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Abstract: Deposits of coal combustion wastes, especially fly ash, are sources of environmental and 

health risks in industrial regions. Recently, fly ash deposits have been reported as habitat surrogates 

for some threatened arthropods in Central Europe. However, the potential environmental risks of 

fly ash have not yet been assessed in the region. We analysed concentrations of 19 minor and trace 

elements in 19 lignite combustion waste deposits in the Czech Republic. We assessed their environ-

mental risks by comparison with the national and EU legislation limits, and with several commonly 

used indices. Over 50% of the samples exceeded the Czech national limits for As, Cu, V, or Zn, 

whilst only V exceeded the EU limits. For some studied elements, the high-risk indices were de-

tected in several localities. Nevertheless, the measured water characteristics, the long-term presence 

of fly ash, previous leaching by acid rains, and the low amount of organic matter altogether can 

infer low biological availability of these elements. We presume the revealed high concentrations of 

some heavy metals at some studied sites can be harmful for some colonising species. Nevertheless, 

more ecotoxicological research on particular species is needed for final decision on their conserva-

tion potential for terrestrial and freshwater biota. 
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1. Introduction 

Coal combustion in thermoelectric power plants still dominates power production in 

many regions, including Central Europe, despite a recent shift towards renewable and 

green energies. Among numerous other environmental risks, it generates enormous quan-

tities of solid by-products dominated by fly ash (i.e., very fine glass-like particles of min-

eral residua carried in the flow of exhaust gases). Other waste types, such as harsher 
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bottom ash, boiler slag, and desulphurisation residues, contribute only 25–30% of the total 

solid by-product weight [1]. 

For many decades, this solid waste (hereinafter called ‘fly ash’ because of the prevail-

ing material) has been mixed with wastewater and deposited in sedimentation lagoons 

near the power plants. Consequently, these lagoons were used for the gravitational set-

tling of the particulate material and became common in many industrial and urban land-

scapes. However, technological progress in the late 1990s and early 2000s resulted in a 

more efficient separation of coal combustion dry by-products. This allowed for the utili-

sation of deposited dry wastes in the construction industry, reclamation of mining sites, 

and agriculture [2,3]. Except for smaller standby 0.5–1 ha emergency reservoirs, the sedi-

mentation lagoons have thus been gradually drained and reclaimed [4], or left for spon-

taneous succession during the past two decades [5]. 

Several recent studies revealed that drained fly ash deposits left to successional de-

velopment may constitute important secondary refuges for numerous highly endangered 

terrestrial arthropods in Europe (e.g., [6,7]). In some cases, fly ash deposits can act as 

strongholds for animal communities specialised for some vanishing habitats, such as in-

land sand dunes, steppe-like grasslands, riverine gravel beds, or marshlands and salt 

marshes [6–10]. At least some endangered species seem to benefit from the early succes-

sional habitats of fly ash deposits, despite the potentially high contents of heavy metals in 

fly ash [8,10]. For example, surveys of wild bees and wasps at five Czech fly ash deposits 

found 11 species previously considered to be nationally extinct and 33 critically endan-

gered species [8,10]. Similarly, these human-made sites also harbour numerous highly en-

dangered species of butterflies [5], beetles [5,11], spiders, and leafhoppers [8,10]. Last but 

not least, Central European fly ash deposits can also provide breeding habitats for threat-

ened vertebrates such as the natterjack toad (Epidalea calamita) and the sand martin (Ri-

paria; [5]). 

Even though fly ash deposits may harbour species of tremendous conservation value, 

they also pose considerable environmental risks. The minute size of fly ash particles facil-

itates aeolian erosion and the consequent pollution of adjoining environments [12–14]. 

Furthermore, fly ash deposits may have a negative impact on the threatened biodiversity 

and function as ecological traps owing to the higher concentrations of heavy metals, such 

as, Cd, Cr, Cu, Ni, Pb, U, V, and Zn [15–18]. Although the responses to toxic elements 

present in the environment are species-specific, both laboratory and field studies indicate 

that heavy metals can adversely affect the survival, growth, and reproduction of various 

organisms [19–24]. However, a full appraisal of the environmental risks posed by fly ash 

deposits requires further research, since the bioavailability of elements in the fly ash de-

posits may depend on specific physical, chemical, and biological factors [17,25,26]. 

While the conservation value of fly ash deposits highlighted above has been chal-

lenged on the grounds of their potential to act as ecological traps, no study has addressed 

this issue. Here, we present the first comprehensive survey of 19 selected minor and trace 

elements in sedimented fly ash at 19 lignite combustion waste deposits distributed 

throughout Bohemia, Czech Republic. To our knowledge, this study covered all remnants 

of non-reclaimed fly ash deposits in Bohemia at the time of our sampling. We sampled 

and analysed substrates from these fly ash deposits, and used the measured content of 

heavy metals and the available literature on heavy metal toxicity to assess potential im-

pacts on biota. Our main aim was to assess the potential of fly ash deposits to act as eco-

logical traps rather than biodiversity refuges, focusing on arthropods, the key group for 

which the fly ash deposits are known to hold high conservation value. Moreover, we ex-

amined the environmental risks of these fly ash deposits from a legal perspective, com-

paring their content of the potentially toxic elements with the national legal limits for dif-

ferent soil types in the Czech Republic, and with internationally recognised risk indices. 
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2. Materials and Methods 

2.1. Study Localities 

Deposited fly ash was sampled at 19 fly ash sedimentation lagoons associated with 

lignite-combusting thermal power plants located in several regions of Bohemia, Czech 

