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Abstract 26 

 27 

Mining has changed landscapes locally in northern Fennoscandia and there is an increasing 28 

pressure for exploitation of the remaining mineral deposits of the region. Mineral deposits, 29 

even if unmined, can strongly influence stream water chemistry, stream biological 30 

communities and the ability of organisms to tolerate stressors. Using data sampled from six 31 

mining areas with three active (gold and chrome), two closed (gold) and one planned mine 32 

(phosphate), we examined how mineral deposits and mining influence water chemistry and 33 

diatom and macroinvertebrate communities in subarctic streams in Finnish Lapland. We 34 

supplemented the data by additional samples compiled from databases and further assessed 35 

how variation in background geological conditions influences bioassessments of the impacts 36 

arising from mining. We found that water specific conductivity was elevated in our study 37 

streams draining through catchments with a high mineral potential. Mining effects were 38 

mainly seen as increased concentration of nitrogen. Influence of mineral deposits was 39 

detected in composition of diatom and macroinvertebrate communities, but communities in 40 

streams in areas with a high mineral potential were as diverse as those in streams in areas 41 

with a low mineral potential. Mining impacts were better detected for diatoms using a 42 

reference condition based on sites with a high than low mineral potential, while for 43 

macroinvertebrates, the responses were generally less evident, likely because of only minor 44 

effects of mining on water chemistry. Community composition and frequencies of occurrence 45 

of macroinvertebrate taxa were, however, highly similar between mine-influenced streams 46 

and reference streams with a high potential for minerals indicating that the communities are 47 

strongly structured by the natural influence of mineral deposits. Incorporating geochemistry 48 

into the reference condition would likely improve bioassessments of both taxonomic groups. 49 

Replicated monitoring in potentially impacted sites and reference sites would be the most 50 
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efficient framework for detecting environmental impacts in streams draining through mineral-51 

rich catchments. 52 

Key words: bioassessment; biodiversity; community composition; mineral deposits; reference 53 
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1. Introduction 76 

 77 

Mining has changed landscapes locally in northern Fennoscandia and there is an increasing 78 

pressure for exploitation of the remaining commercially profitable mineral deposits of the 79 

region. Increasing global demand for minerals and metals creates opportunities for economy 80 

and employment, yet exploitation of these resources may result in unexpected environmental 81 

impacts and consequences on biodiversity (Byrne et al. 2017). Arctic and subarctic 82 

freshwaters support biota adapted to the harsh conditions of high latitudes, but we still have 83 

limited understanding of the environmental drivers assembling these communities and how 84 

responses of communities to stressors arising from land use are mediated by local 85 

environmental conditions (Friberg et al. 2013). 86 

Negative influences of metal concentrations on aquatic ecosystems are well-known 87 

(Clements et al. 2000, Hogsden & Harding 2012) but mineral deposits can have a natural 88 

imprint on aquatic ecosystems even without mining or other land use impacts. Streams 89 

draining through catchments with mineral deposits typically harbor distinct biological 90 

communities composed of species capable of tolerating naturally stressful conditions. For 91 

example, streams draining through black shale deposits have naturally low pH and elevated 92 

concentrations of metals (Loukola-Ruskeenniemi et al. 1998). Communities in these streams 93 

tend to be species poor and composed of acid-tolerant species (Annala et al. 2014, Tolkkinen 94 

et al. 2016). Similarly, Schmidt et al. (2012) found high metal concentrations and low species 95 

richness of macroinvertebrates in unmined streams draining through catchments with 96 

mineralized rocks in Colorado Rocky Mountains and concluded that locally derived chemical 97 

and biological baselines are needed for assessing the effects of human activities in these 98 

naturally harsh environments.  99 
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Acclimation or adaptation to one stressor may increase organisms’ sensitivity to novel 100 

stressors, suggesting a potential cost associated with greater tolerance (Courtney & Clements 101 

2000, Marchand et al. 2004, Kashian et al. 2007). For instance, Tolkkinen et al. (2015) found 102 

that additional stress emerging from land use affected fungal communities and decomposition 103 

of leaf litter more in naturally acidic streams draining through black shale deposits than in 104 

circumneutral streams. Furthermore, fungal communities and decomposition showed stronger 105 

responses to experimental nutrient addition in these streams compared to circumneutral 106 

streams (Mykrä et al. 2019). It is, however, equally possible that exposure to naturally 107 

stressful conditions filters sensitive species from the community and the species assembly is 108 

more tolerant to stressors in general (Vinebrook et al. 2004). While context dependent 109 

responses of biological communities have gained increasing attention in the assessment of 110 

environmental changes (Clements et al. 2016), little is known about how underlying 111 

geological characteristics of catchment influence stream communities and their responses to 112 

changing environmental conditions (Schmidt et al. 2012).  113 

 Biological assessments of the impacts of land use on freshwater ecosystems are 114 

commonly based on the reference condition approach (RCA), where potentially impacted 115 

sites are compared to near pristine reference sites (Reynoldson et al. 1997). RCA often relies 116 

on a stratification of reference water bodies by regionalization or typologies based on the 117 

environmental variables known of importance for biological communities (Hawkins et al. 118 

