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Abstract 

Surface sediments can accumulate contaminants that affect microorganisms and invertebrates and 

disturb benthic ecological functions. However, effects of contaminants on ecological functions 

supported by sediment communities are understudied. Here, we tested the relevance of two simple 

tools to assess the ecotoxicological effects of metal contamination on natural sediment communities 

using particulate organic matter breakdown and decomposition as a functional descriptor. To this aim, 

we performed a 21-day laboratory microcosm experiment to assess the individual and combined 

effects of Cu and As (nominal concentration of 40 mg kg−1 dw each) using the bait-lamina method 

(cellulose, bran flakes, and active coal in PVC strips) as well as artificial tablets (cellulose, bran flakes 

and active coal embedded in an agar matrix). Sediment toxicity was also evaluated using the 

standardized ostracod toxicity test. Both the bait-lamina and artificial tablet methods showed low 

effects of As on organic matter breakdown and decomposition but strong effects of Cu on this 

important ecological function. Both also showed that the presence of Cu and As in mixture in the 

sediment induced total inhibition of organic matter breakdown and decomposition. The ostracod 

toxicity test also showed high toxicity of Cu-spiked and Cu-plus-As-spiked sediments and low toxicity 

of As-spiked sediments. Besides confirming that artificial organic matter substrates are relevant and 

useful for assessing the functional effects of contaminants on sediment micro- and macro-organism 

communities, these results suggest that the proposed methods offer promising perspectives for 

developing tools for use in assessing functional ecotoxicology in the sediment compartment. 
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1. Introduction 

In river ecosystems, sediment is a habitat that supports large biological diversity (from viruses to fish) 

as well as a functional compartment that plays a major role in biogeochemical cycles (Zoppini and 

Marxsen, 2011). However, with increasing nutrients, metals, and persistent organic pollutants released 

into human-dominated watersheds, a large amount of sediments accumulate various contaminants 

along the river continuum, particularly those exhibiting a strong affinity for particulate matter (Burton, 

2013). Significant deposition of such contaminants can represent a risk for benthic communities and 

disrupt the functioning of aquatic ecosystems. It is therefore crucial to evaluate sediment 

ecotoxicological quality. This can best be achieved by means of integrated laboratory- and field-based 

approaches (i.e., weight-of-evidence studies) combining not only exposure-based tools but also effect-

based metrics at different levels of biological organization (e.g., Chapman, 1990; Vignati et al., 2007). 

However, despite a number of ecotoxicological approaches available for evaluating sediment quality, 

there is a limited number of tools developed at community level (Höss et al., 2011; De Castro-Català 

et al., 2016; Pesce et al., 2018). Accordingly, sediment ecotoxicological studies performed at 

community level are still scarce in comparison with those concerning the soil and water compartments. 

Indeed, while the ecological role of sediment communities is widely recognized, there are still big gaps 

in knowledge on the direct and indirect effects of contaminants on their ecological traits and functions 

and on the resulting consequences for aquatic ecosystem functioning (Gardham et al., 2015; 

Mahamoud Ahmed et al., 2018). 

Besides the need for further knowledge on the potential toxicity of contaminants on ecological 

functions and processes performed by benthic communities, a major challenge in environmental risk 

assessment of sediment pollution still lies in establishing a causal relationship between field exposure 

and functional effects at benthic community level (Faupel et al., 2012; Pesce et al., 2018). The need for 

indicators of ecotoxicological impacts on ecosystem functioning has driven a surge of interest into the 

use of natural or artificial organic substrate breakdown and decomposition to assess the functional 

integrity of contaminated aquatic (Young et al., 2008; Piscart et al., 2011; Brosed et al., 2016) and 

terrestrial ecosystems (Filzek et al., 2004; Niemeyer et al., 2012). In sediment, the decomposition and 

consumption of organic matter by microbial and invertebrate benthic communities can be measured 

via several methods, such as using buried leaf litter bags (Piscart et al., 2011) or buried artificial 

substrates like the DECOTAB tablet consisting of cellulose powder embedded in an agar matrix 

(Kampfraath et al., 2012). In soil ecosystems, the use of the standardized bait-lamina test (ISO 18311, 

2016) as a functional indicator of soil ecological integrity and/or as a tool for ecological risk assessment 

of soil contamination (ISO 19204, 2017) is now a well-established method (Griffiths et al., 2016; Welsch 

et al., 2019). Beyond their valuable ecological relevance, these methods measuring global organic 

matter loss have the advantages of being relatively inexpensive and easy to use, and thus offer useful 

perspectives for routine ecotoxicological monitoring. The potential effects of contaminants on the 

capacity of benthic communities to degrade particulate organic matter in sediments has been poorly 

studied. Using mesocosm studies and testing realistic (i.e., several dozen mg/kg) to very high (i.e., 

several hundred mg/kg) exposure scenarios, Gardham et al. (2015) and Sutcliffe et al. (2019) observed 

no chronic effect of copper sediment contamination on the decomposition of leaf litters, cotton strips, 

and/or cellulose papers deployed on the surface of sediments and/or buried 1–2 cm below this surface. 

