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Abstract 13 

Large datasets from total and dissolved metal concentrations in Flemish (Belgium) fresh 14 

water systems and the associated macroinvertebrate-based biotic index MMIF 15 

(Multimetric Macroinvertebrate Index Flanders) were used to estimate critical metal 16 

concentrations for a good ecological water quality, as imposed by the European Water 17 

Framework Directive (2000). The contribution of different stressors (metals and water 18 

characteristics) to the MMIF were studied by constructing generalized linear mixed 19 

effect models. Comparison between estimated critical concentrations and the European 20 

and Flemish EQS, shows that the EQS for As, Cd, Cu and Zn seem to be sufficient to 21 

reach a good ecological quality status as expressed by the invertebrate-based biotic 22 

index. In contrast, the EQS for Cr, Hg and Pb are higher than the estimated critical 23 

concentrations, which suggests that when environmental concentrations are at the same 24 

level as the EQS a good quality status might not be reached. The construction of mixed 25 

models that included metal concentrations in their structure did not lead to a significant 26 

outcome. However, mixed models showed the primary importance of water 27 

characteristics (oxygen level, temperature, ammonium concentration and conductivity) 28 

for the MMIF.  29 

 30 
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Introduction 35 

The ecological quality of an aquatic system is impacted by anthropogenic pressures, 36 

such as pollution, habitat deterioration, spatial isolation, climate change and the 37 

spreading of invasive species. All these pressures will affect the biological community 38 

in the aquatic environment. Since well-balanced and adaptive communities can only be 39 

maintained by a healthy aquatic ecosystem, the community structure will reflect the 40 

ecosystem’s health. So, in order to assess the ecological status of a water body, biotic 41 

indices use the presence and abundance of aquatic species as a measure for the 42 

ecosystem’s health. In 1964, Woodiwiss developed the Trent Biotic Index (TBI), a 43 

scoring system for water quality assessment in the UK based on macroinvertebrates 44 

(Woodiwiss, 1964). Since then, macroinvertebrate based biotic indices have been widely 45 

used and adapted to local conditions (Moya et al., 2011; Pond et al., 2013).  In Belgium, 46 

De Pauw and Vanhooren developed a method based on the TBI and the French Biotic 47 

Index of Tuffery and Vernaux (1968).  48 

In order to protect the aquatic environment from detrimental effects of contaminants, the 49 

European Union implemented the Water Framework Directive (WFD) in 2000. The 50 

WFD imposes a ‘good quality status’ for all European water bodies by 2015 (EU Water 51 

Framework Directive, 2000). Next to a good chemical status, also a good ecological 52 

status must be achieved. For the assessment of the ecological water status, monitoring 53 

should be based on the status of various biological quality elements including 54 

macroinvertebrates, phytoplankton, macrophytes, phytobenthos and fish fauna. For the 55 

assessment based on macroinvertebrates, several countries developed a multimetric 56 

biotic index, e.g. France (I2M2, Mondy et al., 2012), Sweden (Rosenberg et al., 2004), 57 

Switzerland (Menetrey et al., 2011), Italy (Solimini et al., 2008) and Portugal (Teixeira 58 
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et al., 2009). In Flanders (northern part of Belgium), the Belgian Biotic Index (BBI, De 59 

Pauw and Vanhooren, 1983) was updated to the Multimetric Macroinvertebrate Index 60 

Flanders (MMIF, Gabriels et al., 2010) to comply with the WFD guidelines.  61 

Knowing which environmental levels of pollutants are critical to reach a good ecological 62 

status, as imposed by the WFD, would provide governments the ability to formulate 63 

more accurate environmental quality standards (EQS) to protect the environment. 64 

Because of this, several studies have tried to link field data on pollution concentrations 65 

to ecological quality data (Crane et al., 2007; Iwasaki et al., 2011; Iwasaki and Ormerod, 66 

2012; Stockdale et al., 2010).  67 

In Flanders, industrial and domestic activities have caused the introduction of metals in 68 

the environment. In particular, the activities of the metallurgic industry in the nineteenth 69 

and twentieth century led to elevated metal concentrations into the aquatic environment 70 

(De Jonge et al., 2008; Groenendijk et al., 1999). With a broad range of environmental 71 

metal concentrations, Flanders is an interesting area to explore the relationships between 72 

environmental  metal concentrations and ecological water quality. 73 

The aim of this study was to investigate whether critical metal concentrations for a good 74 

ecological water status could be estimated from environmental data and whether current 75 

