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Complex regimes of stress arise when multiple stressors combine simultaneously, with varying degrees of temporal separation or variation in their sequential order. A manipulative field experiment was run to test whether doses of two stressors (Copper and Biocide) varied in their effects on marine epifauna and ecosystem functioning depending on their sequence, timing and delay before sampling. Our key finding was that time-lags between stressors led to longer-lasting effects. We also found that the sequential order of two stressors influenced effects on measures of ecosystem-level processes: for community respiration (CR) the metal-first sequence of stressors had a negative effect; for clearance rates the biocide-first sequence had the greater effect. Effects of stressors delivered simultaneously on CR and clearance rates were short-lived. Intra-individual effects on cellular viability did not correspond with effects on ecosystem-level variables. Results show that current frameworks for understanding and managing the effects of multiple stressors can be improved by incorporating temporal variation in both cause and effect.

Keywords: multiple stressors, time-lags, sequential order, assemblages, ecosystems, ecosystem functioning


HIGHLIGHTS

- We tested how doses of two stressors varied in their effects on marine epifauna and ecosystem functioning depending on their sequence, timing, and delay before sampling.

- We found that time-lags between stressors led to greater effects on measures of ecosystem-level processes and that the sequential order of two stressors also influenced those effects.

- We also found that intra-individual effects on cellular viability did not correspond with effects on ecosystem-level variables.



INTRODUCTION

Humans exert many pressures on ecosystems, with great potential to alter their biodiversity, functioning and capacity to provide ecosystem services (Vitousek, 1997; Assessment, 2005; Crowe et al., 2015). Research in the past has tended to focus on the effects of individual stressors in isolation (Halpern et al., 2008) but progress has been made on understanding how ecosystems are being affected by combinations of both cumulative individual and multiple stressors (Paine et al., 1998; Folt et al., 1999; Crain et al., 2008; Darling and Cote, 2008; Strain et al., 2014; Piggott et al., 2015; Côté et al., 2016; Brooks and Crowe, 2018). That said, our capacity to predict the combined effects of multiple local stressors in the future is limited by our lack of understanding of the potential of climatic change to modify interactions between them. For example, climatic change is expected to increase rainfall and storminess (IPCC, 2012), which is likely to amplify the intensity or change the temporal regimes of localized stressors (e.g., pollution, wave action, nutrient loading, freshwater influx, etc.) (Schiedek et al., 2007).

The potential importance of changing temporal regimes of disturbance has been recognized and explored (Benedetti-Cecchi, 2003; Lyons et al., 2015). Adams (2005) highlighted the importance of considering “time-lags” of both cause and effect in determining the impacts of stressors, where a time-lag of cause is delay in the arrival of stressors and time-lag of effect is temporal variation in the manifestation of an effect. It may be, for example, that where there is a delay between the arrival of one stress event and the arrival of the next, a system may be able to recover between stress events leading to a reduction in the overall effect relative to that caused by simultaneous events. Alternatively, if the system is repeatedly affected by separate stress events, it may be unable to recover between events and thereby be more severely affected. Experimental studies (e.g., Bertocci et al., 2005; Bulleri et al., 2014) have predominantly focused on cumulative effects of individual stressors where, for example, systems near the edge of their tolerance to a first stressor can have a much lower threshold to withstand the effects of a second stress event (Hewitt et al., 2016). However, little has been done to extend these ideas and experimental tests on temporal regimes of stressors to situations involving combinations of stressors or to explore the relative importance of cumulative individual vs. multiple stressors (but see Molinos and Donohue, 2010).

Stressor identity and the response of the system to the first stressor can be a determinant of how the same system responds to either a second occurrence of the same stressor or the arrival of a new stressor into the system. For example, repeated hurricane events over a given period had less impact than repeated hurricane events followed by chronic algal blooms due to overfishing in coral reefs (Hughes and Connell, 1999). The importance of the sequence in which different stressors arrive in a system was highlighted more than a decade ago (Breitburg et al., 1998; Paine et al., 1998) and appropriate experimental tests have been designed (e.g., Giller et al., 2004). Yet, because of the complexity and size of these designs, few studies have dealt with the sequential order of stressors. Nonetheless, there have been some notable exceptions in both conceptual (Vinebrooke et al., 2004) and empirical terms (Fukami, 2001; Nystrom and Folke, 2001; Macinnis-Ng and Ralph, 2004; Flöder and Hillebrand, 2012; Cheng et al., 2015). While most of these studies manipulated the sequential order of stressors, none explicitly tested the role of time-lags between those stressors and in most cases responses were only measured at the individual level of biological organization for one or two species.

Multiple lines of evidence should be used to determine effects of multiple stressors (Adams, 2005). This is important because utilizing a suite of techniques across varying levels of biological organization (Attrill and Depledge, 1997; Martinez-Crego et al., 2010) allows for testing of multiple hypotheses (Underwood and Peterson, 1988; Mayer-Pinto et al., 2010), increasing the potential to understand the effects of both cumulative and multiple stressors on ecosystem processes and functioning. For example, in sedimentary systems, O'Meara et al. (2017) showed that as the number of stressors increase, the ability to predict the role of NH4+ flux in governing ecosystem function is compromised due to a breakdown in networked processes.

