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Abstract : 18 

 19 

Biofilms are increasingly used as tools for biomonitoring disturbed environments, for 20 

example, in urban, agricultural, and mining contexts. In this study, we used biofilms as 21 

integrators and bioindicators of metal contamination of Lone Elm Creek, a highly contaminated 22 

stream within the Tri-State Mining District in Joplin, Missouri (USA). We sampled biofilms 23 

upstream and downstream of a mine adit and analyzed metal content (Fe, Zn, Cd and Pb), 24 

diatom assemblage composition, and the presence and severity of frustule teratologies. 25 

Physico-chemical analyses showed marked differences in nitrogen and oxygen concentrations 26 

at the first site downstream of the mine adit. Metal concentrations in the water were elevated 27 

at all sites and did not vary markedly along the upstream-downstream gradient. In addition to 28 

metallic contamination from mine tailings, legacy of past activities may represent other sources 29 

of contamination. Diatom assemblage composition differed markedly at the site immediately 30 

downstream of the mine adit compared to other sites. The presence of frustule deformities as 31 

well as their type and their severity were investigated. Ulnaria ulna, Achnantidium 32 
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minutissimum, and Fragilaria austriaca were the most frequently deformed diatoms and 33 

showed the most severe abnormalities. However, the percentage of teratologies was not 34 

correlated with metal concentrations in the water or in the biofilm. Metal bioaccumulation in 35 

the biofilm as a function of metal concentration in the water fitted well to predictive models 36 

developed in previous studies, highlighting the potential of biofilms to be used as a tool to 37 

assess exposure to metal contamination. 38 

 39 
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1. Introduction 71 

 72 

Growing population and development of new technologies have led to an increasing 73 

demand for several natural resources, including metals. However, the extraction and use of 74 

these mineral resources can result in elevated environmental metal concentrations with 75 

significantly higher levels than their geochemical background. For example, phosphate 76 

fertilizers used in agriculture may be a source of nickel, cadmium, and lead in soils (Nziguheba 77 

and Smolders, 2008). These elements may be discharged directly into water bodies or 78 

transported from soils to aquatic ecosystems by leaching, subsequently jeopardizing freshwater 79 

organisms. The extent of the impact of these metals once in aquatic environments will depend 80 

on their speciation, i.e., changes in chemical forms as a function of environmental conditions 81 

where the free metal ion concentration is the main driver of bioavailability. Metal speciation 82 

conditions their affinity with biological ligands at the solution-organism interface, which can 83 

be predicted based on the biotic ligand model (BLM) (Campbell et al., 2002; Zhao et al., 2016). 84 

Once internalized, metals can affect cell integrity and impair organisms, with effects that can 85 

cascade along the trophic chain (Ali and Khan, 2019; Zhang et al., 2016). 86 

Environmental monitoring programs, including assessments of metal contamination, 87 

are often based solely on the physico-chemical characteristics of the water. However, spot 88 

measurements do not always reflect effective exposure conditions, i.e., they do not integrate 89 

the bioavailability of chemicals as a function of temporal fluctuations in environmental 90 

conditions or the additive/synergistic/antagonistic effects in which the biological compartment 91 

evolves. In contrast, biota constantly interacts with its environment and thus integrates the 92 

physical, chemical, and biological changes in its surrounding environment. This is why 93 

biological components such as fish (Plessl et al., 2017), invertebrates (Bonada et al., 2006; 94 

Buss et al., 2015), diatoms (Charles et al., 2019; Lavoie et al., 2014; Rimet, 2012), and 95 

periphytic biofilms are widely used as biological indicators of ecosystem health (Griffith et al., 96 

2005; Leguay et al., 2016).  97 

Periphytic biofilms are a consortium of bacteria, archaea, algae, fungi, and protozoa 98 

embedded in an exopolysaccharide matrix (Guasch et al., 2016; Wetzel, 1983). They grow on 99 

any kind of substrate and are particularly abundant on rocky substrates along riverbeds or 100 

shallow lake sections. Periphytic biofilms represent a biological compartment of interest in 101 

aquatic ecosystem monitoring because they are ubiquitous and respond rapidly to 102 

environmental fluctuations (Battin et al., 2016; Sabater et al., 2007). At the basis of the food 103 
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web, periphytic biofilms are also a key component of aquatic and terrestrial environments. This 104 

“model organism” has been used to assess the effects of various disturbances (e.g., inorganic 105 

and organic contaminants (Cattaneo et al., 2004; Rimet and Bouchez, 2011), excess nutrients 106 

(Lei et al., 2021), and climate change (Virta and Teittinen, 2022)) based on a wide diversity of 107 

biological endpoints (e.g., photosynthesis, chlorophyll a, assemblage structure, oxidative 108 

stress, lipid composition). They have also been used as integrators of metal contamination, i.e., 109 

as proxies of bioavailable metals in the water. Indeed, periphytic biofilms are remarkable 110 

indicators of metal exposure; strong correlations have been observed between free metal 111 

concentrations in the water and bioaccumulated metals in the biofilm (Bradac et al., 2010; 112 

Laderriere et al., 2022, 2021; Leguay et al., 2016; Tien and Chen, 2013). The relationship 113 

between free metals and biofilm bioaccumulated metals may allow for a better estimate of 114 

metal exposure by integrating fluctuations in free metal concentrations over a longer time scale, 115 

thus providing a more appropriate assessment of metal exposure for the biota than spot 116 

measurements of metals in water. From a practical point of view, the metal accumulation 117 

observed within the biofilm also allows for the use of less sensitive and, therefore, less 118 

expensive analytical techniques, such as Inductively Coupled Plasma - Optical Emission 119 

Spectroscopy (ICP-OES) instead of Inductively Coupled Plasma - Mass Spectrometry (ICP-120 

MS) typically required to measure low dissolved metal concentrations. Once accumulated in 121 

the biofilm, metals may potentially be transferred to consumers, and thus, may represent a 122 

source of exposure for these organisms (Fadhlaoui et al., 2024; Wen et al., 2024; Xie et al., 123 

2010). Biofilm metal content may therefore be a relevant metric for the risk assessment of 124 

metal contamination in aquatic ecosystems.  125 

Diatoms are often the predominant group within periphytic biofilms (Blinn et al., 1980). 126 

These microalgae are widely used in stream biomonitoring (Lavoie et al., 2010; Lobo et al., 127 

2016; Prygiel et al., 2002) as well as in paleolimnological studies (Balasubramaniam et al., 128 