EQS are protective enough to reach a good status. To do this, large datasets on water 76 

metal concentrations and MMIF scores from 1189 individual sites in Flanders were 77 

combined. In addition, the contribution of different water characteristics including  78 

oxygen content, water conductivity, ammonium level and  pH to the MMIF is 79 

determined. 80 

81 
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Material and Methods 82 

2.1 Sampling 83 

Field data were retrieved from a monitoring program of the Flemish Environment 84 

Agency (VMM). Water metal concentrations were measured with ICP-MS (Inductively 85 

Couple Plasma- Mass Spectrometry, Agilent 7500). For dissolved metal concentrations, 86 

water samples were first filtered over 0.45 µm membrane filters (Whatman Polydisc 87 

GW Filter). Measurements below limits of quantification (LOQ) were treated as half the 88 

LOQ value of the compound considered. In addition to the metal concentrations, water 89 

characteristics were measured on each location. Oxygen level, oxygen saturation, 90 

temperature, pH and conductivity were determined in situ with a digital multi meter 91 

(Hach-Lange). The ammonium concentration in the water samples was measured in the 92 

laboratory with an ammonium analyser (Skalar). 93 

For the ecological quality data, only assessments performed within 90 days after the 94 

sampling of the water for metal analyses, were included in the present study. Individual 95 

metal concentrations were linked with the MMIF from the same location. Combination 96 

of both databases led to paired data from 10118 measurements at 1189 sampling 97 

locations. Table 1 gives an overview of the number of samples and sites per metal. 98 

Macroinvertebrates were collected as described by De Pauw en Vanhooren (1983) and 99 

Gabriels et al. (2010). With a standard handnet (200 x 300 mm frame, 300-500 µm 100 

mesh), a stretch of 10-20 m river was sampled for 3 to 5 minutes. All accessible aquatic 101 

habitats were equally sampled. Next to kicksampling with the handnet, animals were 102 

picked up manually to ensure collection of the highest possible diversity of 103 

macroinvertebrates from all habitats. At locations were the water was too deep to 104 

perform kicksampling, macroinvertebrates were collected using artificial substrates (De 105 
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Pauw et al., 1986). The substrates were placed along the banks of the water bodies and 106 

recollected after at least three weeks of incubation. All collected macroinvertebrates 107 

were identified according to the taxonomic levels described by De Pauw en Vanhooren 108 

(1983). The MMIF was calculated according to Gabriels et al. (2010). Metrics 109 

determined for the calculation of the MMIF were: taxa richness, number of 110 

Ephemeroptera, Plecoptera and Trichoptera taxa (EPT), number of other (non-EPT) 111 

sensitive taxa, the Shannon-Wiener Diversity (SWD; Shannon and Weaver, 1949) index 112 

and the mean tolerance score. The MMIF calculations resulted in a score ranging from 0 113 

to 1, with score 0 representing locations with a bad biological quality and score 1 114 

representing high ecological conditions.  115 

 116 

2.2 Statistical analyses 117 

Statistical analyses were performed using R 2.15.2 (R Development Core Team, 2011) 118 

and GraphPad Prism 5.04 (GraphPad Software, Inc). To estimate the critical metal 119 

concentrations, two approaches were used. The first approach was the use of quantile 120 

regression. This regression technique is often used when an ecological response can be 121 

affected by several environmental factors next to the stressors included in the study (e.g. 122 

habitat, species interactions, other pollutants,…) (Crane et al., 2007; De Jonge et al., 123 

2013; Iwasaki and Ormerod, 2012; Linton et al., 2007; Schmidt et al., 2011). In this 124 

case, the maximum MMIF score at a certain location can be limited by the presence of 125 

metals, while at another location with the same metal load, another influencing factor 126 

may lead to a lower MMIF score. By considering the 90th percentile of all MMIF scores, 127 

only the maximum ecological response is taken into account, to compensate for these 128 

unmodelled factors. The 90
th

 quantile regression models (τ = 0.9) were constructed using 129 
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the quantreg package of the statistical software R (Koenker, 2005). Some outliers were 130 

removed from the dataset after screening on QQ plots. They were all datapoints with 131 

high metal concentrations and low MMIF scores. Based on the significant constructed 132 

regression models critical metal concentrations representing a certain percentage of 133 

decrease in MMIF could be calculated. For the second approach, concentration 134 

thresholds were established as the 95
th

 and the 99
th

 percentile of the metal concentrations 135 

measured at locations were a good quality status was achieved. For a good status, the 136 