Similarly, sampling regimes need to be designed specifically to characterize variation in response with time after application of the stressor/stressors (Adams, 2005; Martinez-Crego et al., 2010). Indeed, such sampling regimes have long been established but are not always used (Adams, 2005). That said, there have been some more recent long term studies that show that the responses of systems to the effects of stressors may vary temporally over longer time periods (e.g., Godbold and Solan, 2013; Hewitt et al., 2016).

Mussels and other reef-forming bivalves are among the most important habitat-forming and habitat-modifying species in aquatic systems, as they provide living space and favorable conditions for other species, facilitating a high biodiversity of associated species (Seed, 1996; Norling and Kautsky, 2007). They have a major influence on nutrient assimilation and recycling, energy flow and benthic-pelagic coupling due to their filtration activities (Kautsky and Evans, 1987; Newell, 2004). They are also an important food source for other invertebrates (e.g., crabs, sea-stars) and a range of bird species (e.g., oyster-catchers, gulls) and underpin both aquatic and terrestrial food webs (Paine, 1966; Prins et al., 1997; Norling and Kautsky, 2007). Given this importance, changes to ecosystem-level processes of bivalve-dominated assemblages caused by temporal and sequential regimes of multiple stressors have potentially broad implications for both aquatic and terrestrial systems alike.

Field experiments that deal with complex temporal regimes of stressors across multiple levels of biological organization are rare, due to logistical constraints. Here we present a fully factorial field-based experiment, using our field-based dosing system at Malahide Marina on the east coast of Ireland (Browne et al., 2016), which aims to (a) test if ecosystem properties are affected more by the cumulative effects (repeated doses) of single stressors or the combined effects of multiple stressors, (b) test if variable time-lags between doses of stressors affect the outcome, (c) characterize variation in responses with time after application of stressors, (d) determine if the sequential order of two stressors influences their combined effects, and finally (e) characterize variation in responses across different levels of biological organization.



MATERIALS AND METHODS


Study Site and Experimental System

The model system for the current study was the epifaunal assemblage dominated by common mussels (Mytilus edulis), naturally occurring on the floating pontoons at Malahide marina, which is located in North county Dublin on the East coast of Ireland (Lat: 53° 27′ 12″ Long: 06° 9′ 5″). The assemblage included taxa such as macro-algae (e.g., Fucus vesiculosus, Enteromorpha intestinalis), ascidians (e.g., Didemnum maculosum, Ciona intestinalis), anthozoans (e.g., Actinia equina, Metridium senile), barnacles (e.g., Semibalanus balanoides, Balanus balanus) as well as mobile taxa such as gastropods (e.g., Patella vulgata, Rissoa sarsi), isopods (e.g., Idotea granulosa, Jaera albifrons), amphipods, nematodes, juvenile, and small crabs (e.g., Carcinus maenas, Porcellana platycheles), and a wide range of both sessile (e.g., Pomaterceros lamarcki), and mobile polychaetes (e.g., Cirratulus cirratus, Hedinista diversicolor). In total 64 species were identified in mussel dominated assemblages along the pontoons, however, the richness and abundance of species in each core did not vary significantly among plots along the length of the pontoons (Brooks et al., unpublished data, but also see Browne et al., 2016). The tidal range is 2–4 m and the salinity range is 18–34. When selecting experimental plots along the pontoons, a clear 13 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 10 cm. The experiment ran from 22nd October until 10th December 2012 (for a total of 8 weeks).



Experimental Design

The experimental designs are described here as three subsets of treatments run simultaneously to meet the overall objectives of the experiment. Each subset of the experiment involved three factors: Treatment, Time-lag, and Sampling. The first two subsets were designed to address objectives (a), (b), and (c), comparing cumulative effects of the same stressor with effects of multiple stressors. In the first subset, metal (copper) was the primary stressor (i.e., the only stressor in the cumulative stressor regimes and the first one applied in the multiple stressor regimes). The factor “Treatment” had four levels; Metal-Metal (MM, double dose of metal), Metal-Biocide (MB, multiple stressor), No Pump was the un-manipulated control and Pump was the procedural control for pumping (i.e., the delivery method of the stressors). In the second subset, biocide was the primary stressor. The factor “Treatment” again had four levels; Biocide-Biocide (BB, double dose of biocide), Biocide-Metal (BM, multiple stressor), No Pump and Pump were the controls.

The third subset of treatments tested the effect of varying the sequential order of stressors—objective (d). The factor “Treatment” again had four levels: MB (multiple stressor with metal first), BM (multiple stressor with biocide first), No Pump, and Pump were the controls.

For all three subsets of the experiment, the factor “Time-lag” had three levels; None (no time-lag between stress events), Short (1 week between stress events) and Long (3 weeks between stress events) and the factor “Sampling” had two levels: Early (plots were sampled the day after final dosing) and Late (plots were sampled 2 weeks after final dosing). Time-lags between stressors and sampling regimes were determined based on evidence of sub-lethal effects, both in terms of duration and intensity of the individual stressors and in terms of the manifestation of effects over a given time period (see below for detailed rationale). All combinations of all treatments were independently replicated (n = 3).

To address objective (e), a range of response variables were measured for each subset of treatments and the variation in outcomes were assessed.



