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Abstract 

Chemical and natural factors have been demonstrated to interact and potentially change the 

toxicity of the individual stressors. Yet, while there exists a multitude of papers studying the 

temperature-dependent toxicity of single chemicals, little research exists on the impact of 

temperature on chemical mixtures. This paper investigates the effect of temperature on 

environmentally-relevant mixtures of Cd, Cu and Pb. We linked the effects on respiration, 

growth, feeding rate and activity of Asellus aquaticus to the free ion activities, as a measure for 

the bioavailability of the metals, and the body concentrations. We observed interactions of 

temperature and metal body concentrations on all sublethal endpoints, except activity. Mixture 

effects on accumulation and feeding rate were observed as well and even an interaction between 

metal body burden, mixture and temperature treatment was revealed for the feeding rate of Pb 

exposed isopods. This research adds to a growing body of evidence that the current chemical-

based monitoring is insufficient to estimate chemical toxicity in aquatic ecosystems and must, 

therefore, be complemented with effect-based tools.  
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1. Introduction 

The Intergovernmental Panel on Climate Change predicts that global air temperatures will 

further rise between 0.3 and 4.8 °C by 2100, mainly attributable to human activities (IPCC, 

2014). This increase will be coupled to an elevation of water temperatures, the largest of which 

are for the USA, Europe and eastern China (van Vliet et al., 2013). Water data from the Rhine 

(Lobith, the Netherlands) show that the number of days of temperature exceedances above 20 

°C quadrupled in the past 100 years, increasing from 22 to 85 days (CBS et al., 2017).  Not 

only an increase in air temperature, but other human influences such as discharges of 

wastewater treatment plants and land use shifts could result in a temperature rise of aquatic 

ecosystems. So far, this warming has resulted in range shifts, changes in productivity and 

species composition (Heino et al., 2009). 

Elevated water temperatures have important ecological consequences. First, a higher water 

temperature lowers the level of dissolved oxygen. Secondly, although temperature only has a 

minimal effect on metal speciation and thus the bioavailable fraction (Bervoets and Blust, 

1999), it does increase the metabolic rate of animals, resulting in a higher oxygen demand and 

respiration rate (Sokolova and Lannig, 2008). This potentiates the toxicity of micropollutants 

including metals. Due to these higher metabolic costs, it can also influence the feeding rate and 

the growth (Sanford, 2002). Foraging rate is usually positively correlated with temperature (De 

Block and Stoks, 2003), but a decline is observed when the optimal temperature is exceeded 

(Nowicki et al., 2012). This is generally linked to a reduced food conversion efficiency. By 

influencing the feeding rate, temperature alters the uptake of micropollutants through ingestion. 

Additionally, an increase in temperature can change other physical factors, such as membrane 

permeability, partition coefficients or diffusion rates, and thus the subcellular partitioning of 

metals. This may result in a reduction of biologically detoxified metals (in metal-rich granules 

and heat-stable proteins) and more storage in the metal-sensitive fractions (Wallace et al., 

2003). Lastly, temperature variations can trigger several defense mechanisms (e.g., heat-shock 

proteins), possibly affecting the sensitivity of an organism (Feder and Hofmann, 1999). A 

review of 151 studies by Heugens et al. (2001) showed that in approximately 25 % of the cases 

a negative or no temperature effect was reported. As uptake rates of metals may increase, so 

can elimination and detoxification rates. For example, after exposure to Cu, Boeckman and 

Bidwell (2006) saw no temperature effect on mortality for Daphnia pulex. However, the 
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majority of the studies (more than 70 %) concluded that the toxicity of pollutants increased 

when temperature increased (Jacobson et al., 1997; Larrain et al., 1998).  

The combination of these stressors has increasingly attracted the attention of ecotoxicologists. 

As water temperatures will continue to rise, the impact of pollution will most likely become 

more deleterious, but also more uncertain. Little research has described the effects of 

temperature on the toxicity of mixtures. Fonte et al. (2016) studied the effects of an antibiotic, 

microplastics and a temperature rise on the common goby and found an interaction between all 

three stressors for lipid peroxidation. Also for Crustacea, interactive effects have been found. 

Nieto et al. (2016) found an interaction for respiration rate between temperature and 

pharmaceuticals. In aquatic ecosystems, organisms are exposed to numerous chemicals. As 

mixtures can act in a synergistic, additive or antagonistic way, depending on the species, the 

type and even the concentrations of the chemicals (Norwood et al., 2003), it is of great interest 

to investigate how temperature can influence these interaction effects. 