MMIF score needs to be higher than 0.6 for polder watercourses and higher than 0.70 137 

for other water bodies (Gabriels et al., 2010). These statistical approaches were 138 

performed on total and dissolved metal concentrations.  139 

To investigate the contribution of the metals and water characteristics to the MMIF, 140 

generalized linear mixed effect models were constructed (Zuur et al., 2009). Dissolved 141 

metal concentrations and water characteristics were set as fixed variables in the model 142 

while the categorical variables date and sampling location were set as random variables, 143 

in order to control for pseudo replication. Determination of the most parsimonious 144 

model was performed using Akaike’s Information Criterion (AIC, Johnson and Omland, 145 

2004). The optimal random structure was selected using restricted maximum likelihood, 146 

prior to model selection of the most parsimonious fixed effect structure. After model 147 

selection, the most parsimonious model was refitted using the full dataset. An R² was 148 

calculated by squaring the correlation coefficient of the correlation between the fitted 149 

model values and the actual observations. 150 

151 
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Results and discussion 152 

3.1 Description of the database 153 

The combination of the metal concentrations in the water and the MMIF scores at the 154 

same locations led to an unbalanced dataset, both temporally and geographically. In the 155 

combined dataset, a higher number of measurements per year are included from the 156 

period 2000-2006, compared to the period 2007-2011. On average, each location was 157 

sampled 8.5 times, but the number of repeated measurements ranged from 1 to 53. Table 158 

2 presents the mean, median and ranges of the total and dissolved metal concentrations, 159 

MMIF scores and water characteristics used in this study. Average dissolved metal 160 

concentrations did not exceed Flemish (VLAREM II, 2010) or European (EU, 2008) 161 

directives as shown in Table 5. Nonetheless, for every metal, some samples exceeded 162 

the EQS, ranging from 1.2% of the samples for Cr to 32.6% for Zn. The median MMIF 163 

score was 0.40. Only 1301 out of 10118 quality assessments (12.9 %) resulted in a 164 

MMIF score representative of a good quality status. MMIF scores were positively 165 

correlated with oxygen content (Pearson r = 0.342, p < 0.0001, n = 9953) and oxygen 166 

saturation (Pearson r = 0.359, p < 0.0001, n = 9959) and negatively correlated with 167 

ammonium (Spearman r = -0.627, p < 0.0001, n = 8550).  168 

 169 

3.2 Critical metal concentrations 170 

Figure 1 and 2 represent the scatterplots for the MMIF versus total and dissolved metal 171 

concentrations respectively, plotted on a logarithmic scale. Significant quantile 172 

regression models (τ = 0.9) for the change in maximum MMIF in function of total water 173 

concentrations, applying all data, could be constructed for Cr only. After removing 174 

outliers from the dataset, significant models could also be constructed for As, Cu and 175 
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Hg. For Cd, Ni, Pb and Zn no significant models could be obtained. The significant 90
th

 176 

regression quantiles and equations are shown in Figure 1. Metal concentrations 177 

corresponding with a decrease in MMIF of 5, 10 and 20% are represented in Table 3, 178 

together with the concentration thresholds based on the 95
th 

and the 99
th

 percentile of the 179 

total metal concentrations at locations with a good quality status.  180 
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Figure 1. Scatterplots of MMIF in relation to total metal concentration for all metals, 182 

together with the 90
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 quantile regression models for the change in maximum MMIF as 183 



11 

 

function of total water concentrations of As, Cu, Cr and Hg. The X-axis is displayed on 184 

a logarithmic scale. 185 
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Figure 2. Scatterplots of MMIF in relation to dissolved metal concentration for all 187 
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metals, together with the 90
th

 quantile regression models for the change in maximum 188 

MMIF in function of dissolved water concentrations of Cd, Cr, Cu, Hg and Pb. The X-189 

axis is displayed on a logarithmic scale. 190 

 191 

For Cu and Hg, the 95
th

 percentile of the total metal concentrations at locations with a 192 

good ecological status, is within the concentration ranges corresponding to a 5 or 10% 193 

loss in MMIF, calculated by quantile regression. In the case of As and Cr, the 95
th