2023; Pillsbury et al., 2021) as they exhibit rapid changes in assemblage structure in response 129 

to environmental fluctuations. In addition to presenting specific environmental preferences and 130 

tolerances, making them excellent bioindicators, diatoms also exhibit morphological 131 

aberrations under certain environmental stresses, such as metal contamination. Indeed, 132 

teratologies observed on the siliceous shell of the diatoms (frustules) represent valuable 133 

biomarkers of metal exposure (Falasco et al., 2021; Lavoie et al., 2018; Smucker and Vis, 134 

2009). 135 

In this study, we used periphytic biofilm to assess metal contamination along a small 136 

urban watercourse with a legacy of metal mining (Lone Elm Creek, Joplin, Missouri, USA). 137 
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More specifically, our objectives were (1) to investigate the relationship between free metal 138 

concentrations in surface water and bioaccumulated concentrations of metals in periphytic 139 

biofilm, (2) to determine if metal bioaccumulation in the biofilm from Lone Elm Creek fits the 140 

values from published models, and (3) to assess diatom assemblage composition and the 141 

occurrence of teratologies.  142 

2. Materials and methods 143 

2.1. Study site 144 

 145 

Lone Elm Creek (LEC) is a first-order urban stream in Joplin (Missouri, USA) located 146 

within the Tri-State Mining District (37.0922°N, 94.5274°W). The Tri-State Mining District 147 

(TSMD) was a global producer of lead (Pb) and zinc (Zn) from the 1850s to the 1960s with 148 

Joplin, Missouri, serving as an epicenter of metal production (McCauley et al., 1983). Joplin 149 

is now part of the Oronogo-Duenweg Superfund Site commonly known for extensive metal 150 

contamination from legacy smelter dust, waste ore piles, and point source discharges from 151 

abandoned mine shafts (i.e., mine adits) (USEPA, 2020). The chat piles when initially 152 

abandoned were recorded to extend for hundreds of meters above the ground before removal 153 

and remediation decades later (Gutierrez et al., 2019; Johnson et al., 2016). It is well 154 

documented that the chat piles not only contained elevated concentrations of Pb and Zn but 155 

other metals such as cadmium (Cd), silver (Ag), copper (Cu), and thallium (TI) that readily 156 

leached into surrounding soils, surface water, and groundwater (Beyer et al., 2004; Gibson, 157 

1972; Gutierrez et al., 2019, 2015; Stefanowicz et al., 2014). 158 

Joplin, Missouri, lies within the Springfield Plateau and Ozark Highlands ecoregion. 159 

The Springfield Plateau is part of the Mississippi Boone Formation and contains parent material 160 

from carbonate rocks and shale (Thompson, 1995). The area has karst topography marked by 161 

sinkholes, caves, and losing streams and dominated by soluble rocks such as limestone and 162 

dolomite. Ore within the TSMD is of the Mississippi Valley-Type (MVT) formation consisting 163 

mostly of sulfide forms of galena (PbS) and sphalerite (ZnS) along with small amounts of 164 

chalcopyrite (CuFeS2) (Gutierrez et al., 2019). There are high concentrations of Cd found in 165 

ZnS within the MVT formation due to the direct substitutions with Zn (Zn2+ <-> Cd2+), where 166 

Cd can replace Zn up to 5 percent (Gutierrez et al., 2019; Wen et al., 2016).  167 
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Joplin, Missouri, has a continental climate, denoted by large fluctuations in air 168 

temperature. In 2019, we observed an average air temperature during summer months of 169 

24.7±2.4°C (average±standard deviation), and of 5.0±6.2°C during winter months. Joplin 170 

receives an average of 118 cm of precipitation a year (National oceanic and atmospheric 171 

administration, 2020). In 2019, the region received a total of 59.9 cm during summer months 172 

and 22.6 cm during winter months. Average air temperature during our November sampling 173 

for periphytic biofilms was 6.74°C, and total precipitation reached a total of 6.45 cm. 174 

Lone Elm Creek is mostly contaminated with lead, cadmium, zinc, and iron (Fe) most 175 

likely from both legacy smelter dust and the discharge from a mine adit of the historic 176 

underground Black Diamond mine that flows for 100 meters along a residential road before 177 

discharging into the downstream reach (Wilson, 2023). The LEC study site was split into a 178 

100-m upstream reach (US), and a 230-m downstream reach (DS) based on the location of the 179 

mine adit (Figure 1). Seven sampling sites were designated in the US (US1 – US7), and seven 180 

in the DS (DS1 – DS7). The US and DS have concrete lined bed and banks with mixed substrate 181 

consisting of silt-sand, gravel, cobble, and boulders. Both the US and DS have open canopies 182 

with year-round sunlight and receive run-off from impervious surfaces (i.e., parking lots and 183 

roads), and from commercial and residential lawns. Discharge during the November sampling 184 

was 17±5 L·s-1 at the US, and 22±5 L·s-1 at the DS. 185 

 186 
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 187 
Figure 1: Map of the study sites. Lone Elm Creek in Joplin (Missouri, USA) is surrounded by legacy mining 188 
operations such as the historical Black Diamond Mine, a recycling center (black triangle), industrial warehouses 189 
(black circle), residential housing and a school (made with QGIS 3.36.3). 190 

  191 
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2.2. Surface water analyses and metal speciation calculations 192 

 193 

We sampled water for chemical analyses in November 2019. On each of the sampling 194 

sites, we measured water temperature, specific conductivity (SpC), dissolved oxygen saturation 195 

(%DO), and pH with an EXO1 multiparameter probe (YSI©, xylem brand). Simultaneous 196 

surface water samples were also taken for ammonium (NH4
+-N), nitrate, and nitrite (NO3

- -N + 197 

NO2
- -N), soluble reactive phosphorus (SRP), and dissolved organic carbon (DOC) analyses. 198 

Water samples were collected in triplicate at each of the sampling sites with 60 mL syringes 199 

that had been pre-rinsed with the corresponding surface water, filtered upon collection with 0.7 200 

µm pre-ashed GF/F filters, immediately placed on ice, and frozen until laboratory analysis. 201 

NH4
+-N and NO3-N + NO2

- -N were analysed by Flow Injection Analysis (FIA) with a Lachat 202 

QuickChem 8500 Series 2 using automated phenate, and automated cadmium reduction 203 

methods with detection limits of 0.01 mg N·L-1 and 0.005 mg N·L-1, respectively (APHA-204 