Piscart et al. (2011) also showed a lack of effect of agricultural contamination (pesticides and metals, 

including copper) on the decomposition of leaf litters buried 20 cm below the sediment surface in two 

French rivers. However, the potential toxicity of environmental concentrations of copper on the 

diversity of natural benthic microbial communities and on their capacity to perform several functions  



 

has been recently demonstrated (Mahamoud Ahmed et al., 2018; Sutcliffe et al., 2018, 2019). There is 

therefore a need for studies to evaluate the sensitivity of different methods assessing particulate 

organic matter breakdown and decomposition to detect the effects of environmental contaminant 

exposure on this important ecological function in the sediment compartment. 

To this aim, we performed a 21-day laboratory microcosm experiment using two different kinds of 

artificial organic matter substrate containing cellulose powder, bran flakes, and active coal: one 

enclosed in a PVC strip (i.e., adapted from the bait-lamina method used for soil) and one encapsulated 

in agar (i.e., artificial tablet). These two different tools are easy to deploy in the field and are easy to 

interpret using respectively a visual analysis procedure (bait-laminas) and a weight loss measurement 

(tablets). 

Given their frequent occurrence in many river sediments (e.g., Farag et al., 2007; Kohušová et al., 

2011), copper (Cu) and arsenic (As) were chosen as model contaminants. It has been shown that Cu 

and As can reach concentrations up to several hundred mg kg−1 dw in sediments collected in 

contaminated rivers (Farag et al., 1998, 2007; Ancion et al., 2013), thus posing an ecotoxicological risk 

for benthic organisms (MacDonald et al., 2000). Here, we assessed the individual and combined effects 

of Cu and As on the capacity of previously unexposed natural sediment communities to consume and 

decompose particulate organic matter. We considered a worst-case but realistic exposure scenario by 

choosing a theoretical nominal concentration of 40 mg kg−1 dw for each metal. These concentraRons 

are respectively representative of high (i.e., 3rd quartile) and very high (i.e., 9th decile) levels of 

sediment contamination with Cu and As in French aquatic ecosystems (INERIS, 2010; DREAL-REMIPP, 

2013). The toxicity of the sediment following Cu and/or As treatment was also assessed using the 

standardized ostracod toxicity test (ISO 14371, 2012). This study allowed us to evaluate the usefulness 

of assessing particulate organic matter loss (i.e., consumption of organic matter through breakdown 

and decomposition activities) as a functional ecotoxicological endpoint, and to discuss the relevance 

of the two kinds of artificial organic matter substrates tested for developing functional ecotoxicological 

studies at community level in the sediment compartment. 

 

2. Materials and methods 

Sediment sampling and spiking with metals 

About 100 L of surface sediments (0–10 cm) were collected in June 2016 at the “Pont de Chazey” 

sampling station (latitude 45° 54′ 38″ N–longitude 5° 14′ 11″ E) on the Ain river, which is one of the 

main tributaries of the Upper Rhône River (upstream of the city of Lyon) in France. This station was 

chosen as reference station as it presents a low level of metal contamination (Dabrin et al., 2012). 

Immediately after sampling, the sediment was sieved at 2 mm to eliminate debris and coarse particles 

and to remove large macrobenthic organisms. The sieved sediment, containing < 2 mm natural 

communities (i.e., microorganisms, meiofauna, and small macrofauna) was homogenized and stored 

at 4 °C overnight until spiking. Aliquots of 13 kg (wet weight) of sediment were spiked or not with 

copper (Cu) and/or arsenic (As), at a targeted nominal concentration of 40 mg kg−1 dw for each metal, 

using a protocol slightly modified from Dabrin et al. (2012) after preliminary spiking tests and according 

to the sediment characteristics (i.e., 70% of 250–300 μm particles, 18% of 70–80 μm particles, 2% of 

10–20 μm particles, < 1% clays, and 8% silts). Further details on the spiking procedure can be found in 

Mahamoud Ahmed et al. (2018). 