In the present study, Asellus aquaticus was exposed to metal mixtures of Cd, Cu and Pb at 15 

and 20 °C. This freshwater isopod can be found in the Northern hemisphere and is an important 

epibenthic detritivore (Bloor, 2010). Moreover, this species is often used in both ex situ as in 

situ toxicity tests (Bloor and Banks, 2006; Maltby, 1995; Naylor et al., 1990). Cadmium, Cu 

and Pb were chosen as they have a dissimilar mode of action. Cadmium enters via Ca2+ 

channels, copper via Na+ channels and Pb via both (Paquin et al., 2002; Rogers et al., 2003). 

We chose 15 °C as the control temperature (Bloor, 2010) and 20 °C as the increased 

temperature, as both lie within the water temperature range in Belgium. A small exploratory 

experiment was also conducted in which A. aquaticus was exposed to uncontaminated water at 

15 °C and 20 °C and found that both temperatures resulted in a mortality lower than 20 % 

(unpublished data). In the present study, we linked the respiration rate, the growth rate, the 

feeding rate and the activity of A. aquaticus to the metal body concentrations and the free ion 

activities (FIAs) in the water. We hypothesized that metal accumulation significantly increased 

at the higher temperature and that this could be linked to a higher respiration rate. Furthermore, 

we expected that these elevated body burdens would result in a higher feeding rate and activity, 

but a lower growth rate. In the study of Van Ginneken et al. (2018), we found a concentration-

dependent interaction for the mixture of Cd + Pb for the feeding rate of the asellids. Therefore, 

we expected an interaction between metal and temperature stress for feeding.  

2. Material and Methods 
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2.1. Macroinvertebrate sampling 

This freshwater isopod was collected with a pond net (500 µm mesh, 200 x 300 mm frame and 

500 mm bag depth) in the autumn of 2016 (Twater = 16.2 °C) and spring of 2017 (Twater = 16.8 

°C) from the Laakbeek in Lille, Belgium (a river in the Scheldt basin). Lille is located in a 

region of extensive agriculture. Metal concentrations in water from the Laakbeek were 

measured and found to be below environmental quality standards (EQS): for Cu,  2.35 ± 0.76 

µg/L; for Cd < 0.01 µg/L; and for Pb < 0.1 µg/L. At the lab, they were acclimated for minimally 

one week in two climate chambers type WT15’/+5DU-WB (Weiss Technik, Reiskirchen-

Lindenstruth, Germany) at constant light conditions (16:8 h light:dark photoperiod) and 

temperature. Half of the isopods was kept in a climate chamber at 15 ± 1 °C, the other half at 

20 ± 1 °C. They were placed in 20 L glass aquaria filled with medium-hard freshwater (pH = 

7.94 ± 0.03; US EPA, 2002) and were fed ad libitum with alder leaves (Alnus glutinosa), that 

were ‘conditioned’ by placing them in a dry oven for 72 h and then rehydrating them in water 

from the Laakbeek for one week (Bloor, 2010).  

2.2. Experimental design 

Asellus aquaticus (average length = 7.96 ± 0.03 mm) was exposed for 10 days to metal mixtures 

of Cd, Cu and Pb at two different temperatures, i.e. 15 ± 1 °C and 20 ± 1 °C, the temperatures 

to which they were acclimated. We studied the effects of the single metals as well as the binary 

and tertiary mixtures (Table 1). Additionally, we added four control treatments. We chose three 

environmentally-relevant concentrations per metal: a low (“L”), medium (“M”) and high (“H”) 

concentration; which were equal to the EQS, 10 x EQS, and 25 x EQS (EP, 2008; VLAREM, 

2015). For Cd, this was 1.29 10-3 µmol/L, 12.9 10-3 µmol/L and 32.4 10-3 µmol/L; for Cu, 0.108 

µmol/L, 1.08 µmol/L and 2.70 µmol/L; and for Pb, 35.3 10-3 µmol/L, 0.353 µmol/L and 0.882 

µmol/L. Because the exposure concentrations we chose were low and trace amounts of metals 

could be found in both the animals and the leaves used as a food source before the start of the 

experiment, we used the stable isotopes 65Cu, 116Cd and 204Pb to track newly accumulated metal  

during this experiment (CortecNet, Voisins-Le-Bretonneux, France). To prepare the exposure 

concentrations, the isotopes were added to moderately hard water (Table 1; US EPA, 2002). 