2010). The utility of the framework in detection of impairment is strongly dependent on its 119 

ability to account for background variability arising from underlying natural environmental 120 

conditions (Aroviita et al. 2009, Mykrä et al. 2009). Geology is typically included only as 121 

broad categories in stream typologies (e.g., calcareous streams) and mineral deposits and 122 

other local-scale features are not considered in these frameworks. It is therefore unclear 123 

whether the expected values for biological variables are realistic for catchments with strong 124 
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geochemical influences and species likely having different tolerances to environmental 125 

changes compared to communities in less selective environments (Gutiérrez-Cánovas et al. 126 

2019).  127 

 We studied 1) how mineral deposits influence water chemistry and diversity and 128 

composition of diatom and macroinvertebrate communities in subarctic streams and, 2) how 129 

natural geological variation influences bioassessments of the environmental impacts 130 

potentially arising from mining. We specifically examined these influences in an area mainly 131 

corresponding to Central Lapland greenstone belt.  The Central Lapland greenstone belt 132 

contains several different areas in which either volcanic or sedimentary rocks prevail. 133 

Bedrock is largely basic and due to relatively high weathering of rocks (Johansson & 134 

Tarvainen 1997), water pH and specific conductivity of the surface waters are typically high 135 

in this region (Tenhola & Tarvainen 2008). We expected that mineral deposits have a clear 136 

effect on water chemistry and diversity and composition of diatom and macroinvertebrate 137 

communities in near-pristine unmined streams. We further expected that the responses of 138 

diatoms and macroinvertebrates to mine-impacts are context-dependent and different when 139 

assessed against reference conditions with or without geological background influence of 140 

mineral deposits. Our rationale was that streams draining through catchments with mineral 141 

deposits can be expected to harbor distinct communities characteristics of these streams 142 

(Annala et al. 2014). These indicator species could be tolerant to both natural and additional 143 

anthropogenic stress and are therefore found in reference streams with geological influence 144 

and mine-impacted streams. Alternatively, these species could be tolerant to ambient 145 

conditions, but sensitive to additional stress (e.g. Kashian et al. 2007) and, therefore, 146 

consistently present in the reference streams with geological background influence of mineral 147 

deposits but occurring only sporadically in mine-impacted streams and reference streams 148 

without geological influence of mineral deposits.   149 
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2. Material and methods 150 

 151 

2.1. Study area 152 

 153 

Our study area encompassed Northern Finland (Fig 1). Locations of the mining areas and 154 

sampled sites are provided in the online Supplementary Materials (Appendix S1). From this 155 

area, we selected two active (Kittilä and Kevitsa) and two closed (Saattopora, closed in 1995 156 

and Pahtavaara, closed in 2014) mines for gold and one active mine for chrome (Kemi). 157 

Furthermore, we included a catchment (Sokli) with a planned mine for extraction for 158 

phosphorus. From each mine-influenced catchment, we sampled three stream sites 159 

downstream from mines and receiving mine discharges and three reference sites without 160 

mine-impact. Six sites were sampled from the catchment with a planned mine. In some areas, 161 

reference sites were sampled upstream from a mine. If this was not possible (e.g. mining 162 

impacts on small headwater streams), we sampled separate reference streams from the same 163 

drainage system.   164 
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 165 

 166 

Figure 1. Map showing the study locations in northern Finland. Open circles = reference sites 167 

with a low mineral potential, grey circles = reference sites with a high mineral potential, 168 

black circles = mine-impacted sites. For more detailed map of the mining locations, see 169 

Appendix S1.  170 

 171 

2.2. Field sampling 172 

 173 

Macroinvertebrates were sampled by taking four 30-second kick samples (mesh size 0.5 mm, 174 

area of disturbed stream bed = 1.2 m2) from swiftly flowing riffle area (about 100 m2) at each 175 

site. Sampling was conducted during base flow conditions in during two weeks in September. 176 

Samples were preserved in 70 % ethanol and sorted in laboratory. All individuals were sorted 177 
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and identified mainly to level of species or genus. Chironomids were not identified beyond 178 

family level and they were omitted from all analyses.  179 

Diatom cells were brushed from submersed stones from each site. 10 cobbles were 180 

brushed with a clean toothbrush, each from 5 x 5 cm area for 20 seconds. Pooled samples 181 

were cleaned from organic material in the laboratory using wet combustion with acid 182 