Rationale for Doses of Stressors, Time Lags, and Sampling Times

The two stressors tested in the experiment were copper (Metal) and chlorpyrifos (Biocide). Anthropogenic inputs of copper come from sources such as agriculture, sewage effluent, storm-water runoff (both agricultural and urbanized areas), mining (Makepeace et al., 1995; Srinivasan and Swain, 2007) and as a constituent of anti-fouling paints (Lewis, 1998). Copper's negative effects on a wide range of species are well-established (e.g., Johnston and Keough, 2000; Cartwright et al., 2006; Mayor et al., 2009). Organophosphates such as chlorpyrifos are widely used in both agriculture and marine settings (e.g., aquaculture and marinas) as non-species-specific biocides to control pests of crops, fouling assemblages, and parasites of fish (Lewis, 1998; Firbank et al., 2008).

The concentration of copper used was 420 μg l−1 and the concentration of chlorpyrifos was 230 μg l−1. This concentration is comparable to concentrations used in other studies (Pipe et al., 1999; Curtis et al., 2000; Roberts et al., 2006) and is representative of the mean value of copper found in stormwater throughout Europe (Bryan and Langston, 1992; Makepeace et al., 1995). The concentration of chlorpyrifos was 230 μgl−1 and this concentration has been shown to have sub-lethal impacts in similar systems (Guzzella et al., 1997; Serrano et al., 1997; Kim et al., 2004; US Environmental Protection Agency, 2009).

Time-lags between stressors and sampling regimes were determined based on evidence of sub-lethal effects, both in terms of duration and intensity of the individual stressors and in terms of the manifestation of effects over a given time period (Serrano et al., 1997; Pipe et al., 1999; Adams, 2005; Wu et al., 2005; Ashauer et al., 2006). Based on these studies, cellular effects of these particular stressors would be expected to be detectable within hours of exposure, whereas effects at higher levels of biological organization would be manifested at a scale of days to weeks. Information on likely recovery times between stress events was more difficult to obtain, but the short time lag was set with the expectation that recovery may be limited between stress events and the longer time lag was set with the expectation that some recovery would have taken place between stress events. This was based on empirical evidence which show expected induction/recovery times for both stressors (i.e., copper and chlorpyrifos). For example, induction of a biomarker response to both stressors is expected to occur within hours to a day, however those effects may take days to a couple of weeks to be manifested at a community or ecosystem-level; in addition, recovery is often correlated with duration of exposure (Adams, 2005; Wu et al., 2005; see Figure 1 for conceptual framework). Hence, a dosing and sampling schedule was conceived that would incorporate those expectations (Table 1).


[image: Figure 1]
FIGURE 1. Overview of expected outcomes in time frames for response to different regimes of stressors tested experimentally during the study. (A) No effect. (B) Short-term effect. (C) Delayed effect. (D) Prolonged effect. Asterisks indicate significant differences between individual and/or groups of treatments.




Table 1. Dosing and sampling schedule implemented over the duration of the experiment, which ran for a total of 8 weeks at Malahide.
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Experimental Procedures

Experimental treatments were delivered using a programmable dosing system (Browne et al., 2016). Contaminants were fully mixed with seawater in 10 640 L containers and were delivered to experimental plots via a pump placed in each tank, controlled by digital timers. Liquid pumped from each container was split via a manifold into 10 separate 100 m lengths of tubing, each of which delivered stressors to individual plots (see Supplementary Material). Pilot studies had previously shown that 1 m was the minimum distance between plots to ensure independence (Browne et al., 2016). Plots in the current study were separated by 1.5 m. Each of the 18 treatments was randomly assigned to six replicate plots in the array. Three of the replicate plots were sampled directly after the final dosing of the assigned regime (“Sampled Early”) and the other three plots were sampled 2 weeks after final dosing (“Sampled Late”; see Table 1).

On the dates specified by the dosing and sampling schedule (Table 1), we quantified changes in the functioning of assemblages across different levels of biological organization (viability of haemocytes of mussels, community respiration, and the clearance rates of mussel assemblages).

On the day after final dosing, three mussels were collected from each plot for analysis of cellular viability. Cellular viability was estimated using the Neutral Red assay, which provides a quantitative estimation of the number of viable cells in a culture and tests the ability of viable cells to incorporate and bind neutral red dye in the lysosomes (see Brown et al., 2004). From each mussel an aliquot of haemolymph (50 μl) was pipetted into each of two wells of microtitre plates and agitated using a plate shaker (1,400 rpm for 60 s). To allow cells to adhere at the bottom of the wells plates were then left for 50 min to incubate. After the incubation period, the plates were washed with phosphate buffer solution to remove excess cells. Neutral red dye (0.4%) was then added. To prevent photolysis of cells, plates were then incubated in the dark for 3 h. Subsequently wells were then washed with phosphate buffer solution before an acidified solution of 1% acetic acid/20% ethanol was added to resolubilize the dye. Plates were analyzed using a spectrophotometer and absorbance was read at 550 nm. The total protein in the haemolymph was determined and results were presented as optical density per gram of haemocyte protein.

Community respiration (CR) was assessed as oxygen uptake in the dark by placing an opaque purpose built chamber (see Supplementary Material) over the assemblage and using a hand-held probe (HQ20 Hach Lange Ltd. portable LDO™, Loveland, USA) to measure changes in the concentration of dissolved oxygen (mg O2 L−1) over a period of time. To ensure that measurements were taken at the correct time points, a linearity test was undertaken: dissolved oxygen concentration was measured every 2 min over an hour to identify the period during which there was a linear decrease of oxygen concentration in the water. On the basis of this test, oxygen measurements to estimate CR were taken after 10 and 20 min. The initial 10 min as defined by the linearity test has been shown to allow for acclimatization of the assemblages and to ensure photosynthesis had ceased after covering with an opaque chamber (Noël et al., 2010). The chamber was also fitted with a pump to ensure water circulation and homogenization of oxygen concentration throughout the solution. Rates of oxygen uptake were estimated using the equation; CR = Δ [O2] dark/Δt dark, where CR is Community respiration, Δ [O2] dark is the difference in dissolved oxygen concentration between measurements taken, respectively, at the beginning and end of the dark period and Δt dark is the time difference between these measurements. CR was derived on a per hour basis for each individual plot and expressed as mg O2 L−1 h−1 (Nielsen, 2001; Noël et al., 2010).