Republic, a relatively densely populated region with a long industrial history, and with 

numerous remnants of natural and semi-natural habitats (Figure 1). Lignite combusted in 

all these power plants originated prevailingly from the Sokolov and North Bohemian lig-

nite basins, both in the north-western Czech Republic. Energy industry development and 

the subsequent establishment of the associated sedimentation lagoons in this region oc-

curred between the 1950s and 1970s (Table 1). Water bodies currently present at the stud-

ied fly ash deposits were left as remnants of the originally extensive system of sedimenta-

tion lagoons that have mostly been reclaimed since the 1990s (see Introduction). All stud-

ied sedimentation lagoons were equipped with a drainage system to circulate water be-

tween the power plant and the lagoon and to prevent polluted water from leaking into 

the surrounding environment. Except for the three localities with ongoing fly ash deposi-

tion (nos. 7, 12, and 19), all studied fly ash deposits were used only in emergency cases at 

the time of our sampling. Therefore, they were partly or fully overgrown by spontaneous 

succession, mainly with common reed (Phragmites australis). In six localities (nos. 5, 8, 15, 

16, 17, and 18), technical reclamation projects (sensu [8,27]) have been initiated or even 

finished since the time of our sampling; the other localities are planned for restoration in 

the near future. 

 

Figure 1. Studied fly ash deposits in the Czech Republic. (A) Map of the studied localities (numbered 

black triangles; see Table 1 for details on individual fly ash deposits). (B) Detail of the sedimented 

fly ash in locality no. 2. (C) Heterogeneity of habitats in locality no. 9. (D) Sampling of the sediments 

in locality no. 11. 
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Table 1. Characteristics of the studied fly ash lagoons in the Czech Republic. NA = data not available. 

Locality GPS Coordinates 
Altitude  

(m a.s.l.) 

Lagoon 

Area (ha) 

Year of Estab-

lishment 

Change of 

Deposition 

Technology 

pH of 

Water 

Conductivity  

(µS.cm−1) 

LOI * 

(%) 

1 50.2602° N, 12.7219° E 465 6.2 1967 1996 8.53 1256 30.3 

2 50.1518° N, 12.6221° E 390 16 1961 1997 8.44 958 54.9 

3 50.4269° N, 16.1514° E 375 2.2 1969 1990s 8.58 322 4.3 

4 50.5918° N, 15.9584° E 450 0.07 1957 1998 8.69 708 6.9 

5 50.4007° N, 14.3952° E 205 2 1961 1998 8.23 483 9.7 

6 50.4541° N, 13.4491° E 310 27.5 1992 2000s 8.26 1431 3.4 

7 50.4267° N, 13.2685° E 370 2.5 1968 1998 8.35 3741 5.2 

8 50.4215° N, 13.6529° E 260 17.8 1977 1997 8.26 2520 4.3 

9 50.6425° N, 13.9754° E 155 16.3 1974 1997 NA NA 5.5 

10 50.6832° N, 13.9760° E 255 1.6 1961 1992 8.38 695 3.2 

11 50.5944° N, 13.7620° E 190 10.7 1968 1998 8.51 940 25.9 

12 50.5489° N, 13.6765° E 250 63.6 1951 1999 8.58 2159 11.2 

13 50.8897° N, 14.6319° E 355 2.6 1972 2000s 7.99 939 7.8 

14 50.0440° N, 15.7142° E 220 6 1953 1997 8.87 551 31.6 

15 49.1957° N, 13.9694° E 495 0.002 1954 2002 8.11 2178 8.4 

16 49.0951° N, 14.3597° E 408 1 1967 2009 8.12 3076 23.7 

17 48.9550° N, 14.5149° E 430 5.6 1962 1996 9.03 321 19.4 

18 50.1059° N, 15.8276° E 235 9.2 1960 2000s NA 797 3.2 

19 50.0299° N, 15.4350° E 225 0.5 1978 1998 NA NA 5.0 

* LOI—percentage loss on ignition, i.e., organic matter content in sediment (% LOI; 550 °C, 2 h). 

2.2. Sample Collection and Chemical Analyse 

At each fly ash deposit, we collected one 0.125 L core of the sedimented fly ash from 

an undisturbed bottom of the lagoon between 14–18 May 2018. We took ca. 5 cm of the 

surface layer approximately 1 m from the shore in an open water area without macro-

phytes and organic detritus. We assumed that a single core at each locality was sufficient 

since the sediments should be highly homogenised owing to repeated blending by the 

long-term water circulation. The samples were subsequently stored at −18 °C until further 

analyses. At all but two localities, we measured water pH and conductivity (µS.cm−1) us-

ing a portable YSI multimeter (type 556 MPS, YSI Environmental, USA; mean values in 

Table 1). 

Before analyses, all samples were freeze-dried, gently grinded using mortar and pes-

tle to disintegrate ash aggregates, and sieved through 2 mm mesh to exclude stones and 

larger organic debris in the samples. Samples were then grinded to a fine powder using a 

laboratory mixer mill (MM 200, Retsch, Germany) and digested in triplicates with nitric 

and perchloric acid for 12 h following protocols in [28]. An inductively coupled plasma 

mass spectrometer (ICP-MS; Agilent 8800 ICP-QQQ, Agilent Technologies Inc., Japan) 

was used to determine total concentrations of 19 essential or potentially toxic minor and 

trace elements, Ag, Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, P, Pb, Se, Sr, V, and Zn, 

following protocols in [28]. The term ‘heavy metals’ hereinafter refers to the metals with 

a specific density over 5 g.cm−3 (i.e., As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, V, and Zn) that 

can adversely affect the environment and living organisms (sensu [29]). Although Hg also 

belongs to the commonly analysed heavy metals, our methods were unable to reliably 

determine its content in our samples (cf. [30]). Nevertheless, Hg is almost completely vo-

latilised during the combustion of coal and its proportion in ash particles is extremely low 