(HNO3:H2SO4; 2:1) and mounted in Naphrax. A total of 400-500 valves per sample were 183 

identified and counted using either phase contrast or differential interference contrast (DIC) 184 

equipped light microscopy. 185 

We measured water specific conductivity using YSI Professional Plus -meter (YSI Inc., 186 

Yellowsprings, Ohio, USA) and took water samples when collecting biological samples. 187 

Water samples were analyzed using national standards 188 

(https://www.finas.fi/Documents/T003_M40_2019.pdf) for concentration of nutrients, 189 

metals, and sulfate typically measured in environmental monitoring of mines (see Appendix 190 

6).  191 

 192 

2.3. Land cover 193 

 194 

Catchment boundaries were delineated using a flow direction model (Finnish Environment 195 

Institute, SYKE) based on 10 m Digital Elevation Model raster database from National Land 196 

Survey of Finland. Land cover was calculated using 20 m Corine Land Cover 2018 raster 197 

data base (SYKE).  198 

 199 

2.4. Additional sites 200 

 201 
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Since the number of reference sites sampled in 2017 was rather limited, we used additional, 202 

consistently sampled data from northern Finland for macroinvertebrates and diatoms from the 203 

databases of SYKE. We excluded streams with any point sources of pollution, extensive land 204 

use (cultivated + urban area >10 % of the catchment area) or obvious signs of hydro-205 

morphological alteration. There were 100 reference (near-natural) stream sites in the data, 206 

which have been sampled for diatoms and macroinvertebrates. In addition to the reference 207 

sites, we included five mine-impacted sites to increase the replication of mine-impacted sites. 208 

The compiled samples for macroinvertebrates consisted of four combined 30-second 209 

replicate kick-net (mesh size 0.5 mm) samples from taken from a riffle. Only samples that 210 

were identified at least to same level than samples taken in 2017 were accepted. In case of 211 

any taxonomic inconsistency, identifications were harmonized to a higher taxonomic level. 212 

Samples were collected during base flow conditions in early autumn (August-October) 213 

between 1998 and 2016. A sample from only one year was included for each site. There was 214 

no systematic spatial structure with respect to sampling year and location of the sites and the 215 

data thus provided robust reference conditions by incorporating temporal variation arising 216 

from climatic factors. As for macroinvertebrates, the compiled samples for diatoms were 217 

collected between 1998 and 2016. Only valves identified to species level were included in the 218 

analyses. Similar GIS, sampling, and laboratory protocols (see below) were followed for the 219 

data gathered from database that were used for data collected in 2017. SYKE conducts 220 

benthic macroinvertebrate taxa identification proficiency tests (see e.g., Meissner et al 2017) 221 

and only certified taxonomists can save macroinvertebrate data into the database. For the 222 

most important used taxonomic keys and books, see Appendix S2. Water chemistry data was 223 

available for pH, specific conductivity, total phosphorus, and total nitrogen (averages from 2 224 

- 4 samples taken in May-September). 225 

   226 
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2.5. Geological classification of the study sites 227 

 228 

All sites sampled in 2017 were in areas with a high mineral potential and we further classified 229 

the additional sites from the databases based on the potential influence of mineral deposits. 230 

The classification was based on maps of mineral prospectivity provided by Geological 231 

Survey of Finland (GTK). A mineral prospectivity map delineates areas that have a bedrock 232 

with high potential for commercially valuable mineral deposits. We used previously 233 

published prospectivity maps (conceptual fuzzy logic modeling) for volcanogenic massive 234 

sulphide deposits (Törmänen & Nykänen 2017), orogenic gold deposits (Nykänen & Ojala 235 

2007), and magmatic Ni-Cu deposits (Nykänen et al. 2015).  The potential for these mineral 236 

deposit types was expressed as four color categories in each map (see Appendix S3). We 237 

overlaid our sites on these maps and classified each catchment based on mineral potential in 238 

catchment area upstream from a site. We classified our study sites in two classes based on 239 

potential geological influence (i.e. high potential and low potential). We considered a site to 240 

be potentially influenced by mineral deposits if the upstream area of its catchment was 241 

predicted to be in the two highest categories for mineral potential in at least two prospectivity 242 

maps.  243 

Mineral deposits influence the chemical composition of ground water within a 244 

geographical area (Kelepertzis et al. 2012), and therefore, chemical composition of ground 245 

water has also been used as a mineral exploration method (e.g., Leybourne & Cameron 246 