Clearance rates of micro-algae from the water were measured in-situ using the same purpose-built chamber. Five milliliter of a solution containing microalgae (Isocrysis galbana) at a concentration of 12–15,000 cells per 0.5 ml−1 was injected into the chamber and a circulation pump was used to ensure that they remained suspended. Twenty milliliter samples of seawater were taken from the chamber at three time intervals: 0 (T0), 15 (T1), and 30 (T2) min. The numbers of particles retained in samples were counted using flow-cytometry and clearance rates calculated as the change in concentration per unit time using the following equation; Clearance rate = V (loge C1 – loge C2)/t, where V is the volume of water in the chamber and C1 and C2 are the algal concentration at the beginning and end of the time interval (t) (Coughlan, 1969; Canty et al., 2007).



Data Analysis

Data were analyzed with two series of analyses of variance (ANOVAs), structured to include tests for differences between the controls and different subsets of the stressor treatments to address the objectives of the study. The first series of analyses tested for differences in the outcome based on whether the assemblage was exposed to cumulative regimes (repeated doses) of the same stressor and/or comparable combinations of multiple stressors. Separate analyses were done for each of the first two subsets of treatments described above and for each of the three variables measured (i.e., cellular viability, community respiration and clearance rate). The second series of analyses involved the same factors as the first, but the objective was to test whether the sequential order of the multiple stressor treatments caused differences in the outcome. The final analyses were based on the third subset of treatments described above and again a separate analysis was done for each of the variables measured. In all analyses, all three factors (Treatment, Time-lag, and Sampling) were fixed and orthogonal and n was 3. In all analyses the factor “Treatment” had four levels, the factor “Time-lag” had three levels and the factor “Sampling” had two levels.

A supplementary analysis was completed to test for possible confounding effects due to variation in the timing of different treatments across the duration of the experiment (see below for details).

All computations were done using the software package WinGmav5 (Underwood et al., 1998). Cochran's test was used to test for homogeneity of variances. When necessary data were transformed (e.g., log transformed; Underwood, 1996). Significant results of ANOVAs were further tested using the SNK (Student Newman Keuls) post-hoc tests, to determine which means differed from each other.



Testing for Differences in Controls Over Time

Different time lags and delays in sampling led to samples being collected at different times throughout the 8 week period. At each time of sampling experimental treatments, un-manipulated controls and procedural controls were also sampled, ensuring valid comparisons at each time. We recognize, however, that assemblages and the influence of treatments on assemblages and ecosystem processes may have changed during the 8 week period of the experiment, potentially confounding comparisons between the effects of different stress regimes relative to controls. It was not logistically feasible to run all treatments such that all regimes could be initiated and sampled at the same times, which would have enabled this concern to be fully addressed. However, we did sample controls (i.e., natural assemblages—No Pump) at each of the sampling times, enabling us to assess whether the ecosystem processes of the natural assemblage varied during the 8 week period which was incorporated into each analysis. A separate analysis was done to test for variation in response in these control plots. It involved the factors “Control type” and “Sampling Event,” the factor Control type had two levels (No Pump and Pump) and was included to test if there were any artifacts in the experimental design pertaining to the pumping of the dosing system both within or between the natural mussels/assemblages (No Pump) and the mussels/assemblages which were exposed to pumped seawater (Pump). The factor “Sampling Event” had six levels (i.e., six different sampling events) and was included to test if there was any temporal variation in ecosystem processes over the duration of the experiment. Both factors were fixed and orthogonal and all controls were replicated (n = 3).




RESULTS


Cellular Viability

When copper was the primary stressor, there was no effect of stressor treatments on the cellular viability of mussels that had no time-lag between stressors and were sampled early (i.e., directly after dosing) (Figure 2A). However, when mussels were sampled 2 weeks after final dosing, both stressor treatments reduced cellular viability in comparison with the controls (Figure 2B, Table 2a, SNK: MM = MB > No Pump = Pump, P < 0.05). The same outcome was observed when a short time-lag was introduced between the stressors, but the effect was only apparent when assemblages were sampled 2 weeks after dosing. When a long time-lag of 3 weeks between stressors was introduced, both stressor treatments at both sampling points had an effect on the cellular viability of the dosed mussels in comparison with the controls, but again there were no differences between the cumulative or the multiple stressor treatments (Figures 2A,B, Table 2a, SNK: MM = MB > No Pump = Pump, P < 0.05). Overall the analysis showed a significant difference between the controls and the two stressor treatments such that when there was a time-lag between stressors there was a greater effect than when mussels were exposed to the stressors together (Figures 2A,B, Table 2a, SNK: Long = Short > None, P < 0.01).
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FIGURE 2. Cellular viability (optical density g−1 haemocyte protein), respiration (mg O2 l−1 hour−1) and clearance rate (l/hour) of mussels/mussel assemblages at Malahide marina with metal as the primary contaminant in cumulative (MM) and multiple stressor treatments (MB), M = Copper and B = Biocide. Also shown are the control treatments: “No Pump” (un-manipulated control) and “Pump” (procedural control). All stress treatments were delivered with three time-lag treatments (None, Short, and Long) between the arrival of the first stress event and the second stress event and were sampled directly after dosing (Early–A,C,E) and 2 weeks after dosing (Late–B,D,F) (n = 3). Asterisks indicate significant differences between individual and/or groups of treatments.