 

 



 

Experimental design and microcosm setup 

The experiment was performed in 13 glass indoor channels (length × width × height = 83 cm × 11 

cm × 10 cm; Fig. 1 a and b) containing 3.5 kg wet weight of previously spiked sediment (equivalent to 

about a 3-cm-thick sediment) and a 6 L mixture of demineralized water and uncontaminated drilled 

groundwater (75:25). Each channel was connected to a 20-L glass tank (i.e., one independent tank per 

channel) through an aquarium pump (NEWA MJ 750) delivering water recirculation at a flow velocity 

of 1.5 L min−1. The microcosm experiment was conducted for 21 days (with weekly surface water 

renewals) under ambient laboratory temperature conditions (about 21 °C) and following a 13:11-h 

light/dark cycle. This exposure duration is in line with the recommendations formulated in the bait-

lamina ISO protocol, which stipulates that the bait lamina exposure time in soil lasts on average 10 to 

20 days in temperate zones (ISO 18311, 2016). 

Four experimental conditions were tested, i.e., (i) “Ref,” (ii) “Cu,” (ii) “As,” (iv) “Mix,” using three 

independent replicate channels filled at day 0 with the sediment previously spiked with (i) 

uncontaminated water, (ii) Cu (nominal concentration of 40 mg kg−1 dw), (iii) As (nominal 

concentration of 40 mg kg−1 dw), and (iv) a mixture of Cu and As (nominal concentraRon of 40 mg 

kg−1 dw for each metal), respecRvely. Furthermore, the remaining channel, which served as a sterile 

control microcosm (i.e., “Sterile”), was filled with the sediment previously spiked with uncontaminated 

water and further autoclaved at 120 °C for 1 h. 

 

Metal analysis in sediments and water 

Cu and As concentrations in sediment were checked just after the spiking procedure (day 0, d0) and at 

the end of the experiment (d21). Accordingly, composite samples of sediment were collected after 

spiking (d0, one replicate per spiking condition) and in each channel (d21, three replicates per 

experimental condition) and stored in polypropylene tubes. After drying in an oven at 40 °C, the 

sediments were grinded and homogenized with an agate ball mill (PM100, Retsch) and then kept dry 

in a desiccator. Approximately 300 mg of crushed and homogenized sediment was then mineralized 

with aqua regia (2 mL HNO3 and 6 mL HCl SUPRAPUR quality) in a microwave digester (MARS-6 from 

CEM) using teflon reactors (T°: 180 °C for 15 min). After mineralization, the samples were diluted in 

ultrapure water (Veolia) to obtain a volume of 50 mL. Cu and As concentrations in the sediment 

samples were measured by inductively coupled optical emission spectrometry (ICP-OES 720 ES, series 

700, Agilent) according to AFNOR NF EN ISO 11885. The water content was measured in order to 

correct the results if necessary. The quantification limits were 0.66 mg kg−1 dw for Cu and 1.6 mg kg−1 

dw for As. 

Metal concentrations in the overlying water samples were measured at d0 (within the first 2 h after 

the installation of the artificial channels), d7, d14 (before water renewals), and d21. Samples (30 mL) 

were filtered using a polypropylene syringe and a cellulose acetate filter (0.45 μm porosity and 30 mm 

diameter). The filtered water was collected into polypropylene tubes, acidified with 0.5% (vol/vol) 

HNO3 (65%, Suprapur, Merck), and placed in the dark at 4 °C until analysis. Cu and As concentrations 

were measured by inductively coupled plasma mass spectrometry (ICP-MS, X7, Thermo Electron Series 

II) according to AFNOR NF EN ISO 17294.2. The quantification limits were 0.05 μg L−1 for Cu and 0.01 

μg L−1 for As. 

 

 

 



Ostracod test 

The sediment toxicity test using the ostracod Heterocypris incongruens was performed using the 

commercial kit available from MicroBioTests and in accordance with the corresponding ISO standard 

14,371 (ISO 2012). Briefly, 56 h before the start of the tests, ostracod cysts were incubated in standard 

freshwater at 25 °C under continuous illumination. After 48 h of incubation, the neonates were pre-

fed with algal food (Spirulina) and incubated for 4 more hours. Each well of the microplate was filled 

with 2 mL of standard freshwater and 1 mL of sediment. Then, 2 mL of algal food, Scenedesmus spp., 

was added as extra food during testing to prevent starvation and its possible influences on ostracod 

growth or mortality. Then, 10 freshly hatched ostracods were transferred from the hatching Petri dish 

to each well. Each test sediment and each control was tested in six replicates. The microplates were 

incubated at 25 °C for 6 days in darkness in a humidity chamber. On d0, the length of 10 neonates was 

measured using CellD microscope software (Olympus). At the end of the exposure period, the 

ostracods were recovered from the microplates and transferred to a glass slide for counting and length 

measurement. Length at the end of the 6-day exposure was converted to growth (difference between 

length at the end and at the start of exposure) and to relative values with respect to the control 

sediment (% control response). 