2012). The modeled deposits are likely to be rich in metals that are modelled in mineral 247 

prospectivity maps (Au, Zn, Cu, Ag, Pb, Ni) and it has been shown that many of these can 248 

form strong anomalies in stream sediments in northern Finland (Tenhola & Tarvainen 2008). 249 

Concentrations of metals are closely reflected by water specific conductivity and we therefore 250 

expected to see a clear signal in water specific conductivity in streams draining in areas with 251 
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a high mineral potential. To ensure that sites in the three stream groups (i.e., reference 252 

streams with a low mineral potential, reference sites with a high mineral potential and mine-253 

impacted sites) equally represented the major climatic and environmental gradients, we 254 

selected sites with similar environmental conditions in terms of geographical location (north 255 

coordinate), catchment area and percentage of peatlands in catchment (for more detail of the 256 

approach, see Appendix S4). This selection produced 33 reference sites with a low mineral 257 

potential, 32 reference sites with a high mineral potential (11 sites from the data bases), and 258 

19 mine impacted sites (4 sites from the bases) (Appendix S5). Background environmental 259 

variables used in the site selection did not show significant variation among the selected 260 

stream groups (MANOVA multivariate tests F < 1.944, P > 0.129, ANOVAs for each 261 

variable F < 1.905, P > 0.155). 262 

 263 

2.6. Statistical methods 264 

 265 

Differences in water chemistry variables (pH, specific conductivity, and nutrients) among the 266 

stream groups were examined using one-way ANOVAs followed by Tukey’s tests for 267 

pairwise comparisons of the stream groups. Conductivity and concentrations of nutrients 268 

were log-transformed to reduce heteroscedasticity. Variation in diversity of diatom and 269 

macroinvertebrate communities among the stream groups were examined using species 270 

richness and evenness (Pielou’s J) of diatom and macroinvertebrate communities as response 271 

variables. We used 2-way ANOVAs with stream size (streams with a catchment area < 100 272 

km2 or > 100 km2) as an additional factor. For macroinvertebrates, we also examined 273 

variation in number of EPT (Ephemeroptera, Plecoptera, Trichoptera) taxa and abundances of 274 

each EPT taxa group, since these insect orders are typically the most sensitive 275 

macroinvertebrate groups for environmental stressors (e.g., Friberg et al. 2010). In a case of 276 
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significant stream group x size interaction, simple effect tests with pairwise comparisons 277 

were used to examine differences between the stream groups separately within the stream 278 

size categories.  EPT abundances were logarithmic transformed to reduce heteroscedasticity. 279 

2-way ANOVAs were run using SPSS 23 (IBM Corp. 2015).  280 

 Variability in diatom and macroinvertebrate community composition among the stream 281 

groups was examined using NMDS ordinations based on Bray-Curtis dissimilarities of 282 

logarithmic transformed abundances. Two-dimensional ordination solutions were used 283 

because stress values did not change appreciably with further dimensions. Permutational 284 

Multivariate Analysis of Variance (PERMANOVA; Anderson 2001) was used to examine 285 

differences in the composition of diatom and macroinvertebrate communities among the 286 

stream groups and stream size categories. PERMANOVA examines mean differences in 287 

community composition among a priori defined site groups and partitions dissimilarities 288 

across sources of variation in a multivariate data set, testing significance using a permutation 289 

based F-test (Anderson 2001). We used Bray Curtis dissimilarities of abundance data and the 290 

a priori defined stream groups and stream size categories as factors in PERMANOVA. To 291 

see how environmental conditions were related to the compositional variability of the 292 

communities, we fitted environmental variables into the ordinations. NMDS was run using 293 

function ‘metaMDS’, PERMANOVA using function ‘adonis’ and environmental variables 294 

fitted using function ‘envfit’ in the package vegan (Oksanen et al. 2018) of program R (R 295 

Core Team 2018).  296 

 We further employed indicator species analysis (IndVal; Dufrene and Legendre 1997, 297 

De Cáceres et al. 2010) to identify significant indicator taxa for the stream groups. Indicator 298 

species of each group are species that either decline or increase in their occurrence and 299 

abundance in response to high mineral potential or mining. We also identified indicators for a 300 

combination of reference sites with a high mineral potential and mine-impacted sites. These 301 
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latter species characterize geological influences and are tolerant to mine-impact. Indicator 302 

values were tested using Monte Carlo permutation tests with 999 permutations. IndVal was 303 

performed using function ‘multipatt’ in the package indicspecies (De Cáceres 2015) of 304 

program R.  305 

 Finally, we examined how mining influenced species occurrences and whether the 306 

species occurrences in mine-impacted sites were higher or lower when compared against 307 

species occurrences in reference sites with a low or high mineral potential. This was done by 308 

plotting the probability of occurrence (number of observed occurrences divided by total 309 