 194 

percentile value is much lower than the concentration corresponding to a 5% loss in 195 

MMIF.  196 

For the dissolved metal concentrations, significant quantile regression models (τ = 0.9) 197 

for the change in maximum MMIF, applying all data, could be constructed for Cr and 198 

Hg. After removing outliers from the database, significant regression models could be 199 

constructed for Cd, Cu and Pb. The significant 90
th

 regression quantiles for the dissolved 200 

metal concentrations are presented in Figure 2. Dissolved metal concentrations 201 

corresponding with a decrease in MMIF of 5, 10 and 20% are presented in Table 4.  202 

 203 

Crane et al (2007) performed a comparable study on field data from England and Wales. 204 

Dissolved metal concentrations were related to a decrease in EQI score (ecological 205 

quality index), number of Ephemeroptera families and number of EPT families. 206 

Suggested ranges for the standards for dissolved metals are also presented in Table 4. In 207 

general, the critical concentrations in our study are higher, except for Cr and Pb. The 208 

two percentile values of Cr and Pb and the concentrations corresponding to a 5% and a 209 

10% loss in MMIF are comparable to the results of Crane et al (2007). Iwasaki and 210 

Ormerod (2012) estimated safe concentrations for dissolved metals by relating them to a 211 
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standardized measure of EPT richness from locations in the UK, USA and Japan. In the 212 

present study, higher critical concentrations were found for Cd (Table 4). The values for 213 

Cu and Zn, fit well in the 95% confidence intervals of Iwasaki and Ormerod. 214 

 215 

Next to the estimations of the critical metal concentrations from the present study, Table 216 

4 shows the official EQS from Flemish (VLAREM II, 2010) and European (EU, 2008) 217 

legislation. Comparison shows that for As, Cd and Zn, the EQS is well below the 218 

estimated critical concentrations, so compliance with the EQS would be sufficient to 219 

reach a good ecological quality status. The EQS for Cu lies below the two percentile 220 

values of the concentrations at locations with a good status and is comparable with the 221 

concentration corresponding with a 10% loss in MMIF. In contrast, the EQS of Cr and 222 

Pb are higher than the estimated critical concentrations. This results suggest that when 223 

environmental concentrations are at the same level as the EQS, a loss in MMIF can 224 

occur and a good quality status will not be reached. As mentioned before, our estimated 225 

concentrations for Cr and Pb are comparable to the results from Crane et al (2007). 226 

Similarly, the EQS for Hg is higher than the two percentile values and is comparable 227 

with the concentration corresponding with a 20% MMIF loss. The EQS for Ni lies 228 

within the 95th and the 99th percentiles of the concentrations at locations with a good 229 

status. 230 

 231 

It is important to note that these scatterplots and statistical approaches do not prove a 232 

causal relationship between the metal concentrations and the presence or absence of a 233 

good ecological quality. Furthermore, site dependent differences in the bioavailability of 234 

the metals is not explicitly considered in this analysis. There are many direct and 235 
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indirect interactions between the biotic and abiotic factors in the field situation. 236 

Nonetheless, since these large datasets include many different field situations in 237 

Flanders, the critical concentrations formulated in this study will have a predictive value, 238 

at least for field situations in Flanders, but most likely also for other aquatic systems. 239 

Moreover, current EQS also do not consider bioavailability. Our datasets are adequate to 240 

test their efficiency in protecting the aquatic community. 241 

 242 

Table 5 compares the most conservative range of critical concentrations from the three 243 

studies discussed above with current water quality guidelines from Flanders (Europe) 244 

(VLAREM II, 2010; EU, 2008), Australia (ANZECC, 2000), Canada (CCME, 2003) 245 

and the US (US EPA, 2001). Comparison shows that for As, the Flemish guideline is 246 

well below the estimated critical concentrations. However, the guideline for Cu, Cr, Hg, 247 

Ni and Pb in Flanders, is higher than the lowest estimated critical concentrations. For 248 