Sediments were tested for toxicity on d0 and d21. Only one sediment was tested on d0, corresponding 

to a sample collected after spiking, whereas one composite sample per replicate was collected and 

tested on d21. The clean sand provided with the commercial kit was used as control sediment in all 

trials. 

 

Organic matter loss 

The functional effects of metal contamination were assessed on the natural benthic communities 

present in the sieved sediments (i.e., microorganisms and macro-invertebrates < 2 mm) by studying 

the consumption of particulate organic matter (i.e., organic matter breakdown and decomposition) 

using (i) the bait-lamina method (ISO 18311, 2016) adapted to the sediment compartment and (ii) 

artificial tablets modified from the DECOTABs model (Kampfraath et al., 2012). 

The bait-lamina material (Von Törne, 1990; Kratz, 1998) consisted of PVC plastic strips of 160 × 6 × 1 

mm perforated with 16 holes at 5-mm intervals (Fig. 1c). The strips were purchased from Terra 

Protecta® GmbH. Stick holes were filled with a standard mix made of cellulose powder (Fluka 11363), 

bran flakes (ground down and sieved to < 500 μm), and active coal (Merck 1.02186) (70:27:3 w/w) 

following the Terra Protecta protocol (www.terra-protecta.de). The principle of the test consists in 

exposing the bait-lamina in the sediment and assessing the loss of bait material consumed by the 

organisms (percentage of emptied apertures in comparison to the total number of holes after 

retrieval). In each replicate, 5 bait-lamina strips were distributed over the entire length of the channel. 

They were buried horizontally about 1 cm below the sediment surface (instead of vertically for soil; 

see ISO 18311) and exposed for 21 days. At the end of the experiment, the strips were removed, then 

examined by eye under bright light conditions, and the number of pierced holes was recorded. Bait 

holes were categorized into three classes, i.e., not pierced (scored 0), partially pierced (scored 1; light 

passing through a portion of the bait) or totally pierced (scored 2). Organic matter loss was expressed 

as a percentage of perforated holes for the 5 bait-lamina per channel. 

The artificial tablets (Fig. 1d) were made using a protocol inspired from Kampfraath et al. (2012). 

Purified agar (3 g, agar-agar Merck 1.01614) was dissolved in 150 mL of demineralized water at 100 °C 

for a few minutes. After cooling to about 50 °C, 9 g of cellulose powder (Fluka 11363), 3 g of pre-ground 

bran, and 0.4 g of active coal (Merck 1.02186) was added to the suspension, which was poured into a 

multiwell polycarbonate mold (20 mm diameter, 5 mm height) to cast tablets with a final volume of 



about 1885 mm3. After solidification of the agar, the tablets were dried for 48 h at 70 °C before being 

weighed with an analytical balance (Sartorius A200S). Mean dry mass of the 65 tablets used in the 

microcosm experiment was 213.99 ± 9.32 mg. Each tablet was covered with an individual 5 mm mesh-

size plastic net, and 5 tablets were buried about 1 cm below the sediment surface in each channel. At 

the end of each experiment, the tablets were removed, dried at 70 °C for at least 3 days, and weighed. 

Changes in dry mass (DM) were expressed as % mass remaining relative to initial DM (measured 

individually for each tablet at the start of the experiment). The loss of DM in the sterile microcosm was 

used as a control to estimate the abiotic degradation of the tablets under the tested experimental 

conditions. This control was not needed for bait-lamina as we had previously checked the absence of 

abiotic degradation after several weeks in similar microcosms (unpublished data). 

Organic matter loss measured both by the bait-lamina test and the use of artificial tablets and 

expressed in percentages were transformed as asin (squareroot(x/100) prior to statistical analyses to 

meet the assumptions of normality and homoscedasticity. Significant differences between treatment 

were detected by one-way analysis of variance (ANOVA) followed by a Tukey test (Yandell, 1997), 

where a p value < 0.05 was considered to indicate a significant difference between treatments. 