[31]. Organic matter content in the samples was estimated by loss on ignition (LOI; 550 

°C, 2 h; Table 1). 
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2.3. Risk Assessment of Fly Ash Deposits 

Our risk assessment analyses focused primarily on the nine heavy metals (As, Cd, 

Co, Cr, Cu, Ni, Pb, V, and Zn) with their limit values implemented in the national legisla-

tions and/or commonly used for risk assessments. To assess the environmental risks of the 

fly ash deposits in our study, we compared the total concentrations of the nine heavy 

metals in our samples with the concentrations in the Czech national limits for ‘common 

agricultural soils’ and ‘light sandy agricultural soils’ (Regulation no. 153/2016). These lim-

its represent the thresholds restricting certain forms of land management in agricultural 

soils to minimise health and environmental risks. 

We used two different indices to assess the degree of heavy metals contamination in 

the studied fly ash: the contamination factor (CF) and the pollution load index (PLI). While 

CF estimates the relative contamination level of a particular trace element to its reference 

value, PLI compares the level of metal pollution in the sediments as a complex mixture of 

contaminants [32–34]. At each locality, we determined the individual CF values of the nine 

heavy metals using their background concentrations available from >200 unpolluted ag-

ricultural localities across the Czech Republic [35]. For this purpose, we calculated the CFX 

of a particular heavy metal X as the ratio of its concentration in the sediment to the mean 

of its natural background value in the unpolluted agricultural localities (CFX = Csedi-

ment/Cbackground). Following Tomlinson et al. [33], CFX < 1 indicates low contamination, CFX = 

1–3 moderate contamination, CFX = 3–6 considerable contamination, and CFX > 6 very high 

contamination levels. PLI of each site was calculated as the geometric mean of all nine CFX 

values, i.e., PLI = (CFAs × CFCd × CFCo × CFCr × CFCu × CFNi × CFPb × CFV × CFZn)1/9. Values of 

PLI ≥ 1 indicate existing pollution, whereas PLI < 1 indicates no pollution [33]. 

We then assessed the environmental risks of As, Cd, Cr, Cu, Ni, Pb, and Zn following 

the internationally recognised criteria of the consensus-based limits developed for these 

heavy metals ([36]; Co and V were omitted from these analyses because their limits have 

not been established). These limits provide a unifying synthesis of several environmental 

risk indices based on the known effects of contaminant mixtures in sediments. The thresh-

old effect concentration (TEC; [36]) indicates the element concentration below which no 

harmful effects on organisms are expected. The probable effect concentration (PEC; [36]) in-

dicates the element concentration above which harmful effects are expected to occur fre-

quently. We compared the measured concentrations of the individual heavy metals with 

the limit values of TEC and PEC from MacDonald et al. [36]. To evaluate the combined 

effects of multiple contaminants in each sediment sample, we calculated the mean PEC 

quotient [36], defined as the arithmetic mean of the ratios between the concentration C of 

each element in the sediment sample and its PEC value at the given locality, i.e., mean 

PEC quotient = (CAs/PECAs + CCd/PECCd + CCr/PECCr + CCu/PECCu + CNi/PECNi + CPb/PECPb + 

CZn/PECZn)/7. Mean PEC quotients < 0.5 indicate non-toxic sediments. 

Finally, we compared CFs of the nine heavy metals using a one-way ANOVA with 

the log-transformed data, and used a post-hoc Tukey HSD test to assess significant differ-

ences (p > 0.05) among the environmental risks of individual heavy metals. We also ana-

lysed differences of the individual heavy metal concentrations against their national lim-

its, and TEC and PEC values using one-sided Wilcoxon tests to evaluate if their concen-

trations were significantly (p < 0.025) higher than the national limits and PECs (i.e., posed 

significant environmental risks), or lower than TECs (i.e., posed low environmental risks). 

All analyses were run in R v. 3.6.2 [37]. 

3. Results 

Concentrations of all 19 minor and trace elements analysed in the 19 fly ash deposits 

are listed in Table 2 (together with the used Czech national limits, and the environmental 

risk limits and thresholds) and visualised in Figure 2. Concentrations in the fly ash sedi-

ment samples varied substantially both among the elements and among the sites. The 

most abundant elements were Al, Ca, and Fe, while the least abundant elements were Cd 
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and Ag. Some elements were more correlated with redox sensitive Fe (As, Co, Cr, Cu, Mn, 

Zn), while some heavy metals correlated more with Ca (Ba, Co, Ni, Sr, V; Figure A1), 

which could affect their biological availability. Concentrations of all heavy metals ex-

ceeded the national limits for common agricultural soils or light sandy agricultural soils 

in one or more localities despite mostly non-significant differences in their median values 

(Table 2): As (12 localities for the common soils limits/13 for the light sandy soils limits), 

Cd (3/4), Co (2/7), Cr (0/6), Cu (10/13), Ni (7/9), Pb (1/1), V (12/14), and Zn (10/10). How-

ever, only the median concentration of V significantly exceeded the limits for both soil 

types, while the median concentrations of As, Cu, and Zn significantly exceeded the limits 

for light sandy agricultural soils only (Figure 2C,D and Table 3). Most of the localities were 

relatively poor in terms of organic detritus, with only 3–26% of organic matter content in 

the sediments; organic matter constituted more than 30% of the sediment at three sites 

only (Table 1). 