4500-NH3G; APHA-4500-NO3F). SRP was analyzed by a Genesys 2 Spectrophotometer using 205 

ascorbic acid without persulfate digestion with a detection limit of 0.001 mg P·L-1 (APHA-206 

4500-P.E), while DOC was analyzed as Nonpurgeable Organic Carbon (NPOC) with a 207 

Shimadzu TOC-V CPH by oxidative combustion and infrared analysis with detection limit of 208 

0.1 mg C·L-1 (APHA-5310B). 209 

For metal analysis, water samples were collected at each site using clean 30 mL 210 

polypropylene syringes (Thermo Scientific™ National Target All-Plastic Disposable Syringes 211 

with polypropylene barrels and polyethylene plungers), immediately filtered with 0.45 µm pore 212 

size membrane filters (Whatman 7184-004 Cellulose Nitrate Membrane Filter, 47 mm 213 

Diameter), and then acidified with nitric acid (HNO3) within 48 h, and stored at 4 °C until 214 

analysis within 2 weeks. Dissolved metal concentrations were analyzed by ICP-MS (limit of 215 

detection (LOD): 2.0 µg·L-1 for iron, 0.1 µg·L-1 for zinc and 0.01 µg·L-1 for cadmium and lead) 216 

by the Columbia Environmental Research Center (CERC), a local branch of the U.S. 217 

Geological Survey (USGS). Results below the detection limit were replaced by the LOD/2 218 

value when required. Metal concentrations were measured for water samples collected in July, 219 

August, and November 2019. The August and November 2019 water samples could not be 220 

filtered within 1-2 h after collection unlike the July 2019 samples. This may have resulted in 221 

greater iron precipitation in samples from these dates, and thus to underestimate iron 222 

concentrations in the water. Metal concentrations (other than iron) did not show any significant 223 
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differences between the different dates. Therefore, we selected metal concentration data from 224 

July 2019 for our analyses of biofilm metal contents. 225 

The software Windermere Humic Aqueous Model VII (WHAM) was used to estimate 226 

metal speciation in the water collected at each site (Tipping et al., 2011) using pH, DOC and a 227 

reference value of 200 mg·L-1 for water hardness (U.S. Geological Survey, 2019) as input 228 

parameters. To facilitate comparison with previous studies, free ion concentrations have been 229 

presented; however, the rest of metal species have not been included. Cumulative criterion unit 230 

(CCU) was used as proxy of metal toxicity (Lavoie et al., 2018; Morin et al., 2012) and is 231 

defined as the ratio of measured metal concentrations in the water over the United States 232 

Environmental Protection Agency (U.S.EPA) criterion continuous concentration (CCC) 233 

(USEPA, 2023). The CCU is given as: 234 

𝐶𝐶𝐶𝐶𝐶𝐶 = �𝑚𝑚𝑚𝑚/𝑐𝑐𝑐𝑐
𝑛𝑛

𝑖𝑖=1

 235 

where mi is the total recoverable metal concentration and ci is the criterion continuous 236 

concentration (CCC; chronic) for each metal (Clements et al., 2000). The criterion continuous 237 

concentration for iron was 1000 µg·L-1. As water hardness strongly influences Cd, Pb, and Zn 238 

bioavailability, we used the reference values for hardness (200 mg·L-1) to account for this 239 

parameter in determining a modified criterion (USEPA, 2023). We obtained 1.2 µg·L-1 for Cd, 240 

5.3 µg·L-1 for Pb, and 212.5 µg·L-1 for Zn.  241 
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2.3. Biofilm sampling 242 

 243 

Biofilm was not collected from US1 and US2 because of the lack of hard benthic 244 

substrate while US3 was not sampled because of the presence of an inaccessible pool. Thus, 245 

biofilm was collected from US4 to US7 and from DS1 to DS7 during November 2019 (Figure 246 

2). The periphyton was sampled by scraping the surface of five removable rocks from the 247 

streambed with a scoopula. Then, the sample was homogenized and redistributed to form four 248 

composite samples. Samples were stored into pre-rinsed 50 mL VWR® sterile, metal-free, 249 

polypropylene centrifuge tubes and immediately placed on ice. Upon return to the University 250 

of Missouri laboratory, samples were kept overnight at 4°C, centrifuged to remove excess water 251 

and frozen at -18°C until samples were freeze-dried. Freeze-dried periphyton samples (1-5 g 252 

of dry weight) were shipped to the laboratory of the Institut national de la recherche 253 

scientifique, Centre Eau Terre Environnement (INRS-ETE) in Quebec City, Canada, for further 254 

metal bioaccumulation analyses and microscopic observations (see sections 2.4 – 2.5 for 255 

details). 256 

 257 
Figure 2: Study reaches and mine adit at Lone Elm Creek. (A) Upstream reach (US), (B) input from the mine adit, 258 
and (C) downstream reach (DS). 259 
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2.4. Metal bioaccumulation in biofilm and diatom frustule 260 

observations  261 

 262 

For all samples, 50 mg of freeze-dried biofilm was digested in a 50 mL tube 263 

(Polypropylene, Sarstedt) by adding 800 μL of concentrated HNO3 (TraceMetalTM grade, 264 

Fisher). After 48 h, 200 μL of 30% H2O2 (OptimaTM grade, Fisher) was added for another 48 265 

h. An aliquot of 400 µL of supernatant was transferred to a 13 mL tube (Polypropylene, 266 

Sarstedt) with 3.6 mL of ultra-pure water (Milli-Q) for a final volume of 4 mL and stored at 267 

room temperature until analysis. The remaining pellets of digested periphytic biofilm were kept 268 

for the observation of diatom frustules. Pellets were rinsed with tap water, adjusting the volume 269 

of water to 50 mL, and then centrifuged for 10 min at 5500 rpm. The supernatant was discarded, 270 

and these steps were repeated until the pH reached ≥ 6. 271 

To quantify the metals accumulated in the biofilm, the samples were diluted by a factor 272 

of 150 with 10% HNO3 prepared from concentrated TraceMetalTM grade HNO3
 and ultra-pure 273 

water prior to analysis. Fe and Zn were analyzed by ICP-OES (Varian Inc. 725-ES ICP-OES; 274 

ZnLOD=0.005 µg·L-1, FeLOD=0.020 µg·L-1), while Cd and Pb, present at lower concentrations, 275 

were analyzed by ICP-MS (Thermoscientific XSeries 2; CdLOD=0.009 µg·L-1, PbLOD=0.01 276 