When necessary, we used 1 N NaOH to adjust the pH to 7.8. Next, we poured 100 mL of this 

medium into acid-washed (minimally 24h in 1% HCl) polypropylene containers. All containers 

were taped at the start of the experiment as Asellus aquaticus is cannibalistic and visual cues 

could cause additional (predator) stress. Ten replicates per treatment were made, which were 
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left for 24 h to equilibrate. One isopod was placed in each container together with two alder 

leaf discs (Alnus glutinosa, d = 16 mm, 21.6 ± 0.1 mg dw) that had been dried, weighed and 

‘conditioned’ for six days in water from the Laakbeek in Lille (Bloor and Banks, 2006). We 

analysed the length of each isopod by photographing them at the start of the experiment. After 

measuring with the program ImageJ 1.48v. (U.S. National Institutes of Health, Maryland, 

USA), we calculated the dry weight as follows (Graça et al., 1993): ln(dw) = 2.71ln(length) – 

4.58. We monitored the general water characteristics (pH = 7.94 ± 0.01, EC = 328 ± 2 µS/cm 

and O2 = 9.72 ± 0.04mg/L at day 0) and mortality daily. When animals did not respond to 

gentle prodding, they were considered dead and were not included in the analyses (Ashauer et 

al., 2011). 

At day 10, the animals were placed in a petri dish with medium-hard water in their respective 

climate chambers, where they were filmed for 30 minutes after an acclimation period of 15 

minutes. Using the behavioral tracking program Lolitrack v.4 (Loligo Systems, Tjele, 

Denmark) the active time (%) was calculated. Afterward, we measured their oxygen 

consumption for 4 hours. The asellids were placed in glass chambers with oxygen mini sensors 

where the oxygen concentration was logged using the programs WitroxView v.1.0.2 and 

Fibsoft v.1.0 (Loligo Systems, Tjele, Denmark). Respiration rates (RR) were calculated using 

the following formula: RR = ((O1 – O2)*(V – VA))/(mA*t), where O1 is the oxygen 

concentration in the respiration chamber at the start of the experiment (mg/L), O2 is the oxygen 

concentration in the respiration chamber at the end of the experiment (mg/L), V is the volume 

of the empty respiration chamber (mL), VA is the volume of the isopod (assuming 1 mg isopod 

= 0.001 mL) (mL), mA is the mass of the isopod (mg wet weight) and t is the duration of the 

respiration experiment (h). We used two different sets of respiration chambers. The volumes 

of the empty chambers were 17.4 ± 0.1 and 14.7 ± 0.0 mL. Oxygen levels decreased with 0.144 

± 0.005 mg O2/h and the average oxygen concentration that was measured after 4 hours of 

respiration was 9.05 ± 0.05 mg/L O2. Additionally, the growth rate (GR) of each animal was 

determined as follows: GR = (m2 – m1)/10, where m1 is the dry weight of the animal at day 0 

(mg) and m2 is the dry weight of the animal at day 10 (mg). Lastly, we calculated the feeding 

rate (FR) as well: FR = (L1 * CL) – L2/m2*10, where L1 is the dry weight of the Alnus discs 

initially supplied and L2 is the dry weight of leaf material remaining after 10 days (mg) and CL 

is the leaf weight change correction factor given by: CL = Σ(C2/C1)/N, where C1 in the initial 

dry weight of control leaves (mg), C2 is the dry weight of the control leaves after 10 days (mg) 

and N is the number of control leaves (Bloor and Banks, 2006). There were six control leaves 
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per metal and temperature treatment. After respiration measurements, the animals were 

removed, rinsed with Milli-Q and stored in a -20 °C freezer. 

2.3. Metal and DOC analysis 

At the start and end of the experiment (day 0 and day 10), 50 mL of water was taken from the 

containers with a syringe and filtered through a 0.20 μm filter (Chromafil, Macherey-Nagel, 

Düren, Germany). A part was acidified to 1% HNO3 to quantify the trace metals (116Cd, 65Cu, 

204Pb) using a high resolution inductively coupled plasma mass spectrometer (HR-ICP-MS, 

Element XR, Thermo Scientific, Finnigan element 2, Bremen, Germany). The major ion 

concentrations, on the other hand, were measured using an inductively coupled plasma optic 

emission spectrometer (ICP-OES; Thermo scientific, ICAP 6300 Duo, Waltham, MA, USA; 

Table 2). Next, dissolved organic carbon concentrations were measured in the other part of the 

water sample with a TOC-analyzer (TOC-VCPH, Shimadzu Corporation, Kyoto, Japan) after 

acifidication to pH 2 by adding 2N HCl. 