Table 2. Analyses of the (a) cellular viability (optical density g−1 haemocyte protein), (b) community respiration (mg O2 l−1 h−1), and (c) clearance rates (l/h) of mussels/mussel assemblages at Malahide marina comparing cumulative and multiple stressor treatments with copper as the primary stressor, corresponding to the first and second subsets of treatments described in the Materials and Methods (n = 3 plots; for all variables: data are untransformed; Cochran's test: ns).

[image: Table 2]

When biocide was the primary stressor, a long time-lag between stressors caused greater effects on cellular viability than a short time-lag or no time-lag (Figures 3A,B, see Table 3a, SNK: Long > Short = None, P < 0.01). When mussels were sampled early after dosing, only the multiple stressor treatment (BM) had an effect on cellular viability in comparison with the cumulative stressor and the controls (Figures 3A,B, see Table 3a, SNK: BM > BB = No Pump = Pump, P < 0.05). When sampled 2 weeks after dosing both stressors treatments had an effect, which was significantly different from that of the controls but the stressor treatments did not differ from each other (Figure 3B, see Table 3a, SNK: BM = BB > No Pump = Pump, P < 0.01).
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FIGURE 3. Cellular viability (optical density g−1 haemocyte protein), respiration (mg O2 l−1 hour−1) and clearance rate (l/hour) of mussels/mussel assemblages at Malahide marina with biocide as the primary contaminant in cumulative (BB) and multiple stressor treatments (BM), M = Copper and B = Biocide. Also shown are the control treatments: “No Pump” (un-manipulated control) and “Pump” (procedural control). All stress treatments were delivered with three time-lag treatments (None, Short, and Long) between the arrival of the first stress event and the second stress event and were sampled directly after dosing (Early–A,C,E) and 2 weeks after dosing (Late–B,D,F) (n = 3). Asterisks indicate significant differences between individual and/or groups of treatments.



Table 3. Analyses of the (a) cellular viability (optical density g−1 haemocyte protein), (b) community respiration (mg O2 l−1 h−1), and (c) clearance rates (l/h) of mussels/mussel assemblages at Malahide marina comparing cumulative and multiple stressor treatments with biocide as the primary stressor, corresponding to the first and second subsets of treatments described in the Materials and Methods (n = 3 plots; for all variables: data are untransformed; Cochran's test: ns).
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No significant differences in cellular viability were caused by varying the sequential order of stressors (Figures 4A,B, Table 4a). Instead, these analyses confirmed the importance of time-lags in enhancing the effects of multiple stressors on cellular viability (Figures 4A,B; Table 4a, SNK: Long = Short > None, P < 0.01).


[image: Figure 4]
FIGURE 4. Cellular viability (optical density g−1 haemocyte protein), respiration (mg O2 l−1 hour−1) and clearance rate (l/hour) of mussels/mussel assemblages at Malahide marina testing the sequential order of arrival of multiple stressors (i.e., MB vs. BM, where B = Biocide and M = Copper). Also shown are the control treatments: “No Pump” (an un-manipulated control) and “Pump” (a procedural control). All treatments were subject to three time-lag treatments (None, Short and Long) between the arrival of the first stress event and the second stress event and were sampled directly after dosing (Early–A,C,E) and 2 weeks after dosing (Late–B,D,F) (n = 3). Asterisks indicate significant differences between individual and/or groups of treatments.



Table 4. Analyses of the (a) cellular viability (optical density g−1 haemocyte protein), (b) community respiration (mg O2 l−1 h−1), and (c) clearance rates (l/h) of mussels/mussel assemblages at Malahide marina testing the influence of the sequential order of arrival of multiple stressors—the third subset of treatments described in the Materials and Methods (n = 3 plots; data are untransformed; Cochran's test: ns).
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Respiration

When copper was applied first, the community respiration of assemblages exposed to both stressor combinations with no time-lag between each dose and sampled directly after dosing (Early) was significantly greater than that in the control treatments (Figure 2C, Table 2b, SNK: MM = MB > No Pump = Pump, P < 0.05). However, when these assemblages were sampled 2 weeks later (Late), that effect had disappeared (Figure 2D). Assemblages for which there was a short time-lag between stressors and had significantly reduced community respiration when sampled late than when sampled early (Figures 2C,D, Table 2b, SNK: Short: Late > Early, P < 0.05) but there was no difference between the stressor treatments (Figures 2C,D, Table 2b, SNK: Short: MB = BM > No Pump = Pump, P < 0.05). The same effect occurred when a long time-lag was introduced between the stressors: there was no effect when sampled directly after dosing (Figure 2C, Table 2b, SNK: Long: Late > Early, P < 0.05) but an effect was manifested 2 weeks after dosing (Figure 2D, Table 2b, SNK: Long: MB = BM > No Pump = Pump, P < 0.05).