number of sites in a site group) of each taxon at mine-impacted sites separately against its 310 

probabilities of occurrence in the two groups of reference sites. 311 

 312 

3. Results 313 

 314 

3.1. Variation in water chemistry 315 

 316 

Water specific conductivity varied between 1.8 and 95 mS m-1 and it was higher in mine-317 

impacted sites and reference sites with a high mineral potential than in reference sites with a 318 

low mineral potential (F = 40.001, P < 0.001, Tukey test P < 0.001) (Fig. 2). Water pH varied 319 

between 6.3 and 8.2 and was again higher in mine-impacted sites and reference sites with a 320 

high mineral potential than in reference sites with a low mineral potential (F = 28.370, P < 321 

0.001, Tukey test P < 0.001) (Fig. 2). Total phosphorus varied between 3 and 70 µg L-1 and 322 

total nitrogen between 52 and 1700 µg L-1. Although both nutrients tended to be high in sites 323 

with a high mineral potential, significant differences were observed only for total nitrogen 324 

which was higher in mine-impacted sites than in reference sites with a low mineral potential 325 

(F = 4.394, P = 0.016, Tukey test P = 0.016) (Fig. 2). More detailed analysis of water 326 
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chemistry from the streams sampled in 2017 showed that for example concentrations of 327 

calcium, magnesium, sodium, sulfur and sulfate ions were also higher in the streams 328 

receiving mine discharges (Appendix S6). All sites sampled in 2017 were in areas with a high 329 

mineral potential and trace elements such as arsenic, antimony, cadmium, lead, selenium and 330 

thallium were also consistently higher in mine-impacted sites, but the concentrations were 331 

negligible (maximum concentration below 6.0 µg/l). 332 

 333 

 334 

Figure 2. Variability in conductivity, pH and nutrients (total phosphorus and total nitrogen) 335 

among reference sites with a low mineral potential, reference sites with a high mineral 336 

potential and mine-impacted sites. The boxes display interquartile ranges and median values, 337 

and whiskers denote minimum and maximum values. For each subpanel, group means 338 
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denoted by the same letter are not siginificantly (α = 0.05) different according to Tukey’s 339 

pairwise comparisons.  340 

 341 

3.2. Variation in species richness, evenness and EPT taxa 342 

 343 

Diatom species richness varied between 13 and 68 species, and evenness between 0.185 and 344 

0.954. Diatom richness varied among the stream groups (F = 11.253, P < 0.001) but 345 

differences between size categories and interaction between stream group and stream size 346 

were not significant (F < 2.454, P > 0.093) (Fig. 3). Tukey’s test further showed that diatom 347 

richness was significantly lower in mine impacted sites than in both types of reference sites 348 

(P < 0.01), while diatom richness did not differ among the types of reference sites (P = 349 

0.336). Diatom evenness varied among the stream groups (F = 22.531, P < 0.001), but there 350 

was a significant interaction between stream group and stream size (F = 3.576, P = 0.033).  351 

Simple effects tests showed that diatom evenness was lower in mine impacted sites than in 352 

the two types of reference sites (P < 0.009), but differences between the reference sites were 353 

less evident (in small streams P = 0.068). Differences among stream size categories were 354 

significant only for reference sites with a high mineral potential (P = 0.020) (Fig. 3).  355 

 Macroinvertebrate richness varied between 14 and 45 taxa, and evenness between 0.317 356 

and 0.858. Macroinvertebrate richness showed variation only among different sized streams 357 

being significantly higher in large streams (F = 16.039, P < 0.001), but for evenness, there 358 

was a significant interaction between stream group and stream size (F = 3.112, P = 0.050). 359 

Simple effect tests showed that macroinvertebrate evenness was higher in small mine 360 

impacted sites than in the two types of small reference streams, although differences were 361 

minor and only bordered statistical significance (reference streams with a low mineral 362 

potential P = 0.062, reference sites with a high mineral potential P = 0.052) (Fig. 3).  363 
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 364 

Figure 3. Variability in species richness and evenness of diatom (A, B) and macroinvertebrate 365 