The weight of the leaves and isopods was determined after drying for 72 h at 60°C in a 

laboratory furnace. After cooling in a desiccator, the isopods were weighed on a Sartorius SE2 

ultra microbalance (accuracy of 1 μg). Next, they were placed in a hot block (Environmental 

Express, Charleston, SC, USA) for 1h at 125 °C in a mixture of trace-metal-grade HNO3 (69%) 

and high-purity H2O2 (29%) (3:1). Milli-Q was added to dilute to 3% HNO3. Metal 

concentrations were measured with a high resolution inductively coupled plasma mass 

spectrometer (HR-ICP-MS, Element XR, Thermo Scientific, Finnigan element 2, Bremen, 

Germany) and were expressed as μmol/g dw. Additionally, we digested three process blank 

samples and three samples of certified reference mussel material (SRM2796) of the National 

Institute of Standards and Technology (NIST, Gaithersburg, MD, USA). The metal 

concentrations in the blank samples were all below quantification limits (<0.001 µg/L for 

116Cd, 65Cu and 204Pb) and the recoveries from the reference samples were consistently within 

10 % of the certified values for all three metals. Lastly, the FIAs were calculated with the 

Windermere Humic Aqueous Model 6.0.13 (Natural Environment Research Council) using the 

dissolved metal concentrations and the DOC at day 10 (100 % entered as fulvic acids). As 

several metal concentrations were found to be below the detection limit, we entered them as 

the detection limit itself. 

2.4. Statistical analyses 
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We compared the treatments using ANCOVAs, which were performed in R version 3.4.2. 

Metal concentrations were entered as a continuous variable and metal and temperature 

treatment as categorical variables. Data from the control treatments were included for each 

metal treatment. All data were tested for normality and homoscedasticity by using diagnostic 

plots. First, the models were made using the metal body concentrations and later compared to 

the FIAwater model. We log-transformed (log10) all metal concentrations to normalize 

distributions. The effects and interactions of the stressors were assessed by interpreting the 

interaction term and the differences between slopes. If a p-value below 0.05 was found, we 

conducted a Tukey HSD test. Possible differences between the controls of the two temperature 

treatments were tested with a two-sample t-test or the Wilcoxon rank sum test. Graphs were 

constructed of all significant factors using Sigmaplot version 11.0 (Systat, Chicago, IL, USA).   

3. Results 

3.1. General 

Mortality for the control treatments varied between 0 and 10 % for the isopods at 15 °C and 

between 0 and 30 % for the isopods at 20 °C (Table S1). The highest mortality rate for all metal 

treatments was 70 % for the Cd + Pb L treatment at 20 °C. We found that the mortality rate for 

all the 20 °C treatments was a factor 8 higher than for the 15 °C treatments (22.0 ± 3.8 % 

compared to 2.80 ± 1.08 %; V = 3, p < 0.001).  

3.2. Metal accumulation 

For Cd, FIAs varied between 1.37 10-6 ± 0.31 10-6 (Cd + Pb L at 20 °C) and 12.0 10-3 ± 0.3 10-

3 µmol /L (Cd + Cu + Pb H at 15 °C), the body burdens between 2.45 10-3 ± 0.28 10-3 (Cd + 

Cu + Pb H at 15 °C) and 86.0 10-3 ± 15.9 10-3 µmol/g dw (Cd H at 20 °C; Tables S2-S3). The 

Cd FIAs were positively correlated to the metal body concentrations (F = 1487, p < 0.001). 

Moreover, there was a significant interaction between the Cd FIAs and the metal treatment (F 

= 7.26, p < 0.001), indicating differences in slopes (Table 3; Figure 1A). We found that the 

slopes of Cd + Cu and the tertiary mixture were significantly lower than for the single Cd (for 

Cd + Cu: t = -4.016, p < 0.001; and for Cd + Cu + Pb: t = -3.69, p < 0.001) and Cd + Pb 

treatment (for Cd + Cu: t = -2.72, p = 0.007; and for Cd + Cu + Pb: t = -2.34, p = 0.020). The 

ANCOVA model also indicated a difference in Cd body concentration between the temperature 

treatments, but a Tukey HSD test revealed no significance. 
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Copper FIAs ranged from 1.38 10-6 ± 0.19 10-6 (Cu + Cd L at 20 °C) to 24.3 10-3 ± 2.7 10-3 

µmol/L (Cu + Pb H at 15 °C) and the body burdens varied between 1.63 ± 0.09 (Cu L at 15 

°C) and 4.31 ± 0.38 µmol/g dw (Cu + Cd + Pb M at 15 °C; Tables S4-S5). We observed a 

significant positive correlation between Cu FIA and body burden (F = 282, p < 0.001). 

Furthermore, Cu accumulation was 0.085 µmol/g dw, or 3.48 %, higher for the 20 °C 

treatments (F = 5.66, p = 0.018) than for the 15 °C treatments (Figure 1B). No other significant 

differences or interactions were found. 