Zn, the Flemish guideline is within the range suggested by Iwasaki and Ormerod (2012), 249 

and lower than the critical concentrations in the other two studies. This indicates that the 250 

guideline will be protective enough. Australian guidelines (99%) seem sufficient for 251 

concentrations of As, Cd, Cr, Zn, but the guidelines for Cu, Hg and Ni might lead to a 252 

loss in ecological quality. Comparison with Canadian guidelines show that for As, Cd 253 

and Hg, the guidelines will assure a good ecological water status. For Cr however, this 254 

may not be sufficient. US guidelines appear not protective enough for concentrations of 255 

As, Cr, Hg, Ni and Pb. The guidelines for Cd and Zn are within the lowest critical 256 

concentration range. 257 

 258 

3.3 Factors influencing the MMIF 259 
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Concentrations of Ni were excluded from the mixed models, because of the high 260 

correlation with Zn (Pearson correlation; r=0.71, p<0.0001). According to AIC, the most 261 

parsimonious model only contained sampling location as random structure. In the full 262 

model, five water characteristics and the dissolved concentrations of the seven metals 263 

were included. For this model structure however, no significant model could be 264 

constructed. Furthermore, when only the seven metals were included as fixed structures, 265 

no significant model was found. When only the water characteristics were included in 266 

the full model, the most parsimonious model resulted in the following equation: MMIF 267 

= -0.554 + (0.063*O2) + (0.027*T) + (-0.0005*EC20) + (-0.087*NH4). pH was not 268 

retained in the model. The other four variables all made a significant contribution to the 269 

model. The correlation between the fitted model and the observed data showed that 27% 270 

of the total variation was explained by the model (R² = 0.2667 with N = 3566). The 271 

results of this mixed model suggest that the water characteristics are of primary 272 

importance for the structure of the macroinvertebrate community.  Nonetheless, only 273 

27% of the variation is explained, meaning that there are many other significant 274 

variables not included in the model. 275 

 276 

In conclusion, the construction of mixed models in this study showed the primary 277 

importance of water characteristics for the MMIF. Models that included metal 278 

concentrations in their structure did not lead to a significant outcome. However, by 279 

means of formulating 95
th

 and 99
th

 percentiles of the concentrations at locations with a 280 

good status and using 90
th

 quantile regression models, critical concentrations could be 281 

estimated above which a good status is unlikely to be reached. 282 

 283 



16 

 

References 284 

ANZECC (Australian and New Zealand Environment and Conservation Council), 2000. 285 

Australian and New Zealand Guidelines for Fresh and Marine Water Quality, 286 

Volume 1, The Guidelines.  287 

CCME (Canadian Council of Ministers of the Environment), 2003. Canadian 288 

 Environmental Quality Guidelines for the Protection of Aquatic Life 289 

Online available at: http://ceqg-rcqe.ccme.ca/ 290 

Crane, M., Kwok, K.W.H., Wells, C., Whitehouse, P., Lui, G.C.S., 2007. Use of field 291 

data to support European water framework directive quality standards for 292 

dissolved metals. Environ. Sci. Technol. 41, 5014-5021. 293 

De Jonge, M., de Vijuer, B.V., Blust, R., Bervoets, L., 2008. Responses of aquatic 294 

organisms to metal pollution in a lowland river in Flanders: A comparison of 295 

diatoms and macroinvertebrates. Sci. Total Environ. 407, 615-629. 296 

De Jonge, M., Tipping, E., Lofts, S., Bervoets, L., Blust, R., 2013. The use of 297 

invertebrate body burdens to predict ecological effects of metal mixtures in 298 

mining-impacted waters. Aquat. Toxicol. 142–143, 294-302. 299 

De Pauw, N., Vanhooren, G., 1983. Method for biological quality assessment of 300 

watercourses in Belgium. Hydrobiologia 100, 153-168. 301 

De Pauw, N., Roels, D., Fontoura, A.P., 1986. Use of artificial substrates for 302 

standardized sampling of macroinvertebrates in the assessment of water-quality 303 

by the Belgian Biotic Index. Hydrobiologia 133, 237-258. 304 

EU Water Framework Directive, 2000. Directive of the European parliament and of the 305 



17 

 

council 2000/60/EC establishing a framework for community action in the field 306 

of water policy. Official Journal of the European Communities 22.12.2000 L 307 

327/1. 308 

European Commision, 2008. Directive 2008/105/EC of the European Parliament and of 309 

the Council on environmental quality standards in the field of water policy. L 310 