When biocide was the primary stressor, community respiration was significantly less under cumulative doses of the same stressor (BB) than under multiple stressors or controls, but this difference was again dependent on the sampling time (see Figures 3C,D). On average across all time-lag treatments sampled 2 weeks (Late) after final dosing, the community respiration of mussel assemblages was significantly reduced by the cumulative biocide treatment (Figure 3D, Table 3b, SNK: BB: Late > Early, P < 0.05) in comparison with the controls and the multiple stressor treatment.

The effect of the sequential order of delivery of stressors varied depending on the time-lag between stressors and when they were sampled. For example, there was an effect on the community respiration rates of mussel assemblages exposed to both stressor treatments when there was no time-lag between stressors and when community respiration was sampled directly after dosing, regardless of sequential order (Figure 4C, Table 4b, SNK: None: Early > Late, P < 0.05) but that effect had disappeared 2 weeks later (Figure 4D, Table 4b, SNK: Early: MB = BM > Pump = No Pump, P < 0.05). When a short time-lag was introduced between treatments both stressor treatments had an effect in the short term (i.e., when sampled early) in comparison to the controls, but there was no difference between them (Figure 4C, Table 4b, SNK: Early: MB = BM > Pump = No Pump, P < 0.05). On the other hand, when sampled 2 weeks after dosing (Late), again they were both different from the controls but the effect was greater when metal were delivered first than when biocides were delivered first (Figure 3D, Table 4b, SNK: Late: MB > BM > Pump = No Pump, P < 0.01). Furthermore, when a long time-lag was introduced between treatments, there was only an effect in the short term when metal were delivered first (Figure 4C, Table 4b, SNK: Early: MB > BM = Pump = No Pump, P < 0.01) but when assemblages were sampled 2 weeks after dosing (Late) the effect was manifested in both stressor treatments (Figure 4D, Table 4b, SNK: Late: MB > BM > Pump = No Pump, P < 0.01).



Clearance Rates

With metal as the primary stressor, there was no effect on clearance rate when there was no time-lag between stressors. An effect was detected, however, when a short time-lag was introduced, but this effect only occurred when the assemblages were sampled 2 weeks after the last dosing, at which point both stressor treatments differed from the control treatments, but the multiple stressor treatment had a greater effect than the cumulative stressor treatment (Figures 2E,F, Table 2c, SNK: Short, Late: MB > MM > No Pump = Pump, P < 0.05). When there was a long (3 weeks) time-lag between stressors, an effect of the cumulative stressor treatment was only detected in the short-term, 1 day after dosing (Figure 2E, Table 2c, SNK: Long, Early: MM > MB = No Pump = Pump, P < 0.05).

For mussel assemblages exposed first to biocide (BB and BM), an effect on clearance was only detected for those assemblages that were exposed to the multiple stressor treatment (BM) and subject to a time-lag (either “Short” or “Long”) (Figures 3E,F, Table 3c, SNK: BM: Short = Long > None, P < 0.05). For example, when mussel assemblages were exposed to a short time-lag there was a greater reduction in the clearance rates of the assemblages exposed to the multiple stressor treatment, which in turn differed from both the cumulative stressor and the control treatments (Figures 3E,F, Table 3c, SNK: Short: BM > BB = NP = P, P < 0.01). Concomitantly, when there was a long time-lag between stress events there were no differences between the clearance rates of mussels subjected to different sets of stressors, but both stressor treatments did again differ from the controls (Figures 3E,F, Table 3c, SNK: Long: BM = BB > NP = P, P < 0.01).

The effect of sequential order of stressors on clearance rates was dependent on whether there was a time-lag between the individual stressors. When there was a short time-lag between treatments, there was no difference between the stressor treatments but both were significantly different from the controls (Figures 4E,F, Table 4c, SNK: Short: BM = MB > NP = P, P < 0.01). Conversely, when there was a long time-lag, clearance rates in assemblages which were exposed to biocide before metal (BM), were more strongly affected (i.e., had a more greatly reduced clearance rate) than those exposed to copper before biocide (MB) and to the controls (Figures 4E,F, Table 4c, SNK: Long: BM > MB = NP = P, P < 0.01). Overall when biocides were introduced first (BM) there was only a significant reduction of the clearance rate of the assemblages when there was a time-lag between the stressors (Figures 4E,F, Table 4c, SNK: BM: Short = Long > None, P < 0.01).



Variation in Controls During the Experimental Period

In terms of the controls, there were no differences in the cellular viability of mussels either between or within both the procedural and the un-manipulated in the controls over the duration of the experiment (Figure 5A, Table 5a). The respiration of mussel assemblages was not different between the control types (i.e., the procedural and the un-manipulated controls) but there were differences between the sampling events (Figure 5B, Table 5b), however the post-hoc analysis was unable to unravel which means were different. Additionally, there were no differences in the clearance rates of mussel assemblages in both control types nor were any differences between sampling events over the duration of the experiment (Figure 5C, Table 5c).
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FIGURE 5. Control treatments sampled over the duration of the experiment at Malahide marina for all three response variables; (A) Cellular viability (optical density g−1 haemocyte protein) of mussels, (B) Respiration (mg O2 l−1 hour−1) and (C) Clearance rate (l/hour) data of mussel assemblages. Data shown includes both control treatments: “No Pump” (an un-manipulated control) and “Pump” (a procedural control). All treatments were subject to six sampling events over the duration of the experiment, which ran for a total of eight weeks (n = 3 plots; data are untransformed; Cochran's test: ns). Asterisks indicate significant differences between individual and/or groups of treatments.