Table 2. Minor and trace elements concentrations (µg.g−1) in fly ash lagoon sediments at each locality, the Czech national 

limits in common soils and light sandy soils (mg.kg−1 = µg.g−1 DM; Regulation no. 153/2016), the threshold effect concen-

trations (TEC, µg.g−1, taken from [36]), and the probable effect concentrations (PEC, µg.g−1, taken from [36]) representing 

consensual limits for assessing the substrate environmental risks, and the environmental reference values (µg.g−1, taken 

from [35]). Mean PEC quotient represents the combined effects of multiple contaminants at each locality; values < 0.5 

indicate no toxicity. See Methods for details on individual limits and risk indices. 

 

 

Figure 2. Concentrations of the studied minor and trace elements in the sediments at 19 fly ash 

deposits in the Czech Republic. Note the different scale of y axes in each panel. Medians with inter-

quartile range (box plot), 95% confidence intervals (whiskers), and outliers (black points) are visu-

alised. Horizontal lines represent the Czech national limits for particular contaminants in common 

agricultural soils (red) and light sandy agricultural soils (green), the threshold effect concentrations 

TEC (orange), and the probable effect concentrations PEC (purple). Asterisks (typeset in the respec-

tive colour next to the corresponding horizontal line) denote significant differences (p < 0.025) of 

Locality Ag Al As Ba Ca Cd Co Cr Cu Fe Mg Mn Ni P Pb Se Sr V Zn mean PEC quotient

1 0.15              32 524 115.87            483 25 626 0.98              20 52.46                 133.21            21 516 2 345 220 41.37 709 16.55              73 277 256 339 0.97

2 0.09              28 335 32.44              349 11 051 0.11              19 54.26                 118.21            17 949 1 710 456 31.87 319 8.59                2 241 221 241 0.50

3 0.07              44 444 22.25              516 33 604 0.29              30 74.15                 80.60              48 481 3 355 439 83.56 380 10.91              2 247 153 87 0.56

4 0.08              10 861 23.60              104 5 950 1.67              6 13.90                 32.55              10 185 2 272 171 20.14 119 118.80            1 31 36 242 0.47

5 0.10              28 329 124.81            358 9 438 0.45              21 85.52                 102.82            28 054 1 719 348 61.33 476 15.07              10 151 256 125 1.00

6 0.09              87 843 8.55                374 9 718 0.11              11 52.05                 46.31              28 199 3 575 227 40.37 373 28.91              3 216 121 82 0.33

7 0.06              26 628 72.83              909 12 416 0.26              38 56.64                 99.05              143 591 4 100 3 002 106.76 659 16.36              15 155 184 183 0.88

8 0.05              25 608 18.49              210 12 733 0.16              11 41.24                 31.87              29 738 2 230 334 43.46 266 12.55              1 132 125 68 0.33

9 0.05              32 484 2.56                153 7 892 0.03              17 51.90                 41.02              24 030 1 588 198 70.41 204 4.09                0 80 130 91 0.36

10 0.09              36 061 29.18              1 427 57 760 0.22              29 30.93                 61.75              35 041 5 786 679 47.15 263 11.90              4 710 223 225 0.45

11 0.08              32 240 10.83              218 9 559 0.14              20 68.90                 58.80              23 639 1 627 233 87.50 360 8.89                4 100 188 69 0.48

12 0.02              22 699 27.82              180 28 656 0.03              11 41.91                 28.88              16 969 1 736 162 61.87 281 7.36                2 138 547 38 0.40

13 0.09              60 325 22.57              481 23 129 0.16              30 82.41                 62.72              37 362 6 413 533 94.93 554 18.25              2 260 189 98 0.60

14 0.07              14 215 6.22                295 16 060 0.10              10 27.67                 24.00              19 054 5 350 394 22.84 340 10.60              1 138 49 344 0.27

15 0.18              23 707 119.46            226 19 896 0.54              12 71.70                 122.60            174 889 3 493 932 36.53 1 219 49.50              2 112 84 651 1.11

16 0.07              31 838 10.35              367 9 414 0.27              16 34.87                 148.98            15 364 1 216 173 35.23 523 8.11                2 205 187 102 0.38

17 0.08              31 837 11.38              636 12 983 0.12              15 44.76                 125.89            39 054 1 963 484 37.21 802 8.43                2 274 206 202 0.41

18 0.05              18 690 59.43              121 9 097 0.11              11 43.71                 25.20              20 240 1 096 108 36.64 182 7.76                7 65 89 134 0.50

19 0.06              22 871 67.94              276 20 741 0.16              16 44.13                 51.98              41 672 2 988 2 339 47.48 458 9.81                1 109 113 95 0.59

Mean (SD) 0.08 (0.04) 32 186 (17 269) 41.4 (40.29) 404 (316) 17 670 (12 430) 0.31 (0.40) 18 (9) 51.22 (18.87) 73.5 (41.43) 40 791 (43 214) 2 872 (1 577) 602 (765) 52.98 (24.96) 447 (261) 19.6 (26.09) 7 (16) 192 (146) 177 (110) 180 (145)

Median 0.08              28 335 23.60              349 12 733 0.16              16 51.90                 61.75              28 054 2 272 348 43.46                 373 10.91              2 151 184 125

Common soil  -  - 20.00               -  - 0.50              30 90.00                 60.00               -  -  - 50.00                  - 60.00               -  - 130 120

Light sandy soil  -  - 15.00               -  - 0.40              20 55.00                 45.00               -  -  - 45.00                  - 55.00               -  - 120 105

TEC  -  - 9.79                 -  - 0.99               - 43.40                 31.60               -  -  - 22.70                  - 35.80               -  -  - 121

PEC  -  - 33.00               -  - 4.98               - 111.00              149.00             -  -  - 48.60                  - 128.00             -  -  - 459

Reference value  -  - 11.70               -  - 0.27              12 37.30                 19.20               -  -  - 24.10                  - 25.30               -  - 44.60      71.60      
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individual element concentrations relative to their national limit values, or to the TEC and PEC 

indices. 