348/84 Official Journal of the European Union 24.12.2008 311 

Gabriels, W., Lock, K., De Pauw, N., Goethals, P.L.M., 2010. Multimetric 312 

Macroinvertebrate Index Flanders (MMIF) for biological assessment of rivers 313 

and lakes in Flanders (Belgium). Limnologica 40, 199-207. 314 

Groenendijk, D., Kraak, M.H.S., Admiraal, W., 1999. Efficient shedding of accumulated 315 

metals during metamorphosis in metal-adapted populations of the midge 316 

Chironomus riparius. Environ. Toxicol. Chem. 18, 1225-1231. 317 

Iwasaki, Y., Kagaya, T., Miyamoto, K.-i., Matsuda, H., Sakakibara, M., 2011. Effect of 318 

zinc on diversity of riverine benthic macroinvertebrates: estimation of safe 319 

concentrations from field data. Environ. Toxicol. Chem. 30, 2237-2243. 320 

Iwasaki, Y., Ormerod, S.J., 2012. Estimating safe concentrations of trace metals from 321 

inter-continental field data on river macroinvertebrates. Environ. Pollut. 166, 322 

182-186. 323 

Johnson, J.B., Omland, K.S., 2004. Model selection in ecology and evolution. Trends 324 

Ecol. Evol. 19, 101-108. 325 

Koenker, R., 2005. Quantreg: Quantile regression, R package version 4.17. 326 

Linton, T.K., Pacheco, M.A.W., McIntyre, D.O., Clement, W.H., Goodrich-Mahoney, 327 

J., 2007. Development of bioassessment-based benchmarks for iron. Environ. 328 

Toxicol. Chem. 26, 1291-1298. 329 



18 

 

Menetrey, N., Oertli, B., Lachavanne, J.B., 2011. The CIEPT: A macroinvertebrate-330 

based multimetric index for assessing the ecological quality of Swiss lowland 331 

ponds. Ecol. Indicators 11, 590-600. 332 

Mondy, C.P., Villeneuve, B., Archaimbault, V., Usseglio-Polatera, P., 2012. A new 333 

macroinvertebrate-based multimetric index (I2M2) to evaluate ecological quality 334 

of French wadeable streams fulfilling the WFD demands: A taxonomical and 335 

trait approach. Ecol. Indicators 18, 452-467. 336 

Moya, N., Hughes, R.M., Dominguez, E., Gibon, F.M., Goitia, E., Oberdorff, T., 2011. 337 

Macroinvertebrate-based multimetric predictive models for evaluating the human 338 

impact on biotic condition of Bolivian streams. Ecol. Indicators 11, 840-847. 339 

Pond, G.J., Bailey, J.E., Lowman, B.M., Whitman, M.J., 2013. Calibration and 340 

validation of a regionally and seasonally stratified macroinvertebrate index for 341 

West Virginia wadeable streams. Environ. Monit. Assess. 185, 1515-1540. 342 

R Development Core Team, 2011. R: A language and environment for statistical 343 

computing. R Foundation for Statistical Computing, Vienna, Austria. 344 

Rosenberg, R., Blomqvist, M., Nilsson, H.C., Cederwall, H., Dimming, A., 2004. 345 

Marine quality assessment by use of benthic species-abundance distributions: a 346 

proposed new protocol within the European Union Water Framework Directive. 347 

Mar. Pollut. Bull. 49, 728-739. 348 

Schmidt, T.S., Clements, W.H., Zuellig, R.E., Mitchell, K.A., Church, S.E., Wanty, 349 

R.B., San Juan, C.A., Adams, M., Lamothe, P.J., 2011. Critical Tissue Residue 350 

Approach Linking Accumulated Metals in Aquatic Insects to Population and 351 

Community-Level Effects. Environ. Sci. Technol. 45, 7004-7010. 352 

Shannon, C.E., Weaver, W., 1949. In: The mathematical theory of communication. 353 



19 

 

Solimini, A.G., Bazzanti, M., Ruggiero, A., Carchini, G., 2008. Developing a 354 

multimetric index of ecological integrity based on macroinvertebrates of 355 

mountain ponds in central Italy. Hydrobiologia 597, 109-123. 356 

Stockdale, A., Tipping, E., Lofts, S., Ormerod, S.J., Clements, W.H., Blust, R., 2010. 357 

Toxicity of proton–metal mixtures in the field: Linking stream macroinvertebrate 358 

species diversity to chemical speciation and bioavailability. Aquat. Toxicol. 100, 359 