The FIAs of Pb varied between 0.130 10-6 ± 0.026 10-6 (Pb L at 20 °C) and 1.52 10-3 ± 0.45 10-

3 µmol/L (Pb + Cd + Cu H at 15 °C), the body concentration between 44.3 10-3 ± 8.1 10-3 (Pb 

L at 15 °C) and 1.22 ± 0.13 µmol/g dw (Pb H at 20 °C; Tables S6-S7). Lead body 

concentrations were positively correlated with the FIAs (F = 5547, p < 0.001). Additionally, 

we discovered an interaction of the Pb FIAs with the metal treatments (F = 6.97, p < 0.001; 

Figure 1C). The slope of Cu + Pb was significantly lower than for Pb (t = 2.92, p = 0.004) and 

Cd + Pb (t = 4.43, p < 0.001). Also, the slope of Cu + Cd + Pb was significantly lower than Cd 

+ Pb (t = 2.78, p = 0.006). Furthermore, we found an interaction between the FIAs and the 

temperature treatments (Figure 1D). The warmer treatment had a higher slope (F = 6.26, p = 

0.013). 

A B  
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C D  

Figure 1: Significant relationships between the metal body concentrations and the free 

ion activities (FIAs) after 10 days: A) Cd metal treatments (N = 272); B) Cu temperature 

treatments (N = 272); and C-D) Pb metal and temperature treatments (N = 279). 

 

3.3. Respiration rate 

Respiration rates ranged from 65.4 10-3 ± 16.3 10-3 (Cu H at 15 °C) to 0.265 ± 0.078 µg O2/mg 

ww/h (Cd + Cu M at 20 °C; Table S8). No difference in respiration rate between the two 

temperature control treatments was observed. 

For Cd, isopods from the 20 °C treatments respired on average 50.7 10-3 µg O2/mg ww/h or 

41.7% more (F = 13.5, p < 0.001). Additionally, we found an interaction between body burdens 

and temperature (F = 16.5, p < 0.001). For the 15 °C treatments, the slope was slightly declining 

(Table 4; Figure 2A). For the 20 °C treatments, on the other hand, the respiration rate was 

positively correlated with the accumulated cadmium (t = 4.062, p < 0.001).  

A  
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B  

C  

Figure 2: Significant relationships between respiration rates and the metal body 

concentrations after 10 days: temperature treatments of A) Cd (N = 251); B) Cu (N = 

247); and C) Pb (N = 255). 

 

For Cu and Pb, there was also a significant interaction between the body concentrations and 

temperature, indicating significantly different slopes (for Cu: F = 9.54, p = 0.002; for Pb: F = 

14.1, p < 0.001). Similar to Cd, there was a negative correlation between FIA and feeding rate 

at 15 °C, while the slope of feeding rate for the 20 °C treatments was positive (Figure 2B and 

2C). This resulted in isopods of the warmer Cu treatments respiring 47.8 10-3 µg O2/mg ww/h 

or 39.4% more (F = 14.6, p < 0.001) and for the warmer Pb treatments 55.8 10-3 µg O2/mg 

ww/h or 44.9 % more (F = 18.1, p < 0.001). For all FIAwater models, the same significances 

were found. 

3.4. Growth rate 
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Growth rates varied between -49.4 10-3 ± 18.8 10-3 (Cu H at 15 °C) and 88.7 10-3 ± 12.6 10-3 

mg/day (Pb L at 15 °C; Table S9). Control asellids at 20 °C grew 11.2 10-3 ± 9.4 10-3 mg/day 

while controls at 15 °C lost 18.0 10-3 ± 9.710-3 mg/day (F = 4.63, p = 0.035). 

Growth rates correlated positively with Cd body concentrations (F = 16.8, p < 0.001). We found 

that isopods from the 20 °C treatments grew 11.2 10-3 mg/day (or 162 %) more than at 15 °C 

(F = 15.04, p < 0.001). However, we also discovered an interaction between Cd body 

concentrations and temperature (Table 5; Figure 3A), showing that the slope for growth for the 

20 °C treatments was less steep (F = 10.0, p = 0.002). Using the FIAwater model, only the 

significant difference in growth between the temperature treatments was observed. 

For Cu, we found a positive correlation between the body concentrations and the growth rate 

(F = 6.95, p = 0.009). No interactions were found, but isopods of the 20 °C treatments had a 

growth rate that was on average 0.006 mg/day (or 80.8 %) higher than the isopods of the 15 °C 

treatments (F = 8.61, p = 0.004; Figure 3B).  