Table 5. Analysis of control treatments sampled over the duration of the experiment for (a) cellular viability (optical density g−1 haemocyte protein) data, (b) Community respiration (mg O2 l−1 h−1) data, and (c) Clearance rate (l/h).

[image: Table 5]




DISCUSSION

A key finding from this study was that, in contrast to current expectations, we found clear evidence that time-lags between stressors often increased their effects. For example, here we found that mussels exposed to stressors with short or long time-lags between stress events had decreased cellular viability in comparison to when there was no time-lag between stressors. The influence of time-lags on the effects of stressors also occurred for both measures of ecosystem functioning but how that was manifested varied between the measures and was dependent on the identity of the primary stressor: for community respiration, time-lags between stressors enhanced their effect when copper was the primary stressor but not when biocide was the primary stressor. In contrast, time-lags between stress events only enhanced the effect of stressors on clearance rate when biocide was the primary stressor.

The regime of stressors/disturbances has long been seen to be a key determinant of their impact on a given system (Bender et al., 1984; Sousa, 1984; Benedetti-Cecchi et al., 2000; Benedetti-Cecchi, 2003; Bertocci et al., 2005). Our results for effects of cumulative (or repeated) occurrences of a single stressor support that view but also highlight that the regimes of multiple stressors or time-lags between stress events are also important. Others have also reported that temporal patterns of multiple stressors can alter their effects (Hughes and Connell, 1999; Molinos and Donohue, 2010; Bennett et al., 2015) but none have shown that time-lags between stressors can increase their effect, as revealed in the current study. Given that, the intensity and duration of stress events is becoming all the more relevant as we are faced with a future of unpredictability, both in terms of the temporal variability in extreme climatic events (Easterling et al., 2000; IPCC, 2012) and in terms of how ecosystems might respond out of proportion to the duration or intensity of those extreme events (Easterling et al., 2000; Jentsch et al., 2007; Walter et al., 2013), it is important that this be taken into consideration.

In fact, temporal gaps in disturbance regimes of stressors have been identified as one possible pathway for the development of cross-tolerance (positive or negative) and stress-hardening in organisms (Vinebrooke et al., 2004; Kültz, 2005; Todgham et al., 2005). If there is interdependence between either biochemical or physiological processes within an organism, organisms can use the same processes to deal with subsequent stressor events (stress-hardening) or deal with different stressors (cross-tolerance), but again the likelihood of these tolerances developing may be dependent on the status of the organism, such as level of recovery and/or synthesis of stress-proteins. For example, Todgham et al. (2005) showed that cross-tolerance only occurred between thermal and hyperosmotic stress in tide-pool sculpins (fish), when either sufficient time between stressors had passed to allow for recovery or when they were pre-exposed to either stressor. Similar mechanisms have been reported in plants after short duration stress events (e.g., drought, frost, nutrient deficiency, etc.) where exposure to subsequent stress invokes a “memory” of that first event, thus allowing the plant to respond more rapidly using the same mechanisms as used previously (Walter et al., 2011, 2013; Kreyling et al., 2012a,b). In the current study, the findings were generally consistent with negative cross-tolerance between stressors (Lloret et al., 2004; Mueller et al., 2005; Kreyling et al., 2011), in that time-lags had a tendency to increase the effect of certain stressors.

It is possible that in the current study the duration of exposure to each particular stress event and/or the time-lag between stress events was not sufficiently long to allow development of tolerance or hardening to the next stress event. Indeed, other studies have shown that the long-term effects of climate driven multiple stressors may vary depending on season (Godbold and Solan, 2013) and although this was not tested in the current study, it may have been that the responses observed could have been influenced by seasonal variation. However, the time-lags of both cause and effect we used were based on evidence of sub-lethal effects, both in terms of duration and intensity of the individual stressors and manifestation of effects over a given time period (see Table 1 and rationale in section Materials and Methods). Other studies have shown effects using similar concentrations and even shorter exposure times (Curtis et al., 2000; Roberts et al., 2006). The sampling regimes were based on evidence from the literature that led us to expect cellular responses to occur within hours to a day after exposure and ecosystem-level responses to be manifested after hours to days to weeks (Adams, 2005; Wu et al., 2005; Supplementary Material). In fact our results here show that effects across all variables can be transient: in some cases, an effect was detected the day after final exposure which was no longer detectable 2 weeks later. Exposure to stressors is often an intermittent event (Ward, 1987) as stressors can arrive into a system episodically (Breitburg et al., 1998; Paine et al., 1998; Hughes and Connell, 1999; Adams, 2005). With climatic change (Easterling et al., 2000; IPCC, 2012), the temporal patterns of terrestrial run-off are likely to change, with increased rainfall and storminess, thereby potentially changing the intensity and sequence of arrival of local stressors (such as those tested in the current study) into aquatic systems (Adams, 2005; Schiedek et al., 2007), with consequences that require further research of the kind reported here.