112-119. 360 

Teixeira, H., Neto, J.M., Patricio, J., Verissimo, H., Pinto, R., Salas, F., Marques, J.C., 361 

2009. Quality assessment of benthic macroinvertebrates under the scope of WFD 362 

using BAT, the Benthic Assessment Tool. Mar. Pollut. Bull. 58, 1477-1486. 363 

Tuffery, G., Verneaux, J., 1968. Methode de determination de la qualite biologique des 364 

eaux courantes. Exploitation codifiee des inventaires de la faune du fond. 365 

Ministere de l'Agriculture (France), Centre National d'Etudes Techniques et de 366 

Recherches Technologiques pour l'Agriculture, les Forets et l'Equipment Rural, 367 

Section Peche et Pisciculture. 368 

US Environmental Protection Agency, 2001. National recommended Water Quality 369 

Criteria. Online available at: 370 

http://water.epa.gov/scitech/swguidance/standards/criteria/current/index.cfm#alta371 

ble 372 

VLAREM II, 2010. Vlaams Reglement betreffende de Milieuvergunning, bijlage 2.3.1. 373 

Basismilieukwaliteitsnormen voor oppervlaktewater 374 

Woodiwiss, F.S., 1964. The biological system of stream classification used by the Trent-375 

River-Board. Chem. Ind. (London)443-447. 376 

Zuur, E.N., I., N.J., W., 2009. Mixed Effect Models and Extensions in Ecology with R.  377 



20 

 

  378 



21 

 

Table 1. Number of sampling locations and samples per metal 379 

Total concentration 
 

Dissolved concentration 

  Sampling locations Samples   Sampling locations Samples 

Arsenic 660 2216 
 

396 1100 

Copper 968 5044 
 

447 1514 

Cadmium 473 1610 
 

255 733 

Chromium 681 3360 
 

409 1197 

Mercury 427 1925 
 

393 1452 

Nickel 784 4871 
 

233 725 

Lead 735 3194 
 

138 318 

Zinc 1144 8202   307 818 

 380 

  381 
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Table 2. Mean, median and range of water chemistry and MMIF scores at all sampling 382 

locations 383 

  Unit Mean Median Minimum Maximum 

Total concentrations 
  

As µg/L 14.6 5.50 <1.00 4980 

Cu µg/L 10.0 6.20 <1.25 1570 

Cd µg/L 1.64 0.30 <0.05 162 

Cr µg/L 7.74 3.00 <0.80 1130 

Hg µg/L 0.05 0.03 <0.015 5.70 

Ni µg/L 9.51 6.20 <1.50 1170 

Pb µg/L 9.59 6.00 <0.10 1210 

Zn µg/L 56.6 30.0 <2.50 5580 

   
Dissolved concentrations 

  
As µg/L 3.78 2.00 <1.00 325 

Cu µg/L 3.60 2.60 <1.25 265 

Cd µg/L 0.43 0.03 <0.05 47.3 

Cr µg/L 0.52 0.30 <0.60 13.9 

Hg µg/L 0.01 0.01 <0.015 0.14 

Ni µg/L 4.56 2.50 0.15 160 

Pb µg/L 0.58 0.05 <0.10 22.0 

Zn µg/L 26.4 14.0 <0.3 849 

   
MMIF  - 0.41 0.40 0.00 1.00 

O2 mg/L 6.89 6.70 0.10 29.9 

O2 sat. % 68.1 67.0 1.00 348 

T °C 15.2 15.8 0.00 30.0 

EC 20 µS/cm 613 617 1.00 2072 

pH  - 7.64 7.70 4.10 10.7 

NH4+ mgN/L 2.75 1.30 0.04 200 

 384 

  385 
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Table 3. Critical total metal concentrations (µg/L) corresponding to 5, 10 or 20% loss in 386 

MMIF based on significant 90th quantile regression models (left) and calculated as the 387 

95th and 99th percentile of the concentrations at locations with a good status (right). n.s.: 388 

no significant regression model. For As, Cu and Hg regression models were only 389 

significant after removing outliers from the dataset. 390 

  % Loss in MMIF   Percentile 

5 10 20 
 

95 99 

As 54.9 110 220   19.0 22.0 

Cu 10.9 21.9 43.8 
 

15.0 24.4 

Cd n.s. n.s. n.s. 
 