Table 3. Results of one-sided Wilcoxon tests comparing the concentrations of heavy metals in fly ash deposits across the 

19 study sites in the Czech Republic to their Czech national limit values for common agricultural soils (CS) and light sandy 

agricultural soils (LS), and to probable effect (PEC) and threshold effect concentrations (TEC; see Methods for details). 

Asterisks mean significant differences (p < 0.025; in bold), n.s. mean non-significant differences (p > 0.025). 

Heavy Metal CS LS PEC TEC 

As p = 0.08 n.s. p = 0.006 * p = 0.48 n.s. p = 1.0 n.s. 

Ba p = 0.99 n.s. - - - 

Cd p = 0.99 n.s. p = 0.99 n.s. p = 1.0 n.s. p < 0.0001 * 

Co p = 1.0 n.s. p = 0.85 n.s. - - 

Cr p = 1.0 n.s. p = 0.81 n.s. p = 1.0 n.s. p = 0.94 n.s. 

Cu p = 0.13 n.s. p = 0.01 * p = 0.99 n.s. p = 1.0 n.s. 

Ni p = 0.49 n.s. p = 0.25 n.s. p = 0.39 n.s. p = 1.0 n.s. 

Pb p = 0.99 n.s. p = 0.99 n.s. p = 1.0 n.s. p = 0.002 * 

V p = 0.04 n.s. p = 0.01 * - - 

Zn p = 0.11 n.s. p = 0.04 n.s. p = 1.0 n.s. p = 0.89 n.s. 

When evaluating the overall environmental risks of particular fly ash deposits, we 

found the concentration of at least one heavy metal exceeding the national limits for agri-

cultural soils at each locality (Table 2). Locality no. 7 exceeded the limits for common ag-

ricultural soils in the concentrations of six heavy metals, while three other localities (nos. 

1, 3, and 5) exceeded these limits in the concentrations of five heavy metals. Moreover, 

locality no. 5 exceeded the limits for light sandy soils in the concentrations of eight heavy 

metals. 

Contamination factors varied significantly among the nine heavy metals (one-way 

ANOVA: F8,162 = 14.9, p < 10−4; Figure 3). Mostly low relative contamination levels (CF < 1) 

were detected for Pb (16 localities) and Cd (14 localities). Contamination factors of the 

other heavy metals were mostly moderate to considerable (CF = 1–6). Very high contami-

nation factors (CF > 6) in the fly ash sediments were detected for As (four localities), Cd 

(one), Cu (five), V (one), and Zn (one). The empirical pollution load index (PLI) of the nine 

heavy metals ranged from 0.82 to 2.97 (Table 4), indicating sediment pollution (PLI ≥ 1) in 

17 out of the 19 studied localities and strong sediment pollution (PLI > 2) at four localities 

(nos. 1, 5, 7, and 15). 

 

Figure 3. Contamination factors (CF) of the nine selected heavy metals at 19 fly ash deposits in the 

Czech Republic. Medians with interquartile range (box plot), 95% confidence intervals (whiskers), 

and outliers (black points) are visualised. Letters indicate significant differences (Tukey HSD; p < 
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0.05) among the individual elements. Dashed lines indicate the limit of low contamination (CF = 1), 

and dotted lines indicate the limits of high (CF = 3) and very high (CF = 6) contamination levels. 

Table 4. Contamination factors CF of the nine heavy metals and the resulting pollution load index (PLI) of the complex 

mixture of contaminants in the fly ash deposits in the Czech Republic (see Methods for details). CF < 1 indicates low 

contamination; CF = 1–3 moderate contamination; CF = 3–6 considerable contamination; and CF > 6 very high contamina-

tion. PLI ≥ 1 indicates existing pollution, whereas PLI < 1 indicates no pollution. 