 

 

 

 

 

 

3. Results and discussion 

Sediment metal concentrations and ecotoxicity 

Sediment samples containing natural communities were collected in a section of river known to be 

relatively uncontaminated by metals. This was confirmed by the chemical analysis (Table 1) which 

showed initial concentrations of As comprised between 2.8 and 3.3 mg kg−1 dw and concentraRons of 

Cu close to 1.8 mg kg−1 dw. Measured As and Cu concentrations in the natural sediment used were 

thus respectively bracketed in the low (i.e., 1st quartile) and very low (i.e., 1st decile) sediment 

contamination levels in French aquatic ecosystems (INERIS, 2010). Moreover, the ostracod toxicity test 

showed no initial toxicity of the natural sediment, with mortality (Table 1) and growth (results not 

shown) in the range of that observed for control sediments (less than 20% mortality and negative 

growth inhibition percentages with respect to controls, ISO 14371). These findings attest that the 

studied communities were not previously exposed to high As and Cu concentrations, ensuring that the 

component invertebrates (Posthuma and van Straalen, 1993; Clements, 1999) and microorganisms 

(Tlili et al., 2011) were not preadapted to As and Cu metals, thus justifying the use of natural sediment 

from the Ain River as reference in the present experiment. 

Fig. 1. Pictures of the 

indoor microcosms (a and 

b) and selected illustrations 

(from other experiments) 

of the bait lamina (c, freshly 

retrieved in situ from river 

surface sediments and 

covered by oligochetes) 

and tablet (d) tools.. 



After spiking, As (31.2–31.3 mg kg−1 dw) and Cu (55.1–56.6 mg kg−1 dw) concentraRons were 

respectively lower and higher than the target concentrations (40 mg kg−1 dw), without notable 

difference between individual and combined spiking for each metal. At the end of the experiment, 

there was still no significant difference in measured concentrations between individual and combined 

treatments for both As and Cu concentrations. However, the in-sediment concentrations of both 

metals decreased over the 21 days, with mean values ranging between 26.2 mg kg−1 dw and 24.6 mg 

kg−1 dw for As and 43.6 mg kg−1 dw and 47.8 mg kg−1 dw for Cu at the end of the experiment. Both 

the sediment spiked with Cu and the sediment spiked with the mixture of Cu and As caused 100% 

mortality of ostracods on d0 and d21. The mortality rate observed in Cu-contaminated sediments 

(alone or combined with As) was very high compared to the study of Torokne and Toro (2010), who 

observed less than 60% mortality in natural sediments containing up to 273 mg Cu kg−1 in mixture 

with other contaminants. Our results thus point to a very high bioavailability of Cu, probably linked to 

a high level of Cu release from the spiked sediment under our experimental conditions. However, this 

hypothesis is only partially supported by the chemical analyses performed weekly in the overlying 

water samples, which showed that dissolved Cu concentrations fluctuated between 38.9 and 60.1 μg 

L−1 over the course of the experiment (Table 2). In comparison, Sevilla et al. (2014) observed 100% 

mortality of H. incongruens ostracods exposed for 6 days to dissolved Cu concentrations from 260 up 

to 2600 μg L−1, and Kudlak et al. (2011) found a median lethal concentration (LC50, 6 days) of 953 μg 

Cu L−1. 

The As-spiked sediment initially showed intermediate levels of toxicity with 16.6% mortality and 28.3% 

growth inhibition on day 0. Toxicity decreased over time, and by d21 there was no growth inhibition 

and the mortality percentages were very low (2 ± 5%, no significant difference from the reference 

sediment). It suggests a lack of toxicity of As under our experimental conditions despite very strong As 

release from the sediments based on the dissolved As concentrations measured throughout the study 

(i.e., 760 to 2829 μg L−1, Table 2). The results are consistent with Kudlak et al. (2011) who showed that 

dissolved arsenic (spiked as As2O3) was the least toxic among many metals tested (including Cu, Hg, 

Cd) using this same ostracod testing protocol and species. 

Table 1. Concentrations of As and Cu (mg kg−1 dw) in sediments aber spiking (day 0, n = 1) and aber 21 days 

(mean ± SD, n = 3) in the four treatments, and resulting toxicity to ostracods (control-normalized mortality 

percentage). Toxicity results on day 0 are averages of 6 replicates per sample, with one single sediment 

sample per treatment. Results on day 21 are means ± SD of 3 sediment samples per treatment (6 replicates 

per sample). 

 

Table 2. Concentrations (means ± SD, n = 3) of Cu and As in the overlying water (μg L−1) at d0 (within the first 

2 h after the installation of the artificial channels), d7, d14 (before water renewals), and d21 in the four 

treatments. 

