negative
effects of stressors as described in the current experiment could have
serious implications for the functions of mussels beds. In fact, loss of
dominant species due to multiple stressors from higher trophic
levels is predicted to have a greater impact than loss of a species
from other trophic levels and may change the productivity and
other useful functions of organisms and assemblages (Hughes and
Connell, 1999; Coors and De Meester, 2008; Kendrick et al., 2019).

In this experiment we found possible evidence of a simple
“comparative/dominance model” interaction between the stressors
tested (Folt et al, 1999). In these types of interactions, the
interaction is dominated by the effect of a single stressor (Folt
etal,, 1999). In these interactions it would appear that at sufficiently
large doses/concentrations of one stressor it makes no difference to
add the other stressor. Whilst this sort of outcome is valuable to
determine managerial approaches for two chemical stressors, as
given this result a manager or policymaker could try to remove the
worst stressor from the ecosystem. If, however, the more harmful
stressor is one that would be expected to occur under climatic
change such as increased temperature, acidification, etc., it may not
be possible to modify its effects (Harley et al., 2006; Russell et al.,
2009; Cheng et al., 2015). These sorts of scenarios could be
examined using a ‘response-surface’ design and provide useful
information to managers and policymakers who wish to avoid
harmful multiple stressor scenarios, something that has previously
been called for in the literature (Kroeker et al., 2017; Varaksin et al.,
2018), but remains rare (but see Rindi et al., 2022 for experimental
approaches on biofilms) due to the complexity of the task and
remains a knowledge-gap (Orr et al., 2020; Jackson et al., 2021).
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Conclusion

Our results highlight that non-additive effects may be even
more complex and may be even more common than previously
thought (Crain et al., 2008; Darling and Coté, 2008; Holmstrup
et al, 2010), particularly given that those interactions (or lack
thereof) can vary substantially across different response variables
and across varying concentrations of the stressors. In the current
experiment, if we had used a binary or two factor by two level
experimental design, we may have reached erroneous conclusions
in terms of the existence, strength and direction of the interactions
between stressors. While our results show the value of using
‘response-surface’ designs to examine the effects of multiple
stressors across a range of intensities, these designs are limited by
the number of stressors and organismal responses that can be
investigated. So to ensure causal inferences gained from response-
surface experimental designs are environmentally relevant will
require that the stressors and responses (biological and ecological)
chosen are based on those found to correlate in environmental
surveys. Using linked surveys and experiments in this way is crucial
to understand cause-effect relationships between stressors and biota
is crucial to restoring, rehabilitating and preserving biota and their
habitats (Underwood, 1980; Underwood and Peterson, 1988;
Burton and Johnston, 2010).

The variation in the chemical, biological and ecological
outcomes we observed with mussel beds exposed to different
concentrations of copper and/or chlorpyrifos across levels of
biological organization has important implications for monitoring
and managing the impacts and risks of priority pollutants to the
ecosystem. As such depending upon the assay used there is a
possibility of concluding there was no effect, when in fact based
on our findings there was a substantial effect. This potential for
ambiguity across those levels of organization further highlights the
need for more careful selection of assays and experiments to
determine the nature, magnitude and mechanism of impacts of
multiple contaminants and other stressors to the ecosystem
(Underwood, 1980; Underwood and Peterson, 1988; Adams,
2005; Martinez-Crego et al., 2010; Browne et al., 2015). That said,
this ambiguity in the response variables may be driven in part by
experimental procedures used to measure respiration and filtration
as we cannot be completely certain that the chambers used were
sealed fully against the pontoon-surface. Equally that ambiguity
may to some extent be explained by differences in the mechanism
and timing of toxicity (i.e. adverse-outcome pathway; Kramer et al.,
2011; Browne et al.,, 2015) for the various combinations of
contaminants at different levels of biological organization.

There is a growing consensus that many, if not all terrestrial and
aquatic habitats are impacted in some way by multiple
anthropogenic stressors (Halpern et al., 2015; Lyons et al., 2015).
As such there is a pressing need to understand and quantify those
effects, if we are to preserve biodiversity and the valuable services
they provide (Adger, 2006; Crain et al., 2008; Clements and Rohr,
2009). Experiments, such as the one described here, have the
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potential to unravel some of the observed complexities
surrounding the effects and interactions of multiple stressors.
Potential improvements would be to include more response-
variables, particularly those at levels of biological organization
that may be dampened by inter- and intra-specific interactions
(Harley et al., 2006; Crain et al., 2008; Bennett et al., 2015). In
addition, experiments incorporating larger temporal and spatial
scales could test if the types of interaction vary or are general
through time and/or space, or indeed may vary due to the timing/
frequency and duration of exposure to the stressors themselves.
Understanding how multiple stressors interact to impact the
ecosystem remains a challenge but this challenge needs to be met
to identify and manage harmful anthropogenic activities so that
they have smaller ecological impacts.
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