Lead body concentrations correlated positively with the growth rates (F = 14.6, p < 0.001). 

However, they interacted with temperature (F = 4.56, p = 0.033). The slope of growth rate for 

isopods of the 20 °C treatment was less positive than for the 15 °C treatment (Figure 3C). Yet, 

asellids of the warmer treatment did grow 109% or 6.92 10-3 mg/day more (F = 11.3, p < 0.001). 

For the Cu and Pb FIAwater model, the same significances were found. 

A  
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B  

C  

 

Figure 3: Significant relationships between growth rates and the metal body 

concentrations after 10 days: temperature treatments of A) Cd (N = 272); B) Cu (N = 

272); and C) Pb (N = 279). 

 

3.5. Feeding rate 

Feeding rates varied between 8.69 10-3 ± 5.34 10-3 (Cd + Cu + Pb H 15 °C) and 0.286 ± 0.044 

mg/mg/day (Cd + Pb H 20 °C; Table S10). Asellids from the control treatments at 20 °C fed 

on average 0.0371 mg/mg/day or 64.8 % more than from the controls at 15 °C (F = 10.2, p = 

0.002). 

For the cadmium treatments, we found a significantly higher feeding rate for the 20 °C isopods 

(F = 103, p < 0.001). They ate 64.8 10-3 mg/mg/day or 126 % more than the isopods at 15 °C. 

Furthermore, we discovered an interaction of Cd body burdens with metal treatment (F = 5.93, 

p > 0.001) as well as temperature treatment (F = 20.0, p < 0.001; Table 6; Figure 4A and 4B). 

While the slope of feeding rate was negative for the isopods of the 15 °C treatments, the slope 



15 

 

for the 20 °C was positive (t = 4.47, p < 0.001). For the metal treatments, the slopes of the Cd 

+ Cu and the Cd + Pb treatment were higher than the single Cd (for Cd + Cu: t = -2.18, p = 

0.030; for Cd + Pb: t = -3.55, p < 0.001) and the tertiary mixture (for Cd + Cu: t = -2.19, p = 

0.029; for Cd + Pb: t = -3.55, p < 0.001). For the FIAwater ANCOVA model, the same 

significances were observed, but only Cd + Pb had a different slope than the other three metal 

treatments (for Cd: t = -3.16, p = 0.002; for Cd + Cu: t = -3.35, p < 0.001; and for Cd + Cu + 

Pb: t = -4.96, p < 0.001). 

We found a significant positive correlation between Cu body concentrations and feeding rate 

(F = 5.60, p = 0.018). Furthermore, we observed that isopods of the 20 °C treatments fed on 

average 0.063 mg/mg/day or 136 % more than isopods of the colder treatments (F = 86.9, p < 

0.001; Figure 4C). For the FIAwater model, we found a significant interaction between the FIAs 

and temperature, indicating a significant difference between the slopes of the temperature 

treatments (F = 4.02, p = 0.046). There was a negative correlation between FIA and feeding 

rate (-4.98 10-3 ± 1.54 10-3 mg.mg-1.day-1.log(µmol/L)-1) at 15 °C. The slope of feeding rate for 

the 20 °C treatments was slightly higher, but still negative (-0.317 10-3 ± 2.324 10-3 mg.mg-

1.day-1.log(µmol/L)-1). 

For Pb, we found a three-way interaction between the body concentrations, metal and 

temperature treatment (F = 2.84, p = 0.0375). The slope Pb + Cd at 20 °C is significantly 

different from the slopes of the single Pb (t = 2.53, p = 0.0118) and Pb + Cu (t = 2.52, p = 

0.012) treatments at 15 °C and vice versa. To ease the interpretation, we also checked the two-

way interactions without the three-way interaction in our model. We found an interaction of 

Pb body burden with metal treatment (F = 6.70, p < 0.001; Figure 4D) as well as temperature 

treatment (F = 5.77, p = 0.0167; Figure 4E). Again, the slope of Pb + Cd is significantly higher 

than for the other metal treatments (for Pb: t = -3.19, p = 0.002; for Pb + Cu: t = -4.23, p < 

0.001; and for Pb + Cd + Cu: t = -3.35, p < 0.001). Isopods at 20 °C ate 64.5 10-3 mg/mg/day 

or 144% more (F = 92.5, p < 0.001) and had a significantly higher (positive) slope than the 

feeding rate at 15 °C of which the slope was negatively correlated. The same differences were 

found with the FIAwater model. 
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A  B  

C  D  

E  

Figure 4: Significant relationships between feeding rates and the metal body 

concentrations after 10 days: A-B) Cd metal and temperature treatments (N = 272); C) 

Cu temperature treatments (N = 272); and D-E) Pb metal and temperature treatments 

(N = 279). 