 



 

Relevance of artificial organic matter substrates for assessing the functional effects of As and Cu in 

the tested conditions 

The main aim of this study was to test the relevance of two methods for assessing ecotoxicological 

effects on the consumption of particulate organic matter by benthic communities in contaminated 

sediments. To this aim, two kinds of artificial substrates containing cellulose powder, bran flakes and 

active coal were used—one enclosed in a PVC strip (i.e., bait-lamina method), and the other 

encapsulated in agar (i.e., artificial tablet). The bait-lamina method was first introduced by Von Törne 

(1990) to assess the consumption of organic matter in soils. Its use in soil ecology is now well-

established and standardized, and the method was recently proposed as a relevant and cost-effective 

tool that should be included in a set of indicators for European monitoring of soil ecosystem functions 

(Griffiths et al., 2016). Several studies have also evidenced that bait-lamina can serve as a tool to assess 

the effects of contaminants, including metals and pesticides, in the organic matter consumption 

activity of soil communities (Filzek et al., 2004; Andre et al., 2009; Niemeyer et al., 2018). Along these 

lines, Bart et al. (2018) proposed the use of bait-lamina to perform ecotoxicological laboratory tests 

on the feeding activity of soil enchytraeidae. Because of its simplicity, its applicability in both 

microcosm or field studies, and the fact that organic matter breakdown is one of the most integrative 

processes in soil ecosystems, the bait-lamina method was identified as an appropriate tool for refined 

screening (tier II) for soil environmental risk assessment (ERA) (ISO 19204, 2017; Jensen and Mesman, 

2006; Casabe et al., 2007). Given the importance of microorganisms and invertebrates in organic 

matter breakdown in both soil compartment and sediment compartment, the bait-lamina may be 

equally suitable for sediment ERA. However, to the best of our knowledge, the applicability of the bait-

lamina in sediments has not yet been demonstrated. 

In the present study, bait-lamina organic matter loss in the reference sediment without metal spiking 

reached 33.5 ± 8.1% after 21 days (Fig. 2). The very low percentage of bait holes totally or partially 

pierced in the Mix treatment (1.0 ± 1.8% of organic matter loss) showed no significant influence of 

abiotic processes (e.g., physical or chemical constraints that may lead to the dissolution or the 

detachment of the substrates) in the degradation of bait-lamina in the sediment compartment of the 

laboratory channels, confirming our previous observation on sterile sediments from a preliminary 

(unpublished) experiment. Taken together, these results showed that the bait-lamina method can be 

used to measure the breakdown and decomposition activities of particulate organic matter by 

sediment communities (i.e., microorganisms and macro-invertebrates < 2 mm here). 

 

 

 

Fig. 2. Mean mass loss 

(percentage of the initial 

mass) measured at day 21 

with the bait-lamina test 

(n = 3 ± SD) in the four 

treatments (5 replicates per 

sample). Different letters 

indicate significant between-

treatment differences in bait-

lamina mass loss (Tukey test, 

p < 0.05).. 



 

We also assessed the feasibility and relevance of using bait-lamina as an integrative ecotoxicological 

indicator of the functional impacts of Cu and As, alone or in mixture, on sediment communities. In our 

experimental conditions, bait-lamina organic matter loss was not significantly reduced in the As-spiked 

sediment (29.4 ± 12.9%) but was significantly decreased in the Cu-spiked sediment (11.6 ± 3.7%, 

p = 0.05) compared to the reference channels (but without significant difference between As and Cu 

treatments, p = 0.12). When both metals were co-present in mixture, the bait-lamina organic matter 

loss was almost totally inhibited (1.0 ± 1.8%), with a significantly higher combined effect than the effect 

of Cu alone (p = 0.04). 

Whereas bait-lamina probably did not undergo abiotic degradation, the artificial tablets buried in the 

autoclaved sediment showed a weight loss of 15.8 ± 1.7% (data not shown). This result points to the 

possible occurrence of abiotic degradation processes and/or of decomposition activities performed by 

persistent microorganisms despite autoclaving. Based on use of the tablets, the consumption of 

organic matter was thus assessed by considering normalized values, obtained by subtracting the mean 

tablet degradation percentage observed in the autoclaved sediment (Fig. 3). 

 

In the reference uncontaminated sediments, tablet degradation was 14.7 ± 1.6% higher than the mean 

abiotic degradation observed in sterile sediments, thus confirming the relevance of this kind of artificial 

substrate for estimating the consumption of organic matter by sediment communities. Compared to 

the reference channels, both As (p < 0.01) and Cu (p < 0.001) treatments significantly inhibited the 

tablet organic matter loss, without significant difference between the two metals (p = 0.23). As 

observed with bait lamina, the inhibition in tablet organic matter loss was almost total when Cu and 

As were combined, and the Mix treatment was significantly different from the As (p < 0.01) and Cu 

(p = 0.03) treatments alone. 