µg·L-1). Measurements of metals accumulated in the biofilm were independently conducted for 277 

each composite sample (n=4 per site). 278 

For each metal and all samples, the log of bioconcentration factor (BCF) was calculated 279 

as the log of the ratio of the concentration of the metal in the biofilm sample and the total 280 

concentration of the same metal in the stream water. The BCF is given as: 281 

𝐵𝐵𝐵𝐵𝐵𝐵 =
𝐶𝐶
𝐶𝐶𝐶𝐶

 282 

where C is the metal concentration in biofilm (mol·Kg-1) and Cw is the metal 283 

concentration in water (mol·L-1). 284 

 285 

2.5. Diatom slide preparation and microscopic observations 286 

 287 

Digested diatom frustules were mounted onto microscope slides using Naphrax® 288 

(Brunel Microscopes, UK) as a mounting medium. For each site, four slides were prepared for 289 

diatom assessment. Diatom assemblage composition and deformities were investigated using 290 
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an optical upright microscope (Carl Zeiss Ltd Axio Imager 2) with immersion oil at x1000 291 

magnification. On each slide, at least 500 diatom valves were identified. The analysis also 292 

consisted in determining the severity (low, medium, high) and the type (raphe, striae, overall 293 

shape) of deformations observed. The data from the four replicates were averaged and counts 294 

were expressed as relative abundances (%). Taxonomic identifications followed Lavoie et al., 295 

(2008) and Bey and Ector, (2013). 296 

 297 

2.6. Statistical analyses 298 

 299 

All statistical analyses were performed with RStudio (R version 4.3.2). Residuals plots 300 

were generated to assess normality and homogeneity of variance. To investigate the differences 301 

in physico-chemical parameters between US and DS reaches, as well as to compare metal 302 

concentrations in the water and metal concentration in the biofilm between both reaches, we 303 

used Student’s test or Wilcoxon rank sum test, depending on whether the requisite assumptions 304 

were met. Linear regressions of biofilm metal content as a function of calculated free metal 305 

concentration in water were performed on SigmaPlot (version 13, Systat Software, Inc., San 306 

Jose, California, USA) using data from Laderriere et al., (2021), (2020) and Leguay et al., 307 

(2016). We added data from the current study to examine the fit with existing models. A 308 

Student’s test was used to compare average frustule deformities at each sampling site to the 309 

threshold of 0.5%, which represents an estimate of the natural occurrence of deformed diatoms 310 

(Morin et al., 2008a). The same test was used to compare the occurrence of deformities in US 311 

and DS reaches. 312 

3. Results 313 

3.1. Water physico-chemistry  314 

 315 

Water chemistry data were previously presented in Wilson, (2023) for the period from 316 

September 2019 to February 2020. On the biofilm sampling date (November 2019), the water 317 

temperature was similar in US and DS, at approximately 12°C, except for the DS1 site 318 

(17.1°C). The pH was similar among US and DS sites (Table 1), with a mean of and 7.60±0.02 319 

in US and 7.56±0.18 in DS, indicating a circumneutral pH. Specific conductivity in the DS 320 
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reach (1134±145 µS·cm-1) was significantly higher than in the US reach (979±4 µS·cm-1; 321 

Wilcoxon test, df=9, W=28, p-value<0.05). In general, US presented higher average %DO than 322 

DS (128.6±1.5% and 107.7±16.6%, respectively; Wilcoxon test, df=9, W=0, p-value<0.05). 323 

The site DS1 exhibited the lowest %DO (70%) as well as the highest ammonium (NH4
+) 324 

concentrations and lower nitrate concentrations. Between DS1 and DS2 sites, water physico-325 

chemistry returned to values comparable to those observed in the US portion of the study area, 326 

with a water temperature decreasing by 3.9°C and a decrease in specific conductivity of 378 327 

µS·cm-1, while the %DO increased from 70.2% to 111.4%. Values continued to change from 328 

DS2 to DS7, but not as drastically. Indeed, we only observed a 1.0°C decrease in water 329 

temperature, a 10 µS·cm-1 decrease in specific conductivity, and a 5.6% increase in percent 330 

oxygen saturation. In contrast to the DS reach of the study area, temperature, oxygen, and 331 

conductivity exhibited low variability among the US4 to US7 sites.  332 

 333 

Table 1: Water chemistry monitored in all sampling sites on November 2019 sampling date. 334 

Reach Sampling 

Site 

T (°C) Specific 

conductivity 

(µS·cm-1) 

pH %DO 
 

NH4
+-N 

(mg·L-1) 

NO3
--N 

(mg·L-1) 

SRP 

(mg·L-1) 

DOC 

(mg·L-1) 

Upstream 4 12.0 974.0 7.63 128.9 <0.01 0.872 0.002 1.9 

Upstream 5 12.1 981.0 7.58 127 <0.01 0.958 0.002 1.9 

Upstream 6 12.1 982.0 7.59 129.9 <0.01 0.926 0.002 1.9 

Upstream 7 12.1 978.0 7.60 130.1 <0.01 0.920 0.003 1.9 

Downstream 1 17.1 1461.0 7.20 70.2 0.33 0.012 0.002 1.7 

Downstream 2 13.2 1083.0 7.49 111.4 0.09 0.930 0.001 1.9 

Downstream 3 13.2 1088.0 7.53 112.7 0.07 0.969 0.003 1.8 

Downstream 4 12.9 1083.0 7.60 113.1 0.05 1.033 0.002 1.7 

Downstream 5 12.7 1072.0 7.65 114 0.05 1.117 0.002 1.7 

Downstream 6 12.5 1075.0 7.72 115.2 0.04 1.053 0.002 1.7 

Downstream 7 12.2 1073.0 7.73 117 0.03 1.060 0.002 1.8 

 335 

NH4
+-N in the US reach was below the detection limit while the DS reach showed 336 

average concentrations of 0.09±0.11 mg N·L-1. Nitrate (NO3
--N) and dissolved organic carbon 337 

(DOC) concentrations were slightly higher in the US sampling sites (respectively, 0.92±0.04 338 

mg N·L-1 and 1.93±0.05 mg C·L-1) than in the DS sites (respectively, 0.88±0.39 mg N·L-1 and 339 
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1.54±0.16 mg C·L-1), while SRP was similar between the US and DS reaches (0.002±0.001 mg 340 