3.6. Activity 
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Activities ranged from 17.2 ± 5.3 (Cd + Pb L at 20 °C) to 55.9 ± 6.2 % (Pb M at 20 °C; Table 

S11). No significant difference in activity was observed between the controls of the two 

temperature treatments. Also for the Cd and Cu treatments, no significant correlations or 

differences were found. For lead (Figure 5), we found a negative correlation between body 

concentration and activity (-1.28 ± 0.62 %.log(µg/g dw)-1; F = 4.32, p = 0.038; R² = 2.50 %). 

However, this was not found with the FIA model. 

 
Figure 5: Significant relationship between the activities and the Pb body concentrations 

after 10 days (N = 279). 

 

Discussion 

In the present study, we investigated the effects of temperature on metal mixture stress. 

Temperature had a significant effect on all endpoints, except activity. We found several 

interactions with metal body burden and even a three-way interaction with mixture treatment 

for feeding rate, suggesting complex relations with this natural stressor. 

For all metals at 15 °C, we found a declining respiration rate when the metal body 

concentrations increased. Interestingly, this relation inversed at 20 °C, resulting in a positive 

correlation. A positive effect of temperature on oxygen consumption was expected. Elevated 

temperatures cause an increase in metabolic rates, leading to a higher energy demand and thus 

respiration and/or feeding rates (Sokolova and Lannig, 2008). However, if this was the case, 

only a significant temperature effect would have been found. Interactions of temperature with 

(the concentration of) chemicals are less reported in the literature (Nieto et al., 2016). Khan et 

al. (2007) exposed earthworms to metals at different temperatures and observed an increase in 

oxygen consumption for Cd at 10-12 °C. This increase was even higher for 14-16 °C, also 
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suggesting an interaction of Cd with temperature. A possible explanation might be found in the 

subcellular partitioning of the metals. If more metals were stored in metabolically-available 

fractions at 20 °C, thereby stimulating defense mechanisms, this would result in a higher 

respiration rate (Rainbow, 2007). Li et al. (2011) studied cadmium distribution in wheat roots 

and found that at a higher temperature the percentage of cadmium stored in metal-sensitive 

fractions (the organelles and heat-denatured proteins) increased, while the percentage of 

biologically-detoxified metals remained constant. Nevertheless, as defense mechanisms are 

costly and metals induce gill damage (Leung et al., 2000), it is unlikely that a higher respiration 

can be maintained. Therefore, we expect the respiration in the present study to stagnate and 

later decrease with increasing body concentrations. 

As respiration rates were higher for the warmer treatments, we would expect the uptake rates 

and metal accumulation to be higher as well. This was observed for the Cu and Pb treatments. 

However, while we also expected a higher Cd uptake and accumulation (Cherkasov et al., 2007; 

Heugens et al., 2003), we did not find higher body concentrations. The lack of a temperature 

effect on Cd accumulation has been reported before (Cherkasov et al., 2006; Lannig et al., 

2006). This might be explained by a temperature-induced change in membrane permeability 

(Hazel and Williams, 1990) or an increased elimination rate as observed for Cd in mayfly larvae 

by Odin et al. (1995). Additionally, we saw a higher slope for accumulation for the single 

metals Pb and Cd and their mixture than for the other mixtures. The slopes were on average a 

factor of 1.2 higher. This was also observed by Van Ginneken et al. (2018) on the same species. 

This antagonistic interaction between Cu and Pb could be explained as both competing for 

uptake via Na+ channels. However, when considering the tertiary mixture, we know that 

cadmium enters via Ca2+ channels. The inhibitory effects of Cu on Cd uptake were reported 

before by Komjarova and Blust (2008) and might be the result of competition for a common 

(unknown) uptake site, possibly Divalent Metal Ion Transporter 1. Yet, interestingly Cd and 

Pb do not affect Cu uptake, suggesting that copper outcompetes Cd and Pb for uptake (Franklin 

et al., 2002). This was also observed by Komjarova and Blust (2009). After exposing the 

zebrafish Danio rerio to mixtures of Cd, Cu, Ni, Pb and Zn, they found Cu uptake to be less 

affected by the presence of other metals than Cd and Pb.  