The effects of spiked metals on natural sediment communities were evidenced with both bait lamina 

and artificial tablets, both of which have the advantages of being relatively inexpensive, simple to 

prepare, and easy to use. However, and contrary to the bait-lamina method, the tested tablets were 

significantly degraded by abiotic factors, as shown by the roughly 15% weight loss observed in the 

sterile sediment. This emphasizes the need to use controls in experimental studies and suggests 

possible limitations when comparing organic matter breakdown and decomposition activities of 

communities from sediments characterized by different abiotic properties, especially during in situ 

surveys. 

 

 

Fig. 3. Mean normalized mass 

loss (normalized percentage 

of the initial mass) measured 

at day 21 with the tablets 

(n = 3 ± SD) in the four 

treatments (5 replicates per 

sample). Values were 

normalized by subtracting 

mean mass loss observed in 

sterile sediment (horizontal 

lines give 95% confidence 

intervals for mean tablet 

degradation percentage). 



 

Whatever the substrate used (i.e., bait lamina or tablets), Cu had a significant effect on organic matter 

loss. This result contradicts findings from previous mesocosm studies (Gardham et al., 2015; Sutcliffe 

et al., 2019), which showed no effect of sediment Cu contamination (from 46 to 650 mg kg−1) on the 

consumption of organic matter, whatever the kind of substrate tested (i.e., leaf litter, cotton strip, or 

cellulose paper). Differences between the present results and those of Gardham et al. (2015) and 

Sutcliffe et al. (2019) could be due to methodological differences including the particulate organic 

matter substrates used, exposure time and substrates deployment. Indeed, most of the substrates 

used in the previous studies were left on the surface, except for some leaf litterbags that were buried 

in the sediment in Gardham et al. (2015). Moreover, it cannot be excluded that the Cu toxicity we 

reported on organic matter consumption in the contaminated sediments was mainly due to the high 

quantity of Cu released from the sediment particulate fraction to the pore water. As mentioned above 

to explain the high Cu toxicity we observed with the ostracod test, the strong Cu effect on organic 

matter consumption also points to a very high bioavailability of Cu in our exposure conditions. While 

Gardham et al. (2015) observed Cu concentrations close to 5 and 3 μg/L in pore water and overlying 

water respectively, in the present study Cu concentrations in the surface water were much higher and 

varied from 60.1 ± 5.4 μg L−1 at day 0 to 38.9 ± 0.7 μg L−1 at day 21 (Table 2). 

In contrast, the effect of As applied alone was moderate in comparison to Cu despite concentrations 

of As in the overlying water ranging between 760 and 2829 μg L−1 depending on the sampling Rme 

(Table 2). This effect was only significant on tablet organic matter loss, and not on the bait-lamina. The 

apparent difference in the sensitivity of the two methods to the As toxicity was probably due in part 

to the higher between-replicate variability observed with the bait-lamina method. This may be also 

partially attributable to the lack of sensitivity of the method used to interpret the results, which is only 

based on three classes defined according to visual analysis of the holes (i.e., not pierced, partially 

pierced, or totally pierced) and/or to the surface area-to-volume ratio differences in the two tools (i.e., 

the bait-lamina method has two exposed sides while the tablet is fully exposed). Given this 

methodological limitation, the tablet method, which is based on weight loss measurement, is arguably 

more sensitive for assessing low or moderate effects on the consumption of particulate organic matter. 

Whatever the method used, the toxicity induced by the mixture of Cu and As was higher than expected 

by a simple additive effect, leading to an almost total inhibition of the organic matter consumption in 

mixture-exposed sediments. Co-occurrence of different metals in aquatic ecosystems is frequent 

(Altenburger, 2011) and previous studies have reported sediment and particulate contamination by 

metal mixtures including Cu and As (Rabiet et al., 2015; De Castro-Català et al., 2016). However, 

knowledge of the ecotoxicological effects of such joint exposure in sediment is still scarce (De Castro-

Català et al., 2016; Mahamoud Ahmed et al., 2018). Assessing the toxicity of river sediments 

contaminated by chemical mixtures (including metals and pesticides), De Castro-Català et al. (2016) 

showed that Cu was one of the main contributors of the effects they observed from ecotoxicity 

bioassays and from the description of the natural invertebrate communities. In a previous study 

(Mahamoud Ahmed et al., 2018), we demonstrated that the effects of the mixture described in the 

present study on selected microbial activities were similar or slightly stronger than the effects of Cu 

alone. Moreover, the possible combined effects were not reflected in the bacterial community 

structure, which was similar in sediments exposed to Cu alone or to the mixture of Cu and As 