P·L-1). Dissolved nutrient concentrations showed low variability between US4 to US7 sites, 341 

while NH4
+-N, NO3

--N, and DOC concentrations drastically changed at DS1. Indeed, DOC 342 

decreased, while NH4
+-N and NO3

--N concentrations showed opposing trends where NH4
+-N 343 

increased and NO3
--N decreased. Values sharply returned close to average values at DS2, and 344 

slight decreasing and increasing trends from DS2 to DS7 in NH4
+-N and NO3

--N 345 

concentrations, respectively, were observed. DOC concentrations were not spatially different 346 

from DS2 to DS7 (Table 1). 347 

 348 

Table 2: Total metal concentrations (mol·L-1) and cumulative criterion unit (CCU) in water from the upstream 349 
(US) and downstream (DS) sites along the Lone Elm Creek. 350 

Sampling 

site 

Fe Zn Cd Pb CCU 

US4 1.36x10-5 5.97x10-5 1.71x10-7 1.83x10-9 35.1 

US5 1.40x10-5 6.13x10-5 1.69x10-7 2.08x10-9 35.4 

US6 1.36x10-5 5.46x10-5 1.54x10-7 2.36x10-9 32.0 

US7 1.40x10-5 4.94x10-5 1.43x10-7 1.69x10-9 29.4 

DS1 3.94x10-5 4.30x10-5 5.68x10-8 9.17x10-10 20.7 

DS2 2.33x10-5 3.84x10-5 5.03x10-8 1.01x10-9 17.8 

DS3 1.79x10-5 3.62x10-5 4.64x10-8 2.41x10-10 18.6 

DS4 1.79x10-5 4.18x10-5 5.01x10-8 1.25x10-9 16.5 

DS5* 1.79x10-5 3.67x10-5 4.73x10-8 9.65x10-10 15.7 

DS6 1.79x10-5 3.17x10-5 4.46x10-8 6.76x10-10 14.9 

DS7 1.50x10-5 1.99x10-5 3.71x10-8 5.31x10-10 10.4 

* Metal concentrations at DS5 were estimated by averaging DS4 and DS6 values. 351 

 352 

Dissolved metal concentrations in surface water along the LEC are reported in Table 2. 353 

To circumvent the absence of metal concentrations at site DS5 and considering the similarity 354 

in geomorphology between sites DS4 and DS5 and the similarity between the physico-chemical 355 

parameters at DS4 and DS6, metal concentrations at site DS5 were estimated based on the 356 

average of the metal concentrations obtained at sites DS4 and DS6. Zn was the metal showing 357 

the highest concentrations, followed by Fe, Cd, and Pb. Zn concentrations were slightly higher 358 

in US (5.62x10-5±5.39x10-6 mol·L-1) than in DS (3.54x10-5±7.79x10-6 mol·L-1) (Student’s test, 359 

df=9, t=-4.7, p-value<0.01), decreasing along the river between US4 and DS3 sites, and slightly 360 
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increasing at DS4 and decreasing again at DS7. In general, Pb concentrations were higher in 361 

US than in DS (Student’s test, df=9, t=-6.1, p-value<0.001), but peaked at DS1 and were the 362 

lowest at DS7. Cd concentrations were higher in US (Wilcoxon Mann-Whitney, df=9, W=0, 363 

p-value<0.01), decreased at DS1 and remained relatively constant in DS. Metal speciation 364 

calculations using the WHAM model indicated that both Cd and Zn were mostly present in the 365 

free-ion form (95 to 98% for Cd and 75 to 91% for Zn) while 7 to 30% of the dissolved Pb was 366 

free. Other species considered were hydroxo- and carbonato-complexes as well as binding to 367 

dissolved organic matter. For Cd, these species were all ≤ 2%. For Zn, organic complexes were 368 

between 3 and 5% while up to 6% were hydroxo-complexes and up to 14% carbonato-369 

complexes. Finally, Pb was mostly bound to carbonates (27 to 67%), organic matter (21 to 370 

35%) and hydroxides (6 to 8%). Full metal speciation distribution is available in 371 

Supplementary Information. 372 

CCU values ranged between 35.4 (US5) and 10.4 (DS7) (Table 2). The highest CCU 373 

values were obtained for US sites with mean CCU of 33.0±2.9, while mean CCU was 16.4±3.3 374 

for DS sites. Cd and Zn water concentrations greatly exceeded water quality criteria at all sites, 375 

while Fe exceeded criteria only at the DS1 and DS2. Pb concentrations remained below the 376 

criterium.  377 
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3.2. Metal concentrations in biofilms 378 

 379 

Metal concentrations in the biofilm were much higher than in the water, suggesting a 380 

bioaccumulation of metals in the biofilm. Zn and Pb were slightly more bioaccumulated at the 381 

DS reach than US (Student’s test, df=9, both p-value<0.05, t=2.6 for Zn and t=4.5 for Pb), 382 

while bioaccumulated Cd levels were stable along the gradient (Student’s test, non-significant 383 

p-value) except for DS1 where it was especially low (Figure 3). In parallel, Fe was more 384 

abundant in biofilm in the sites located downstream of the discharge area than in the sites 385 

located upstream (Student’s test, df=9, t=3.4, p-value<0.01), which is consistent with the Fe 386 

concentrations in surface water (average metal free form concentrations in water and metal 387 

concentrations in biofilm are available in Supplementary Information, Table 3). In general, 388 

metal concentrations in the water and in the biofilm followed a similar pattern where Zn and 389 

Fe were the most bioaccumulated metals followed by Cd and Pb.  390 

For all studied metals, the log of bioconcentration factors or log(BCFs) was higher in 391 

the DS of the study area compared to the US (Values of log(BCF) are given in Supplementary 392 

Information, Table 4). The log(BCF) of Fe varied from 3.8±0.1 in the US to 4.9±0.1 in the DS, 393 

while Zn varied from 3.7±0.1 to 4.1±0.2, Cd varied from 4.0±0.1 to 4.2±0.6, and Pb from 394 

5.4±0.1 to 6.0±0.2. Log(BCFs) for Fe, Cd, and Pb were the highest at DS3 (respectively 5.1, 395 

4.4 and 6.3), while the highest Zn log(BCF) was observed at DS7 (4.3). 396 

 397 

Figure 3: Total metal concentrations at upstream versus downstream reaches for water and biofilm (n=4) (* p-398 
value<0.05, ** p-value<0.01 and *** p-value<0.001). 399 
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3.3. Fitting with bioaccumulation models 400 