Our findings clearly show the importance of the sequential order of multiple stressors in determining the strength of their effect on the functioning of mussel assemblages. The sequence of stressors had no effect at a cellular-level (Figures 3A,B), but there was a strong influence of the identity of the first stressor on outcomes in terms of each measure of ecosystem functioning. For example, community respiration was most affected when copper was applied first, but clearance rate was more greatly reduced when biocides were applied first. That unique link between each functional measure and stressor identity is most likely due to the mode of action of each individual stressor. For example, for copper its toxicity is related to its capacity to reduce oxygen binding to haemolymph cells (thereby inducing hypoxia) and to increase permeability of cellular membranes in invertebrate species (Pipe et al., 1999; Taylor and Anstiss, 1999). On the other hand, the biocide used (chlorpyrifos) enters marine organisms through external membranes during feeding and respiration (Serrano et al., 1997) and its direct mode of action is to affect nerve synapses, which can result in loss of muscle function (Key and Fulton, 1993; Kim et al., 2004). Loss of muscle function would impair the ability of an organism to feed in which may explain the reduced clearance rates of the affected assemblages in the current study. Indeed, similar results were also reported for the effects of multiple chemical stressors on a sea-grass species (Zostera capricorni) in Australia (Macinnis-Ng and Ralph, 2004). In contrast to our results they found that double doses of each individual stressor had a greater effect than sequential doses of different stressors. (Nystrom and Folke, 2001), on the other hand, found that individual stressors (heat and copper) had less impact alone than when they were combined in a particular sequence on a coral species. Similar effects have been shown for combinations of biotic and abiotic stressors, such as grazing and pH (Flöder and Hillebrand, 2012) or predation and invasion (Fukami, 2001). Flöder and Hillebrand (2012) found that certain sequences of two stressors (grazing and pH) had greater effects on the stability of phytoplankton communities but that effect was dependent on both the species richness of the assemblage and on whether the most dominant species was present in the mixtures, concepts that have also been explored elsewhere (e.g., Blake and Duffy, 2010; O'Connor and Donohue, 2013).

While most empirical studies on the sequential order of stressors have been conducted in aquatic settings, the sequential arrival of stressors in terrestrial ecosystems can also be a potential determinant in terms of compounding the effects of single disturbances over a temporal period (Dale et al., 2001). In grasslands, exposure to drought before frost is less detrimental than the reverse sequence, because drought leads to a higher rate of synthesized sugars thus reducing frost effects (Kreyling et al., 2012a). Furthermore, synthesis of heat-shock proteins in plants exposed to heat stress first can reduce the effects of subsequent exposure to heavy metals (Sabehat et al., 1998). Another study revealed that tomato fruits exposed to moderately high temperatures first (38°C) can withstand lower temperatures (2°C) and not develop chilling injuries but this does not occur when the sequence is reversed (Lurie and Klein, 1991).

In the current study we found evidence of variation in response to different stressors across the levels of biological organization we measured. In general the effects at the cellular level could not be used to predict effects at the ecosystem level (community respiration and clearance rate). This is somewhat counter-intuitive given that this assay is used as a biomarker of effect, with the expectation that it is an early warning system on the basis that the effect is first developed at the cellular level but then is translated or propagated up to higher levels of organization (Widdows and Donkin, 1992; Coles et al., 1995; Pipe et al., 1999). These findings highlight the importance of using multi-functional measures across different levels of biological organization in order to qualify the effects of stressors, and are in agreement with other authors (Attrill and Depledge, 1997; Adams, 2005; Smith et al., 2009; Martinez-Crego et al., 2010). In fact a long-term grassland experiment (covering 5 years in total) looking at the effects of repeated drought events, measured 32 parameters, which were categorized into five key ecosystems functions and concluded that without evaluating different functional measures across various parameters there is increased potential to under represent the actual effects of a stressor or disturbance (Jentsch et al., 2011). Indeed, a focus on individual response variables as independent measures of ecosystem function can prove to be misleading, in terms of identifying causative drivers of change in ecosystem processes (Hooper and Vitousek, 1998; Bracken and Stachowicz, 2006) such that deploying resources to reduce effects could be misguided and ineffective (Adams, 2005).



CONCLUSION

Multiple stressors affect many, if not all, terrestrial and aquatic systems to some extent (Harley et al., 2006; Darling and Cote, 2008; Halpern et al., 2008; Piggott et al., 2015). Quantifying the way in which ecosystems act in response to a multitude of anthropogenic stressors is an important priority for those concerned with preserving biodiversity, ecosystem functioning, and the services that ecosystems provide to humanity (Adger, 2006; Crain et al., 2008; Crowe et al., 2015). The effects of multiple stressors can be extremely variable (Strain et al., 2014; Piggott et al., 2015; Côté et al., 2016; Brooks and Crowe, 2018) and that variability can be due to range of interacting ecological and environmental factors, such as the identity of the stressors (Crain et al., 2008), their spatial extent (Russell et al., 2009) or the identity of the species/assemblage/ecosystem being affected (Vinebrooke et al., 2004; Breitburg and Riedel, 2005; Lyons et al., 2015; Jackson et al., 2016; Brooks and Crowe, 2018). Whilst this experiment was only conducted across relatively small temporal and spatial scales it is the first experiment of that we know to test the effects of sequential and short-term temporal variability of dosing by two stressors across different levels of biological organization on naturally occurring assemblages in the field. Our findings highlight the importance of including the potential effects of the relative timing and sequential order of cumulative and multiple stressors into management strategies. Although the management of cumulative and multiple stressors is already complex, the inclusion of these concepts may aid in reducing misdiagnosis of effects of multiple stressors. Understanding which combinations, sequences and time lags of stressors will have the greater impact could provide managers with a basis for decisions that could control and/or modify the sequence of arrival of multiple stressors to minimize the net impact on the system, which is crucial for the effective management, restoration and preservation of ecosystems (Burton and Johnston, 2010).
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