(Mahamoud Ahmed et al., 2018). These results suggest that the interaction between Cu and As had 

limited effects on the microbial functional potential while not modifying the community structure. The 

two methods tested in the present study, which allow the assessment of ecotoxicological effects on 

the effective activity of the sediment microbial and invertebrate communities in terms of organic 

matter breakdown and decomposition, were thus more sensitive to detect the combined effects of Cu  



 

and As than the assessment of the microbial functional potential. This can be due, at least partially, to 

the fact that As alone had no effect on the sediment bacterial structure and on the microbial functional 

potential (Mahamoud Ahmed et al., 2018) while it inhibited the consumption of particulate organic 

matter as shown from the use of the tablets in the present study (Fig. 3). It could suggest that As 

toxicity in the tested exposure conditions mainly affect invertebrates, thus confirming the necessity 

for developing ecotoxicological studies with organisms from different organizational levels to consider 

different sensitivities to contaminants, according among others, to their mode of action (De Castro-

Català et al., 2016). 

 

How can artificial organic matter substrates improve the ecological relevance of sediment 

environmental risk assessment? 

The use of artificial organic matter substrates offers a cheap and easy approach (Bart et al., 2018) that 

can help improve the ecological relevance of sediment environmental risk assessment for several 

reasons. First, it enables functional ecotoxicological assessment to be performed at the benthic 

community level, which is the intermediate biological level between populations and ecosystems. 

Moreover, it enables investigations of ecotoxicological effects on an important ecological function (i.e., 

particulate organic matter breakdown and decomposition) involving different microorganisms (mainly 

hyphomycete fungi and heterotrophic bacteria) and macroorganisms. In microbial ecotoxicology 

(Ghiglione et al., 2016), the functional endpoints investigated to assess sediment heterotrophic 

community response to contaminants include, among others, various enzymatic activities, basal or 

substrate-induced respiration, and metabolic activities related to the nitrogen cycle, such as 

denitrification (e.g., Widenfalk et al., 2004; Zoppini et al., 2016, Jaiswal and Pandey, 2018; Mahamoud 

Ahmed et al., 2018). However, these approaches are based on measurements of functional potential, 

which are performed under optimized laboratory conditions and so do not necessarily reflect the 

effective activity of these communities in the real-world environment. In comparison, direct study of 

organic matter breakdown and decomposition processes in sediments via the use of bait lamina or 

artificial tablets can give relevant information on the ecotoxicological risks and effects on this crucial 

ecosystem process. This kind of approach could thus be viewed as a powerful tool for developing 

predictive functional ecotoxicology in the sediment compartment, by considering the ecological role 

of both microorganisms and benthic invertebrates as consumers of organic matter. Reaching further 

forward, it should be possible to dissociate microbial-driven decomposition from invertebrate feeding, 

for example by enclosing the tablets in small-mesh-size bags (barring access to invertebrates) and 

large-mesh-size bags (giving access to invertebrates), as frequently used in studies assessing leaf-litter 

breakdown (Brosed et al., 2016; Rossi et al., 2017, 2019). Finally, the methods tested here could be 

proposed for standardization to further improve sediment ERA protocol, as already done in the soil 

compartment through the TRIAD approach (ISO 19204, 2017). 

 

4. Conclusions 

The two methods tested allowed the assessment of functional impacts of metal exposure in the 

sediment through the study of particulate organic matter consumption by benthic microorganisms and 

invertebrates. Both methods are inexpensive and easy to handle, and they carry both advantages and 

limits. Indeed, the bait-lamina method offers the main advantages of not being subjected to abiotic 

degradation in sediments and of being a standardized method that is already used for the assessment 

of the biological status of soils (ISO 18311, 2016) and for environmental risk assessment of soil 

contamination (ISO 19204, 2017). However, the current interpretation method, which is based only on 



a simple definition of three classes according to visual analysis of the holes, is arguably not sensitive 

enough to detect low or moderate ecotoxicological effects or to specifically assess effects on microbial 

decomposition. In contrast, the observed abiotic degradation of the artificial tablets used in the 

present study highlights the need for reference controls, which points to possible limitations when 

comparing sediments characterized by different abiotic properties. That said, the artificial tablet 

substrate method, which is based on weight loss measurement, may be more relevant for assessing 

low or moderate effects on feeding activities and for specifically focusing on microbial decomposition 

if the tablets can be isolated in small-mesh-size bags barring access to invertebrates. 

In summary, the proposed methods offer potentially powerful tools for developing functional 

ecotoxicology in the sediment compartment by considering the ecological role of both microorganisms 

and macroinvertebrates as consumers of organic matter. Note too that such a simple tool could be 

applicable in both soil and sediment ecotoxicology, opening interesting perspectives for 

ecotoxicological studies to better integrate the soil–sediment–water continuum. 
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