The range in predicted free metal concentrations in our water samples was relatively 401 

narrow in this study. To put these results in perspective, we compared our data with previously 402 

published ones (Leguay et al., 2016; Laderriere et al., 2020, 2021). In these publications, the 403 

authors used datasets from various mining sites (abandoned, rehabilitated and operating sites) 404 

spanning a wide geographical range within the provinces of Quebec and Ontario (Canada) and 405 

found strong relationships between free metals in the water and bioaccumulated metals in the 406 

biofilm at circumneutral pHs (>6). We added our data to these regression models to determine 407 

if the data from Lone Elm Creek fit previously observed distributions. We ran new regression 408 

analyses including previously published data (black) as well as the data from the present study 409 

(red) and found that the majority of our observations for cadmium and zinc were distributed at 410 

the high end of the concentration range, while those for lead were distributed in the middle of 411 

the range (Figure 4). For all three metals, values obtained in this study agreed with previous 412 

models (with comparable pHs between studies (6 and 7.7)). 413 



19 
 

 414 
Figure 4: Linear regressions between biofilm metal content (mol·g-1 dry weight) plotted as a function of calculated 415 
free metal concentration in water. Red circles are the data of this study while black circles correspond to data from 416 
Leguay et al. (2016) and Laderriere et al. (2021, 2020) for which the pH was above 6.0. Error bars represent 417 
standard deviations around the mean (n=3). Free metal concentrations in water and bioaccumulated metal content 418 
from the current study are presented in supplementary information (Table 3).  419 
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3.4. Diatom assemblage composition and frustule deformities 420 

 421 

A total of 19 taxa were observed in the samples collected along LEC. Achnantidium 422 

minutissimum was present in high abundances at all sites, at proportions ranging from 54.5% 423 

at DS1 to 92.9% at US5 (Figure 5). All sites were rather similar in their taxonomic composition 424 

and abundances, except for DS1. This site was characterized by a high proportion of Brachysira 425 

neglectissima (33±26%), which has only been observed at this site, as well as a higher 426 

proportion of Gomphonema parvulum that reached 6±2% compared to low proportions at other 427 

sites (maximum of 1.22±0.76% at DS6). The occurrence of these species may be associated 428 

with specific environmental factors including iron concentrations in the water and in the 429 

biofilm, as well as conductivity (Table 1, Table 2 and Redundancy analysis RDA in Figure 9 430 

in Supplementary Information). 431 

 432 
Figure 5: Relative abundance (%) of diatoms species observed in biofilm samples of the Lone Elm Creek. US= 433 
Upstream, DS=Downstream (n=4 slides for each site, at least 500 valves were identified on each slide). 434 

 435 

  436 
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The percentage of frustule deformities in periphytic biofilms collected along LEC is 437 

presented in Figure 6. Percentage of deformities ranged from 0.9% (US4) to 3% (DS6). 438 

Deformities were generally greater than 0.5% in the US and DS reaches, a value considered as 439 

the natural threshold of frustule deformities in the absence of contamination (Morin et al., 440 

2008a). In particular, sites US5, US6, DS2, DS3, DS5, DS6, and DS7 have higher occurrence 441 

of frustule deformities than 0.5%. However, the teratology occurrence of samples collected 442 

upstream and downstream of the mine adit was relatively similar (Student’s test, df=42, t=0.58, 443 

p-value=0.56), indicating no significant difference of frustule abnormalities between reaches. 444 

 445 

 446 
Figure 6: Percentage of total diatom frustules deformities (%) at the sites of Lone Elm Creek. The dashed line 447 
represents a threshold value for natural deformities (Morin et al., 2008a) (n=4 slides for each site, at least 500 448 
valves were identified on each slide) (level of significance: *:p-value<0.05, **:p-value<0.01). 449 

 450 

Deformities were classified in terms of severity (mild, moderate, severe) and types 451 

(overall shape, striation pattern, mixed). Most abnormalities were classified as “mild” (46% in 452 

US and 51% in DS) with the exception of sampling site US4 which had a majority of severe 453 

deformities (severe=44%, moderate=33% and mild=22%). The other sampling sites with the 454 

highest proportions of severe deformities were US6 (28%), US7 (22%), DS2 (23%), DS6 455 

(29%), and DS7 (24%). However, not all species showed deformities or were affected with the 456 
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same severity (Supplementary Information, Figure 7). Achnantidium minutissimum was the 457 

species showing the highest proportions of mild deformities, while Ulnaria ulna was generally 458 

the species most affected by moderate to severe deformations. Fragilaria austriaca also 459 

presented high occurrence of deformities (mild, moderate and severe). At DS1, teratological 460 

forms of B. neglectissima were mostly moderately deformed, whereas A. minutissimum was 461 

severely deformed. In addition, for both US and DS of the study area, the type of deformation 462 

observed seemed to be predominantly affecting the overall shape (over 80%), followed by 463 

striae aberrations (15%) and raphe deformations (2%). These deformities were sometimes 464 

mixed deformities (15%; affecting the shape as well as the stria or the raphe) (Supplementary 465 

Information, Figure 8). In the US reach, mixed deformities accounted for 19% of teratological 466 

forms while it accounted for 13% in the DS reach. 467 

4. Discussion 468 

Surprisingly, dissolved metal concentrations were high at our upstream sites, suggesting 469 

other metal inputs upstream of the mine adit. Physico-chemical parameters revealed a 470 

noteworthy influence of the mine adit, with notable changes in nitrogen, %DO, DOC, and metal 471 

concentrations. These physico-chemical changes were accompanied by a change in diatom 472 

taxonomic composition at site DS1, but assemblages quickly returned to composition similar 473 

to what was observed at all other sites. Diatom deformation results showed relatively 474 

homogeneous deformity occurrence, types and severity at all sites, and were observed to be 475 

affecting araphid species in particular. 476 

 477 

4.1. Water chemistry and dissolved metal concentrations 478 

 479 

Water chemistry results revealed a disturbed environment, particularly at DS1, the study 480 

site closest to the mine adit. Indeed, DS1 was the site with the highest values for conductivity 481 

and NH4
+ and the lowest values for pH and DOC. This site also exhibited a high concentration 482 

of iron in water (Table 2, up to 4x10-5 mol.L-1) as well as the lowest observed dissolved oxygen 483 

value (70%). This abrupt change in %DO is likely related to the unexpected presence of an 484 

ammonium peak in parallel with the drastic decrease in NO3
- following a molar ratio close to 485 