3.77 15.2 

Cr 67.2 134 269 
 

10.8 29.9 

Hg 0.08 0.17 0.34 
 

0.09 0.18 

Ni n.s. n.s. n.s. 
 

21.0 31.0 

Pb n.s. n.s. n.s. 
 

20.0 40.0 

Zn n.s. n.s. n.s.   124 269 
n.s.: no significant regression model 

391 

 392 

Table 4. Critical dissolved metal concentrations (µg/L) corresponding to 5, 10 or 20% 393 

loss in MMIF based on significant 90th quantile regression models and calculated as the 394 

95th and 99th percentile of the concentrations at locations with a good status, together 395 

with the the Flemish
a
 (VLAREM II, 2010) and European

b
 (EU, 2008) EQS and the 396 

critical concentrations suggested by Crane et al (2007) and Iwasaki and Ormerod (2012). 397 

 µg/L % Loss in MMIF Percentile EQS Crane et al.  Iwasaki and  

5 10 20 95 99 Flanders (2007) Ormerod (2012) 

As n.s. n.s. n.s. 9.50 14.5 3.00
a 

Cu 3.37 6.74 13.5 8.82 11.1 7.00
a 0.2 – 0.5 6.6 (1.2-14.2) 

Cd 1.31 2.62 5.25 0.44 1.39 0.08-0.25
b 0.2 – 0.5 0.11 (0.06-0.49) 

Cr 1.07 2.15 4.29 1.16 1.88 5.00
a 1.0 – 2.0 

Hg 0,01 0.03 0.05 0.01 0.02 0.05
b 

Ni n.s. n.s. n.s. 13.2 65.7 20.0
b 0.6 -7.0 

Pb 1.25 2.51 5.02 0.40 1.41 7.20
b 0.6 – 2.5 

Zn n.s. n.s. n.s. 145 216 20.0
a 20 - 27 34 (11-307) 

n.s.: no significant regression model 398 
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Table 5. Most conservative range of critical metal concentrations from 3 studies (present 400 

studya, Crane et al., 2007b and Iwasaki and Ormerod, 2012 c) compared with current 401 

quality guidelines. All guidelines are for chronic exposure in freshwater. 402 

µg/L Lowest range Flanders (Europe) Australia
f Canada

g US
h 

    

95% level of protection      

(99%-80%)     

As 9.50-14.5a 3.00d 

AsIII 24.0(1.00-360);                   

AsV 13.0(0.80-140) 5.00 150 

Cu 0.20-0.50
b 7.00

d 1.40 (1.00-2.50) *BLM 

Cd 0.06-0.49
c 0.08-0.25

e 0.20 (0.06-0.80) 0.09 0.25 

Cr 1.00-2.00
b 5.00

d 1.00 (0.01-6.00) CrVI 1.00; CrIII 8.90 CrVI 11.0; CrIII 74.0 

Hg 0.01-0.05
a 0.05

e 0.60 (0.06-5.40) 26.0 ng/L 0.77 

Ni 0.60-7.00
b 20.0

e 11.0 (8.00-17.0) 52.0 

Pb 0.40-1.41
a 7.20

e 3.40 (1.00-9.40) 2.50 

Zn 11.0-307
c 20.0

d 8.00 (2.40-31.0)   120 
a
 present study 403 

b
 Crane et al. (2007) 404 

c
 Iwasaki and Ormerod (2012) 405 

d
 VLAREM II (2010) 406 

e
 EU (2008) 407 

f
 ANZECC (2000) 408 

g
 CCME (2003) 409 

h
 US EPA (2001) 410 

*to be calculated with Biotic Ligand Model (US EPA, 2001) 411 

 412 
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Figure 414 

1. Scatterplots of MMIF in relation to total metal concentration for all metals, together 415 

with the 90
th

 quantile regression models for the change in maximum MMIF in function 416 

of total water concentrations of As, Cu, Cr and Hg. The X-axis is displayed on a 417 

logarithmic scale. 418 
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 Figure 420 

2. Scatterplots of MMIF in relation to dissolved metal concentration for all metals, 421 

together with the 90
th

 quantile regression models for the change in maximum MMIF in 422 

function of dissolved water concentrations of Cd, Cr, Cu, Hg and Pb. The X-axis is 423 

displayed on a logarithmic scale. 424 

 425 