(C, D) communities among reference sites with low and high mineral potential and mine-366 

impacted sites in small (S, < 100 km2) and large catchments (L, > 100 km2). The boxes 367 

display interquartile ranges and median values, and whiskers denote minimum and maximum 368 

values. Outliers are removed to make the figure clearer. 369 
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higher in large streams than in small streams (F = 7.586, P = 0.007), but it did not show 372 

significant variation among the stream groups (Fig 4.). Ephemeroptera abundance varied 373 

from 1 to 923, but it did not show significant variation among the stream categories (F < 374 
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1.984, P > 0.163) (Fig. 4). Plecoptera abundance varied from 16 to 731 and showed 375 

significant variation among the stream groups (F = 3.280, P = 0.043), but there was also a 376 

significant interaction among stream groups and stream size (F = 4.486, P = 0.014). Simple 377 

effect tests showed that abundances were higher in large reference streams with a high 378 

mineral potential and large mine-impacted streams than in large reference streams with a low 379 

mineral potential (P < 0.032) (Fig. 4). Trichoptera abundance varied from 2 to 464 but did not 380 

show significant variation among the stream categories (F < 0.547, P > 0.707) (Fig. 4). 381 

 382 

 383 

Figure 4. Variability in number of EPT taxa and abundances (total number of individuals in a 384 

sample) of each EPT group among reference sites with low and high mineral potential and 385 
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mine-impacted sites in small (S, < 100 km2) and large catchments (L, > 100 km2). The boxes 386 

display interquartile ranges and median values, and whiskers denote minimum and maximum 387 

values. Outliers are removed to make the figure clearer. 388 

 389 

3.3. Variability in community composition 390 

 391 

Although there was an overlap between the stream groups in NMDS ordination space for the 392 

both examined taxonomic groups, mine-impacted sites and referenced sites with a high 393 

mineral potential tended to separate from the reference sites with a low mineral potential 394 

(Fig. 5). PERMANOVA also indicated that diatom community structure varied among the 395 

stream types and size categories (F > 1.894, P < 0.029), but interaction between stream group 396 

and size was not significant. Pairwise test further showed that diatom communities differed 397 

among all stream groups (adjusted P < 0.024). Macroinvertebrate community structure also 398 

varied among stream groups and different sized streams but there was also a significant 399 

interaction between stream group and size (F = 1.987, P = 0.007). Separate pairwise tests for 400 

small and large streams showed that community structure in mine impacted streams differed 401 

from reference streams with a low mineral potential (P < 0.015) but not from reference 402 

streams with a high mineral potential (P > 0.225). There was also a significant difference in 403 

macroinvertebrate community structure among the types of small reference streams (P = 404 

0.003). Catchment area, conductivity and concentration of nitrogen were the most influential 405 

environmental drivers for both taxonomic groups (Fig. 5). 406 

 407 
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 408 

Figure 5. NMDS ordinations (left panel) and environmental variables that were significantly 409 

related to variability of community composition (right panel) of diatoms (A, B) and 410 

macroinvertebrates (C, D).  The vector shows the directions of each environmental gradient, 411 

and the length of the vector is proportional to the correlation between the variable and the 412 

ordination. Open symbols = reference sites with a low mineral potential, grey symbols = 413 

reference sites with a high mineral potential, black symbols = mine-impacted sites. 414 

 415 

3.4. Indicator species and species occurrence 416 
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Ten to eleven indicator species were found for each stream group for diatoms. Aulacoseira 418 

distans, Encyonema neogracile, and Aulacoseira ambigua were the three species with the 419 

highest indicator values for reference sites with low mineral potential, while Navicula notha, 420 

Adlafia lange-bertalotii, and Amphipleura pellucida were the species with the highest 421 

indicator values for high mineral potential reference sites (Appendix S7). Mine-impacted 422 

sites were best characterized by Diatoma tenuis, D. moniliformis and Fragilaria 423 

recapitellata. Fragilaria nanana and Meridion circulare were the only species associated 424 

with the combined group of reference sites with high mineral potential and mine-impacted 425 

sites (Appendix S7).  426 

 One to three indicator species were found for each stream group for macroinvertebrates. 427 

Amphinemura borealis, Hydropsyche pellucidula and H. siltalai were the species with the 428 

highest indicator values of reference sites with low mineral potential, Metretopus borealis 429 

indicated reference sites with high mineral potential, and Ecdyonurus joernensis and 430 

Oligostomus reticulata were the species with the highest indicator values for mine-impacted 431 

streams (Appendix S8). Seven taxa were indicators of the combined group of reference sites 432 

with high mineral potential and mine-impacted sites. Baetis vernus complex (mainly B. 433 

vernus and B. subalpinus), Hydraena gracilis and Ceratopogonidae were the taxa with the 434 

highest indicator value for this stream group combination (Appendix S8).  435 

 436 

Variation in species occurrences  437 

 438 

Diatom species occurred generally less often in mine-impacted streams than in the two types 439 

of reference streams, with slightly stronger deviations from reference sites with high mineral 440 

potential than from reference sites with low mineral potential (Fig. 6). Occurrences of 441 

macroinvertebrates did not show any systematic differences between mine impacted and 442 
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reference sites but were more similar between mine-impacted sites and reference sites with a 443 

high than a low mineral potential (Fig. 6). 444 

 445 

 446 

Figure 6. Probabilities of species occurrences (Pt) of diatoms (A, B) and macroinvertebrates 447 