1, as well as the visible precipitation of iron. The peak in ammonium concentrations observed 486 

at DS1 suggests a source of organic nitrogen from the mine adit that was degraded into 487 
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ammonium. The origin of the mine adit water remains uncertain. It is likely a combination of 488 

groundwater, which is often enriched with dissolved organic nitrogen, and stormwater runoff 489 

that infiltrates into the shaft through cracks in the surrounding rock.  490 

Under anaerobic conditions, some bacterial strains are able to oxidize Fe(II) by reducing 491 

NO3
- to NH4

+ (Weber et al., 2006). In the absence of oxygen such as in underground water, 492 

iron will typically be present in the Fe(II) form. When exposed to oxygen, Fe(II) oxidizes to 493 

the less soluble Fe(III) redox form. As shown in Figure 2, iron precipitates were observed at 494 

all DS sites. Measured dissolved iron peaked at DS1, suggesting an input of Fe(II) from the 495 

mine adit, followed by iron precipitation. In addition, iron precipitates can adsorb and co-496 

precipitate DOC and could also explain the lower DOC value at this site (Chen et al., 2014). 497 

WHAM calculations also indicated that all measured dissolved iron concentrations were above 498 

those expected based on the precipitation of Fe(III) as iron oxyhydroxides.  499 

Metal concentrations did not differ much between upstream and downstream reaches, 500 

likely due to historical metal contamination from past land use and mine tailings in the 501 

upstream reach and in the area. Located in the downstream portion of the study area, the Eagle 502 

Picher smelter has been present since 1881 (Beyer et al., 2004) but no longer in operation and 503 

could be a legacy source of metal contamination. In addition to soil contamination due to the 504 

presence of mine tailings, emissions from the smelter amplifies this contamination in the 505 

surrounding terrestrial and aquatic ecosystems (in particular in zinc and lead) through fugitive 506 

dust and fallout (Johnson et al., 2016). However, the presence of iron precipitates, and in 507 

particular iron oxides and hydroxides, may lead to the adsorption of metals such as zinc and 508 

cadmium, reducing their concentrations in the water (Biela et al., 2019; Dong et al., 2007), as 509 

observed for cadmium at DS1 (Table 2). CCU values observed in the present study, ranged 510 

from 10.4 at DS7 to 35.4 at US5. CCU values were generally higher at upstream sites, which 511 

is explained by the higher metal concentrations in the upstream sites compared to downstream 512 

sites, in particular for cadmium. Clements et al., 2021 investigated benthic macroinvertebrates 513 

communities in mining-impacted watersheds in western United States. They showed that CCU 514 

values of 2.1 led to a 20% reduction of Ephemeroptera, Plecoptera, and Trichoptera (EPT) 515 

richness, while CCU levels exceeding 15.5 led to the elimination of almost 50% of EPT taxa. 516 

Thus, high CCU values calculated in the present study may indicate acute and chronic risk of 517 

metals to stream communities (for example, macroinvertebrates; Iwasaki et al., 2023). 518 

 519 
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4.2. Metals in biofilms  520 

 521 

Biofilm metal contents were different between upstream and downstream sites. While 522 

iron concentrations in the water were not significantly different between upstream and 523 

downstream sites, iron concentrations in the biofilms collected downstream of the mine adit 524 

were higher than in the upstream portion. These biofilms also exhibited a reddish-orange color, 525 

in contrast to the biofilms from the sampling points upstream of the discharge area and to the 526 

biofilms collected further downstream at DS6 and DS7 which exhibited a green color. As 527 

previously mentioned, the reddish-orange color may be an indicator of Fe(III) oxide or 528 

hydroxide precipitates formed after oxidation of Fe(II) ions. As the periphyton in the 529 

downstream reach was always coated with iron precipitates, it was not possible to collect 530 

biofilms without collecting iron oxides and hydroxides at the same time. 531 

 532 

4.3. Metal bioaccumulation model 533 

 534 

Our data showed a good fit with previous models presented in Laderriere et al., (2021, 535 

2020) and Leguay et al., (2016), indicating that biofilm accumulated metals (with the focus on 536 

zinc, cadmium, and lead) to the same extent as observed elsewhere in North America. As 537 

mentioned by Laderriere et al., (2020), this relationship suggests that biofilm will internalize a 538 

similar quantity of metals for a given free metal concentration in any stream of pH > 6, and 539 

that this relationship may be applied to different metal contamination contexts spanning a wide 540 

range of geographical areas. It is interesting to note that biofilm cadmium content at the DS1 541 

site is much lower than other data points within the same range of free cadmium concentration, 542 

however, this point remains close to the expected value. The low content cadmium in the 543 

sbiofilm at this site could be due to cadmium associated with the colloidal fraction. The 544 

presence of a colloidal fraction within the mixing zone that would scavenge dissolved cadmium 545 

from the water column (Evanko and Dzombak, 1997) could result in lower cadmium 546 

accumulation in biofilms and to an overestimated concentration of dissolved Cd (the colloidal 547 

fraction would freely cross a 0.45 µm filter membrane). 548 

 549 

The balance between metals in water and metals in biofilm is driven by several 550 

processes including adsorption to organic and inorganic particles, metal-ligand complex 551 
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formation, and partitioning between colloidal matter and precipitates (Rose and Shea, 2007). 552 

These same processes are influenced by multiple factors including water composition with the 553 

presence of major anions and cations, pH, the metal under consideration, and the presence of 554 

inorganic or organic ligands. The biofilm matrix offers a large number of sites for metals 555 

adsorption such as exopolysaccharides and cell wall of microorganisms (Tien and Chen, 2013). 556 

Metals diffuse through the EPS matrix and can be transported within cells by facilitated 557 

transport (Bonnineau et al., 2020). For example, Ancion et al., (2013) suggested that organic 558 

matter and fine particle content could increase the metal retention capacity of biofilm and partly 559 

explain the enrichment of metals in this complex matrix. Thus, a better characterization of the 560 

inorganic and organic content of biofilms could help in explaining certain values that deviate 561 

from the model, as in the case of cadmium at site DS1. 562 

 563 

4.4. Diatom assemblages and frustule deformities 564 

 565 

In general, diatom assemblages were homogeneous between upstream and downstream 566 

sites, except for DS1. All sites were predominantly composed of A. minutissimum which is 567 

considered a cosmopolite species found in various environments. The fact that this species 568 

dominated the diatom assemblages (75-100%) may also reflect a severe disturbance (Barbour 569 

et al., 1999). Indeed, A. minutissimum is classified as a metal-tolerant species (Cantonati et al., 570 