 

As warmer temperatures cause metabolic rate to increase, leading to a higher energy demand, 

an increased feeding rate for all metal treatments at 20 °C was expected. Feeding rate for Cd 
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and Pb treatments had a positive slope, while isopods of 15 °C treatments had a negatively 

correlated feeding rate. Considering this, it was interesting to find less increasing slopes for 

growth rate for Cd and Pb: they are lower by respectively a factor of 8 and 4. Thus, at lower 

body concentrations growth at 20 °C is higher. Yet, at higher body concentrations, the slopes 

of both temperature treatments meet, meaning there is no difference in growth anymore. We 

can conclude that there is most likely a lower food conversion efficiency. The energy gained 

from higher feeding rates is then less used for growth or locomotion, but is instead allocated to 

detoxification and cellular protection systems, such as metallothioneins (MT) and antioxidant 

enzymes (Sokolova et al., 2012). For copper, no decreased slope was found for growth rate for 

isopods at 20 °C. Correia et al. (2001) also found a higher MT synthesis and stimulated growth 

rates for the amphipod Gammarus locusta after sublethal Cu exposure. This might be explained 

by copper’s role as an essential element.  

In general, no negative growth rates were found, suggesting that the isopods could cope with 

the metal body concentrations, having the energy for both somatic growth and protection 

against metal damage. This positive correlation with body burden suggests a hormesis effect 

(i.e. when low levels of exposure to a toxic chemical that are harmful at high levels of exposure 

result in stimulatory effects on survival, growth, reproduction...). Hormesis is most likely an 

overcompensation response to a disruption in homeostasis, but there is no clear underlying 

mechanism (Calabrese, 1999). While not regularly reported, a review by Calabrese et al. (1997) 

revealed hormetic effects in approximately 350 out of 4000 studies. We should note that 

hormesis on growth rate was not observed in Van Ginneken et al. (2018), but the use of higher 

exposure concentrations and thus higher metal accumulation could have masked this 

phenomenon.  

In the present study, we observed that the feeding rate of Cd + Pb was higher than for the other 

mixtures. A concentration-dependent effect of the binary mixture Cd + Pb on feeding rate was 

already reported in the study of Van Ginneken et al. (2018) and was attributed to these specific 

concentrations triggering of a range of energetically costly defense mechanisms. For the Cd 

treatments, we found a negative slope for the feeding rate of isopods at 15 °C, while the slope 

at 20 °C was positive. Nieto et al. (2016) also found that the ingestion rates of the shrimp 

Atyaephyra desmarestii increased when exposed at a warmer temperature. Besides affecting 

metabolic rates, it has been demonstrated that MT-synthesis is also temperature dependent, 

showing higher MT induction at higher temperatures (Van Cleef-Toedt et al., 2001; Leung et 

al., 2000). As defense mechanisms are costly, this could explain the positively correlated 
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feeding rate. For Cu, we also found a higher feeding rate for Cu exposed isopods at 20 °C as 

well, which combined with the increased respiration rate led to a higher accumulation. 

Interestingly, we found a three-way interaction for Pb, meaning that the slopes differed 

depending on both the temperature and the mixture treatment. To our knowledge, an interaction 

between the concentration of the chemical, temperature and mixture treatment has not been 

reported before. Studies such as Ferreira et al. (2016), Fonte et al. (2016) and Nieto et al. (2016) 

investigated the effects of pollutant mixtures and temperature on feeding rate, but none of them 

found a three-way interaction.  

While it is difficult to derive concrete consequences of a future temperature rise, we observed 

increased feeding and respiration rates at a higher temperature and higher metal body 

concentrations. This suggests a larger energy demand is needed to protect all bodily functions 

and can probably not be maintained during longer metal exposure or higher temperatures 

(which is also indicated by the significantly higher mortality rate at 20°C). Therefore, if no 

genetic adaptation occurs, future asellid populations will decrease and at an even faster rate in 

polluted ecosystems. Additionally, we found effects of metal mixtures on accumulation and 

feeding rates and, most disturbingly, we observed an interaction between temperature, mixture 

treatment and body burdens for the feeding rate of Pb treatments. Not only does this emphasize 

the importance of studying multiple stressor effects, it also demonstrates how the current 

environmental risk assessment is inadequate in predicting the toxicity of pollutants in 

ecosystems. As natural stressors are not included in the tests, environmental quality standards 

may be overprotective or perhaps not protective enough. We suggest shifting to, or 

complementing chemical-based monitoring with, effect-based tools in situ to identify 

ecological risks. Possible methods could be the use of biomarkers, i.e. indicators of 

contaminant stress at the molecular or individual level measured, or ecological methods, 

measuring changes observed at the population and/or community level (Connon et al., 2012; 

Wernersson et al., 2015). Ecotoxicological approaches need to evolve if we wish to understand 

the consequences of contaminants in nature and act on them. 
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