(C, D) in reference sites with a low (A, C) and high (B, D) mineral potential vs. mine-448 

impacted sites. Taxa above the diagonal occur more frequently in the impacted sites and 449 

those below the line occur more frequently in the reference sites. Each small dot represents 450 

one species, a medium-sized dot = 2 - 4 species, and a large dot = 5 - 10 species having the 451 

same Pt.  452 
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4. Discussion 453 

 454 

Mineral deposits can influence surrounding catchments, resulting in increased metal 455 

concentrations and naturally species-poor communities in streams draining through mineral-456 

rich catchments (Schmidt et al. 2012). In agreement with these predictions, water 457 

conductivity was elevated in our study streams draining in areas with high potential for 458 

mineral deposits. Geological signal of mineral deposits was also detected in the composition 459 

of diatom and macroinvertebrate communities, but instead of being species-poor, 460 

communities were as diverse as those in streams with a low mineral potential. Geological 461 

stratification of reference conditions improved the detection of mining impacts for diatoms, 462 

while macroinvertebrates did not show such clear patterns. However, also the composition of 463 

macroinvertebrate communities differed among the two types of reference streams and mine-464 

impacted sites and reference sites with a high mineral potential shared common species, 465 

suggesting that incorporating more detailed geochemistry into the reference condition would 466 

likely improve bioassessments of both taxonomic groups.  467 

 Negative responses of biological communities to mining contaminants have been 468 

typically reported in streams receiving acid mine discharges and, similarly, the negative 469 

background influence of geochemistry on stream communities has been often related to 470 

naturally acid waters resulting from rocks with a high acid generation capacity, such as 471 

hydrothermally altered porphyry deposits (Schmidt et al. 2012) or metamorphosed black 472 

shales (Loukola-Ruskeenniemi et al. 1998). In our study, water pH was higher in the streams 473 

with a high mineral potential than in streams with a low mineral potential. Catchments that 474 

were classified to have a high potential for minerals were located within the area, mainly 475 

corresponding to the Central Lapland Greenstone Belt. In this area, bedrock is largely basic 476 

and due to relatively high weathering of rocks (Johansson & Tarvainen 1997), water pH and 477 
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specific conductivity of the surface waters are typically high in this region (Tenhola & 478 

Tarvainen 2008). Phosphorus concentrations also tended to be high in our study streams with 479 

high mineral potential, suggesting that streams draining through these mineral-rich 480 

catchments could be more productive than streams in catchments with a low potential for 481 

minerals. The higher concentration of nitrogen in mine-impacted streams compared to other 482 

stream groups is likely a result of the use of explosives in mining that enrich the waste rocks 483 

and mining effluents with inorganic nitrogen. However, we had only limited number of water 484 

chemistry variables for the sites compiled from the data base and our field sampling was 485 

conducted only once. More rigorous sampling would have been needed to fully recover 486 

different influences on stream water chemistry.   487 

 Although geological background influence was clearly detected in composition of 488 

diatom and macroinvertebrate communities, the naturally distinct environmental conditions 489 

were unlikely to pose a major stress for these communities. Background geochemical 490 

influence can modify species’ responses to stressors emerging from land use and other 491 

anthropogenic activities (Kashian et al. 2007, Tolkkinen et al. 2015, Mykrä et al. 2019). The 492 

cumulative influences of background geochemistry and stressors emerging from mining 493 

could thus differ from those predicted based on individual effects of the stressors alone. 494 

Responses at the community level may be synergistic, with multiple stressors intensifying the 495 

effects of each stressor alone (Crain et al. 2008), or antagonistic, with a cumulative effect that 496 

is smaller than the simple additive effects of stressors (e.g., Damschen et al. 2012). Factorial 497 

crossed designs would be needed to separate different interactions, but there was not any 498 

indication of non-additive responses of diatom or macroinvertebrate communities, likely 499 

because of the less stressful nature of the geological influence in the unmined streams. 500 

Mining impacts can also interact with stressors emerging from other sources. For example, 501 
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Merriam et al. (2013) showed that the influences of stressors emerging from coal mining 502 

were strongly dependent on land use and the existing landscape condition. 503 

 It is well known that salinity and major ions have a strong influence on distributions of 504 

diatoms, and their high sensitivity to mining is therefore not surprising (De Jonge et al. 2008). 505 