Locality As Cd Co Cr Cu Ni Pb V Zn PLI 

1 9.90 3.63 1.69 1.41 6.94 1.72 0.65 5.74 4.73 2.97 

2 2.77 0.41 1.59 1.45 6.16 1.32 0.34 4.96 3.36 1.70 

3 1.90 1.09 2.53 1.99 4.20 3.47 0.43 3.44 1.21 1.86 

4 2.02 6.20 0.50 0.37 1.70 0.84 4.70 0.80 3.38 1.52 

5 10.67 1.67 1.74 2.29 5.36 2.54 0.60 5.74 1.74 2.62 

6 0.73 0.41 0.92 1.40 2.41 1.68 1.14 2.71 1.14 1.21 

7 6.22 0.97 3.21 1.52 5.16 4.43 0.65 4.12 2.56 2.55 

8 1.58 0.58 0.94 1.11 1.66 1.80 0.50 2.80 0.95 1.16 

9 0.22 0.10 1.41 1.39 2.14 2.92 0.16 2.92 1.28 0.82 

10 2.49 0.81 2.40 0.83 3.22 1.96 0.47 5.00 3.15 1.79 

11 0.93 0.50 1.70 1.85 3.06 3.63 0.35 4.22 0.96 1.42 

12 2.38 0.11 0.95 1.12 1.50 2.57 0.29 12.25 0.53 1.08 

13 1.93 0.60 2.48 2.21 3.27 3.94 0.72 4.25 1.37 1.91 

14 0.53 0.37 0.79 0.74 1.25 0.95 0.42 1.11 4.80 0.88 

15 10.21 1.98 1.02 1.92 6.39 1.52 1.96 1.88 9.09 2.86 

16 0.88 0.99 1.29 0.93 7.76 1.46 0.32 4.20 1.43 1.42 

17 0.97 0.45 1.22 1.20 6.56 1.54 0.33 4.62 2.83 1.45 

18 5.08 0.39 0.94 1.17 1.31 1.52 0.31 2.00 1.87 1.20 

19 5.81 0.58 1.31 1.18 2.71 1.97 0.39 2.54 1.33 1.49 

No. of Localities  

CF < 1 
6 14 6 4 0 2 16 1 3  

CF = 1–3 7 3 12 15 8 13 2 7 10  

CF = 3–6 2 1 1 0 6 4 1 10 5  

CF > 6 4 1 0 0 5 0 0 1 1  

PLI ≥ 1          17 

Median concentrations of the seven heavy metals with known PEC values did not 

significantly exceed these values (one-sided Wilcoxon test, p > 0.025; Figure 2 and Table 

2). However, concentrations in some particular localities exceeded the PEC value for As 

(six localities), Ni (seven localities), and Zn (one locality), indicating potentially harmful 

local concentrations of these heavy metals. On the other hand, all local concentrations of 

Cd, Cr, Cu, and Pb were below the respective PEC values. Mean PEC quotients > 0.5 esti-

mated for 9 out of 19 localities (47%) suggested that the sediments at these sites were po-

tentially harmful for organisms (Table 2). Median concentrations of five heavy metals (As, 

Cr, Cu, Ni, and Zn) were not significantly lower than their TEC values; only Cd and Pb 

concentrations were significantly lower, and their respective local concentrations were be-

low their TEC values in all but one (no. 4) and two localities (nos. 4 and 15), respectively, 

indicating no harmful effects from these heavy metals (Table 3). 

4. Discussion 

4.1. Overall Levels of Heavy Metals in the Fly Ash Deposits 

Our comprehensive survey of the 19 fly ash deposits from thermal power plants dis-

tributed across the Czech Republic identified the potential environmental risks from some 

analysed minor and trace elements in the sedimented fly ash. Over 50% of the studied fly 
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ash deposits exceeded the Czech national limits for concentrations of As, Cu, V, and Zn 

in agricultural soils. Contamination factors of these four heavy metals together with Cd 

were very high at 5–26% of the localities. Interestingly, the Czech national limits for most 

of the heavy metals included in this study are substantially stricter than the national limits 

of neighbouring countries, such as Poland (Regulation no. 165/2002 of the Polish legisla-

tion) and Slovakia (Regulation no. 220/2004 of the Slovak legislation), as well as the re-

spective EU guidelines [38]. In fact, none of the heavy metals except V (with median con-

centration 22% above the EU guidelines) would be classified as a potential risk in any of 

our localities according to the EU limits. 

Moreover, the combined effects of mixed contaminants (PLI) based on nine heavy 

metals revealed that nearly all sites can be classified as polluted (PLI > 1), with four of 

them as strongly polluted (PLI > 2). The consensus-based probable effect concentration 

index (PEC) showed that the levels of As, Ni, and Zn were potentially harmful in 1–7 

localities. Altogether, these results imply potential strong environmental risks of the sed-

iments in the fly ash deposits across the country. However, the mean PEC quotient sug-

gested none or limited toxicity at 53% of the localities, and the concentrations of most 

heavy metals were very low at several studied deposits. These results show that the envi-

ronmental risks of the fly ash deposits may be potentially high but need to be considered 

on a case-by-case basis and utilise multiple indices of potential risks from a range of inter-

national sources. In addition to the potential for on-site biodiversity conservation dis-

cussed below, this issue is also relevant for the secondary usage of fly ash, such as for the 

construction industry (e.g., [39]), for extraction of rare earth elements [40], or for enhanc-

ing of soil properties in agriculture [41]. 

The average concentrations of the environmentally significant heavy metals in our 

study (As, Ba, Cd, Co, Cr, Cu, Mn, Ni, Pb, Se, Sr, V, and Zn) were generally comparable 

to the values detected in fly ash deposits in the USA, Turkey, India, and Australia [42–45]. 

Concentrations of heavy metals in fly ash can vary significantly among sites as they de-

pend on numerous factors, especially the characteristics of combusted lignite and the com-

bustion technology [17]. However, the mobility of elements from fly ash follows general 

underlying patterns, regardless of the composition and characteristics of the ash [17]. 

Therefore, it is not surprising that the heavy metal concentrations observed in our study 

are similar to those found in other studies. The only apparent exception was Mn, which 

occurred in our samples at unusually high concentrations (Table 2) in comparison with 

the above-mentioned studies, even though similar concentrations were reported in indus-

trial regions of Serbia and the USA [46,47]. Although Mn is often considered among the 

least toxic heavy metals to birds and mammals [48], it is still potentially toxic in excessive 

concentrations [49–51]. 

4.2. Toxicity of the Heavy Metals to Colonising Organisms and Its Implications 

Previous field studies and laboratory experiments showed that some heavy metals 

included in our study (especially As, Cd, Cu, Mn, Pb, and Zn) may have lethal or sublethal 

effects for arthropods [52,53]. They can directly affect individuals and populations [53–

56], as well as indirectly modify their environment [57–60]. Nevertheless, the total heavy 

metal concentrations in the environment often provide only an indirect indicator of envi-

ronmental stress for particular taxa. For example, moderate concentrations of As, Cd, Cu, 

Ni, and Pb were reported to increase the immune response of geometrid moths and ants, 

even in non-adapted communities [54,55]. This response was suppressed at higher con-

centrations (e.g., Ni > 300 µg.g–1, Cu > 207 µg.g−1), indicating a potentially higher risk of 

infections in more polluted environments [54,55,61]. Nevertheless, concentrations of the 

potentially most harmful heavy metals in the fly ash were far below these levels in our 

study, as well as at other contaminated localities where a wide range of viable invertebrate 

populations were observed [58,62–64]. By contrast, the concentration of As at six of our 

study localities exceeded 60 µg.g−1 (Table 2), a value known to be phytotoxic [65]. 