2014; Deniseger et al., 1986; Morin et al., 2012; Takamura et al., 1989). It was reported as a 571 

dominant species in zinc- and cadmium-contaminated environments (Ivorra et al., 2000) as 572 

well as in nickel-contaminated environments (Lavoie et al., 2019). Site DS1 showed a marked 573 

change in diatom composition, which seems to be partially explained by the iron concentration 574 

in the water and in the biofilm and anti-correlated to the concentration of cadmium in the 575 

biofilm (See Table 3 and the redundancy analysis RDA in Figure 9 in Supplementary 576 

Information). More specifically, a higher proportion of B. neglectissima and G. parvulum were 577 

observed, whereas they were little or not present at the other sites sampled. G. parvulum has 578 

also been described as a metal tolerant species (Morin et al., 2012), associated with disturbed 579 

environments, which can adapt to a wide range of physical and chemical stresses. Sabater, 2000 580 

observed that G. parvulum was almost the only species (along with Nitzschia palea) able to 581 

withstand metal pollution from a spill that occurred in the Guadiamar River (Spain, in 1999). 582 

The species B. neglectissima has been described as being able to develop in oligotrophic to 583 

dystrophic environments (Leira et al., 2017). The high abundance of this species downstream 584 
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of the mine adit is in accordance with the work of Spitale et al., (2011) who observed B. 585 

neglectissima to be more abundant within urbanized areas. In contaminated aquatic 586 

ecosystems, tolerant diatom species such as B. neglectissima or G. parvulum may out-compete 587 

sensitive species (Ivorra et al., 2002) and thus altering the structure of diatom assemblages 588 

(Cattaneo et al., 2004). Overall, diatom species richness was low, with only 19 taxa observed 589 

throughout the study area. Low diatom richness has also been observed in other metal-590 

contaminated streams studied in Eastern Canada (e.g., Lavoie et al., 2012; Leguay et al., 2016). 591 

While the low richness observed in the cited studies may be attributed to elevated metal 592 

concentrations, it can also reflect low nutrients and/or low pH. In the case of LEC, pH values 593 

were above 7, but nutrient concentrations were moderate for nitrogen and relatively low for 594 

phosphorus, which may partly explain the low diatom richness observed.  595 

No clear pattern of deformity occurrence was observed as most of the upstream and 596 

downstream sites seemed to present higher average frustules deformities than the natural 597 

threshold value estimated at 0.5% (Morin et al., 2008a). Interestingly, the closest downstream 598 

site to the mine adit, site DS1, showed a low % of deformities. This may be linked to the low 599 

dissolved cadmium concentration observed at this site. Pandey et al., (2014) showed a strong 600 

relationship between intracellular iron and zinc content and the occurrence of diatom frustule 601 

deformities. However, it appears that other authors found no relationship between metal 602 

concentrations and diatom deformity frequencies (Fernandes da Silva et al., 2008; Fernández 603 

et al., 2018; Lavoie et al., 2012; Leguay et al., 2016), and that is the case also in the present 604 

study. 605 

In our study, only certain species were deformed. Long and narrow araphid species such 606 

as U. ulna and F. austriaca were the most frequently deformed and generally presented 607 

moderate and severe aberrations of the overall shape. This finding is in accordance with other 608 

studies suggesting that rapheless diatoms seem to be more prone to teratologies compared to 609 

other species (Silva et al., 2009, Lavoie et al., 2012, Pandey et al., 2018). Few studies reported 610 

the proportion of each type of diatom frustule abnormalities. For example, Pandey et al., (2014) 611 

observed that in conditions of zinc and lead contamination, diatoms had a majority of striae 612 

deformities and also often exhibited mixed deformities. In this study, among the different forms 613 

of deformities, the most common were those affecting the frustule shape (80%). This shape 614 

deformity is probably transmitted to subsequent generations during cell division as the daughter 615 

cell needs to form a new valve that fits the deformed valve from the mother cell (Lavoie et al., 616 

2017). For this reason, this type of deformity may possibly lead to an overestimation of the 617 
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response to contamination compared to other types of deformities that are not transmitted 618 

during cell division. 619 

The presence in large proportions of very small taxa such as A. minutissimum, which 620 

are difficult to observe under an optical microscope, can lead to an underestimation of 621 

deformities as certain deformities may be missed (Morin et al., 2008b). Additionally, metal 622 

contamination can select for certain small, tolerant species (Morin et al., 2008a), further 623 

contributing to a potential underestimation of metal contamination and to variability in the 624 

response of this biomarker. In addition, small species such as A. minutissimum often settle in 625 

girdle view (side view) which further complicates the observation of potential deformities. It 626 

is also sometimes difficult to determine whether the observed deformities are normal 627 

phenotypic variations or the consequence of exposure to a contaminant (Cantonati et al., 2014). 628 

5. Conclusion 629 

 630 

The results from this study showed that the LEC in Joplin, Missouri located within the 631 

Tri-State Mining District, is substantially contaminated in iron, zinc, cadmium, and lead. 632 

Surprisingly, dissolved metal concentrations were relatively homogeneous along the studied 633 

transect, regardless of the mine adit. This finding highlighted the possible effects of multiple 634 

sources of metal contamination. Physico-chemical parameters, biofilm metal bioaccumulation 635 

and diatom assemblages revealed a strong impact of metallic contamination at the first site 636 

downstream of the mine adit. In addition, iron, lead, and zinc were measured in higher 637 

concentrations in the sites downstream of the mine adit compared to the sites in the upper 638 

portion of the study area. The presence of diatom deformities was a red flag indicating a 639 

response of these microalgae to metal contamination, but a clear relationship with metal 640 

concentrations was not observed. As previously suggested, the percent occurrence of diatom 641 

deformities may not be the most appropriate biomarker to relate the magnitude of a response 642 

to stress as a function of metal concentrations. Finally, the data from Lone Elm Creek seemed 643 

to fit well with previously published predictive models, underscoring once again the potential 644 

universal relationship between free metal ions in the water and their bioaccumulation in the 645 

biofilm. This provides evidence for the reliable use of bioaccumulated metals in biofilm as 646 

proxies of metal exposure.  647 
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