In our study, the composition of diatom communities also closely tracked environmental 506 

variation among the stream groups and there were a number of indicator species identified for 507 

each group. The species most strongly associated with reference streams with a high mineral 508 

potential (Navicula notha, Adlafia lange-bertalotii and Amphipleura pellucida) have been 509 

typically found from pristine streams (Verb and Vis 2005), suggesting that these species 510 

could generally be sensitive to environmental degradation. Diatoma tenue, Diatoma 511 

moniliformis and Fragilaria recapitellata were the best indicators of mine-impacted sites. 512 

These species have a high optima for pH and SO4 (Van Dam et al. 1994, Potapova & Charles 513 

2003) and they have been found to be associated with mine discharges (Verb & Vis 2005). 514 

There were only two indicator species (Meridion circulare var. circulare and Fragilaria 515 

nanana) for the combination of reference streams with a high mineral potential and mine-516 

impacted streams, further implying that species in streams with geochemically untypical 517 

conditions are not generally tolerant to disturbances.  518 

 By contrast, there were several indicator species for the combined groups of reference 519 

streams with a high mineral potential and mine-impacted streams for macroinvertebrates. 520 

Community composition and species frequencies of macroinvertebrates were also highly 521 

similar between these stream groups, further suggesting that streams with high mineral 522 

potential share similar species. Indicator species included tolerant habitat generalists (Baetis 523 

vernus complex, Hydraena gracilis, Ceratopogonidae), but also sensitive habitat specialists 524 

(Habrophlebia lauta, Ephemerella aurivillii, Leuctra nigra) (see e.g. Mykrä & Heino 2017). 525 

Mining impact in our study sites was variable (i.e. both active and closed mines), with only a 526 
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minor influence on most water chemistry variables, which likely explains the observed 527 

relatively weak responses of macroinvertebrates to mining impacts.  528 

 Mineral deposits and other local-scale features are not typically considered in the 529 

bioassessment where biological assemblages from potentially impaired sites are compared to 530 

reference condition. To enable valid comparisons, natural variability of habitat characteristics 531 

and biotic assemblages should be stratified using an a priori river typology, or some other 532 

reference framework (Hawkins et al. 2010). For example, the simplest and most often used 533 

Water Framework Directive river typology (System A) is based on regionalization by broad 534 

ecoregions and categories for altitude, catchment size and geology (European Commission 535 

2000). It is likely that typologies for both macroinvertebrates and diatoms would benefit from 536 

a more detailed geological stratification than currently used  in the WFD system A. However, 537 

using smaller geographical units would considerably increase the number of river types and , 538 

thus, the number of reference streams needed, which is a limiting factor in many regions 539 

(Mykrä et al. 2009). Multivariate niche-based models (i.e. RIVPACS type models) could 540 

provide an alternative to take better into account local geological characteristics (Aroviita et 541 

al. 2009, Mykrä et al. 2008), but a sufficient number of reference sites from geologically 542 

unique catchments are still needed in the models.  543 

 Evaluation of the ecological condition of a stream or river is further complicated by 544 

temporal variability (Friberg et al. 2011). There is an implicit assumption that the reference 545 

condition represents a temporally stable entity, while in reality, stream communities are 546 

temporally variable and separating sources of variation is problematic without assessment of 547 

temporal changes in both reference condition and potentially impacted sites (Mykrä et al. 548 

2008, Huttunen et al. 2012). Furthermore, although temporal variability is a fundamental 549 

property of ecological systems, increased variability may indicate a disturbed ecosystem, 550 

even in the absence of any change in diversity (Fraterrigo & Rusak 2008). Before After 551 
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Control Impact (BACI) designs allow rigorous assessment of environmental impacts 552 

(Downes et al. 2002). In these designs, replicated samples are taken from both reference and 553 

impacted sites before and after environmental impact has started (Underwood 1991, 1994). A 554 

temporally replicated design allows the detection of changes in variances, and although 555 

replication through time may not be always possible before environmental impact, locally 556 

replicated monitoring of reference and impacted sites is still likely to allow more efficient and 557 

reliable detection of environmental impacts than are comparisons of impacted sites to a static 558 

regional reference condition. Locally replicated designs also allow a close match in 559 

background environmental conditions among monitoring sites and, therefore, should be a 560 

prerequisite in biomonitoring of mining and other land uses in catchments with mineral 561 

deposits. 562 

 563 

5. Conclusions 564 

 565 

Our results showed that underlying small-scale catchment geological characteristics, such as 566 

mineral deposits, influence stream water chemistry and composition of diatom and 567 

macroinvertebrate communities. Incorporating detailed geochemistry into the reference 568 

condition would likely improve bioassessments of both taxonomic groups. Replicated 569 

monitoring in potentially impacted sites and reference sites would be the most efficient 570 

framework for detecting environmental impacts in streams draining through mineral-rich 571 

catchments. 572 
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