Sustainability 2021, 13, x FOR PEER REVIEW 10 of 15 
 

 

Altogether, based on these results, we expect the observed heavy metal concentrations to 

have substantial negative effects on some but not all taxa found in the fly ash lagoons. 

Additionally, the biological availability of individual elements is often limited. This 

makes an assessment of the environmental risks difficult when considering only absolute 

concentrations of heavy metals. The potential of heavy metals to enter the food chain de-

pends greatly on their fixation in the fly ash particles and on their properties when in 

contact with water in solutions [66]. The biological availability of heavy metals in fly ash 

under mildly alkaline pH (such as in our study deposits; Table 1) has been repeatedly 

shown as highly limited [67–70]. Despite not having detailed data, we can expect the 

heavy metals in our samples were probably present in heterogeneous forms and associa-

tions due to the mildly alkaline pH [71], as reflected by heterogeneous correlations among 

the elements in our sites (Figure A1). Some heavy metals, especially As oxyanionic forms 

[72], can be dissolved or released from fly ash during microbial mineralisation of organic 

matter using redox sensitive Fe and Mn oxyhydroxides (e.g., [73]). This might be more 

relevant for substrates with higher contents of organic matter accumulated over time, and 

with less stable Fe oxyhydroxides. Although there was a generally low amount of organic 

matter in our samples, the highly positive correlations of P with As and Fe (Figure A1) 

imply that Fe could be present in forms of oxides. At higher pH, these oxyanionic Fe spe-

cies might be released into the environment [17]. 

Aside from the described chemical speciation of these elements, numerous other 

chemical, physical, or biological processes can modulate the potential penetration of par-

ticular heavy metals into the food chain [74]. As our data provide only one temporal snap-

shot, we can only infer the long-term dynamics of heavy metal concentrations from other 

evidence. The decades of exposure to leaching during historical (1970s till early 1990s) 

acid rains that dramatically decreased pH in Central European industrial landscapes, to-

gether with the mobility of dissolved heavy metals to deeper substrate layers, suggest that 

the pollution potential of the Czech fly ash deposits may have been greatly reduced or 

even lost [45,75]. On the other hand, due to the low amount of organic matter in most of 

our fly ash samples, the pH is not expected to fluctuate to extreme values in the past three 

decades. The relatively high conductivity at some localities (Table 1) could imply the op-

posite patterns, but we have no data on other substances that could have been dissolved 

in the water. Altogether, most of the analysed heavy metals are probably stable and un-

likely to enter the food chain, despite their frequently high concentrations. 

Although the concentrations of one or more heavy metals were potentially risky at 

each of our study sites, invertebrate populations are known to permanently inhabit even 

heavily polluted sites (e.g., [7,58,76]). This indicates that invertebrates can at least partly 

cope with heavy metal toxicity. Various studies reported the development of physiologi-

cal [77,78] or behavioural adaptations [58]. These may include shorter life cycles and 

higher reproductive effort [79], or smaller colony sizes and reproduction trade-offs [80]. 

These mechanisms are often species-specific (e.g., [81]) and can differ even among closely 

related species (e.g., [62,82]). Consequently, communities at otherwise similar polluted 

and unpolluted localities may differ in the proportions of tolerant and susceptible species 

to heavy metals [58,64,78,79]. 

Heavy metal toxicity may establish an environmental filter allowing the colonisation 

of polluted fly ash deposits only by a subset of the local biodiversity. At least some threat-

ened insect species are undoubtedly able to colonise Central European fly ash deposits 

despite their pollution by heavy metals, as shown by several recent studies [6–10]. Unfor-

tunately, detailed data on the composition of communities in fly ash deposits are virtually 

unavailable, including the sites sampled in this study. Therefore, the real effects of heavy 

metals on communities at these sites remain unclear, as well as the potential drivers of 

such effects. 

Although the concentrations of some metals exceeded the risk limits at numerous 

localities, they rarely reached potentially harmful levels. Therefore, we presume that the 

availability of early successional habitats may outweigh the potential stress from pollution 
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by heavy metals for at least some taxa present in the fly ash deposits. In particular, the 

related environmental stress may provide a competitive advantage or release from preda-

tion for some competitively weak species in the community. However, these habitats may 

also attract individuals of species that cannot efficiently cope with heavy metals, for ex-

ample females of flying insects looking for oviposition sites. This could turn the fly ash 

lagoons into population sinks or even ecological traps for some species [83]. This study 

cannot resolve these issues as it focuses on the net concentrations and not on the biological 

availability of the individual heavy metals at the studied sites. Detailed data on the com-

munity composition of arthropods at the studied sites are not available and would require 

intensive research in the future. Therefore, only indirect evaluations, such as in this study, 

are possible at the moment. The crucial question whether fly ash deposits function as bi-

odiversity reservoirs or as ecological traps can only be answered with future species-spe-

cific ecotoxicological studies combined with the assessment of potential benefits mediated 

by altered biotic interactions. Our unique dataset has provided the first step in this direc-

tion by evaluating individual sites and identifying the general trends necessary for the 

restoration projects. Based on these indirect measures, together with the available evi-

dence on already established viable populations of numerous rare and threatened arthro-

pods, we are convinced that proper restoration of most Central European fly ash deposits 

should maintain or enhance conditions necessary for protection of these rare species. 
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Appendix A 

 

Figure A1. Pearson correlations of all concentrations of trace elements, conductivity (Cond), organic 

matter content, and pH values. Values below the diagonal are the Pearson correlation coefficients. 

Ellipse slope and colour intensity illustrate the sign and strength of the correlation (colour code in 

%). The figure was prepared using the Hmisc (v. 4.3-1; [84]) and corrplot (v. 0.84; [85]) packages in R 

[37]. 

References 

1. Haynes, R. Reclamation and revegetation of fly ash disposal sites—Challenges and research needs. J. Environ. Manag. 2009, 90, 

43–53, doi:10.1016/j.jenvman.2008.07.003. 

2. Iyer, R.; Scott, J. Power station fly ash—A review of value-added utilization outside of the construction industry. Resour. Conserv. 

Recycl. 2001, 31, 217–228, doi:10.1016/s0921-3449(00)00084-7. 

3. Yao, Z.; Ji, X.; Sarker, P.; Tang, J.; Ge, L.; Xia, M.; Xi, Y. A comprehensive review on the applications of coal fly ash. Earth-Sci. 

Rev. 2015, 141, 105–121, doi:10.1016/j.earscirev.2014.11.016. 

4. Urbanová, J.; Kovář, P.; Dostál, P. What processes shape early-successional vegetation in fly ash and mine tailings? Plant Ecol. 

2017, 218, 127–137, doi:10.1007/s11258-016-0672-z. 

5. Tropek, R.; Rauch, O.; Kovář, P.; Řehounek, J.; Kubelka, V.; Lepšová, A.; Řehounková, K.; Volf, O.; Zavadil, V. Fly ash deposits 

and depots of fine substrates. In Ecological Restoration of Areas Disturbed by Mining and Industrial Landfills; Řehounek, J., 

Řehounková, K., Tropek, R., Prach, K., Eds.; Calla: České Budějovice, Czech Republic, 2015; pp. 158–191. 

6. Tropek, R.; Cerna, I.; Straka, J.; Cizek, O.; Konvicka, M. Is coal combustion the last chance for vanishing insects of inland drift 

sand dunes in Europe? Biol. Conserv. 2013, 162, 60–64, doi:10.1016/j.biocon.2013.03.027. 

7. Tropek, R.; Cizek, O.; Kadlec, T.; Klecka, J. Habitat Use ofHipparchia semele(Lepidoptera) in Its Artificial Stronghold: Necessity 

of the Resource-Based Habitat View in Restoration of Disturbed Sites. Pol. J. Ecol. 2017, 65, 385–399, 

doi:10.3161/15052249pje2017.65.3.006. 

8. Tropek, R.; Cerna, I.; Straka, J.; Kadlec, T.; Pech, P.; Tichanek, F.; Sebek, P. Restoration management of fly ash deposits crucially 

influence their conservation potential for terrestrial arthropods. Ecol. Eng. 2014, 73, 45–52, doi:10.1016/j.ecoleng.2014.09.011. 

Commented [M32]: Please provide sharper image 

and confirm if you have got copyright permission 

from the publisher/author of reference [37,84,85]. 



Sustainability 2021, 13, x FOR PEER REVIEW 13 of 15 
 

 

9. Bogusch, P.; Macek, J.; Janšta, P.; Kubík, Š.; Řezáč, M.; Holý, K.; Malenovský, I.; Baňař, P.; Mikát, M.; Astapenková, A.; et al. 

Industrial and post-industrial habitats serve as critical refugia for pioneer species of newly identified arthropod assemblages 

associated with reed galls. Biodivers. Conserv. 2016, 25, 827–863, doi:10.1007/s10531-016-1070-5. 

10. Tropek, R.; Cerna, I.; Straka, J.; Kočárek, P.; Malenovský, I.; Tichanek, F.; Sebek, P. In search for a compromise between biodi-

versity conservation and human health protection in restoration of fly ash deposits: Effect of anti-dust treatments on five groups 

of arthropods. Environ. Sci. Pollut. Res. 2015, 23, 13653–13660, doi:10.1007/s11356-015-4382-1. 

11. Mertlik, J. Contribution to the conservation of sand biotopes of the Eastern Bohemia with citation of findings of nine rare psam-

mophilous beetles. Elateridarium 2011, 5, 5–42. 

12. Borm, P. Toxicity and occupational health hazards of coal fly ash (CFA). A review of data and comparison to coal mine dust. 

Ann. Occup. Hyg. 1997, 41, 659–676, doi:10.1016/s0003-4878(97)00026-4. 

13. Smith, K.R.; Veranth, J.M.; Kodavanti, U.P.; Aust, A.E.; Pinkerton, K.E. Acute Pulmonary and Systemic Effects of Inhaled Coal 

Fly Ash in Rats: Comparison to Ambient Environmental Particles. Toxicol. Sci. 2006, 93, 390–399, doi:10.1093/toxsci/kfl062. 

14. Silva, L.F.O.; Da Boit, K.M. Nanominerals and nanoparticles in feed coal and bottom ash: Implications for human health effects. 

Environ. Monit. Assess. 2010, 174, 187–197, doi:10.1007/s10661-010-1449-9. 

15. Cherry, D.S.; Guthrie, R.K. Toxic Metals in Surface Waters from Coal Ash. JAWRA J. Am. Water Resour. Assoc. 1977, 13, 1227–

1236, doi:10.1111/j.1752-1688.1977.tb02093.x. 

16. Sushil, S.; Batra, V. Analysis of fly ash heavy metal content and disposal in three thermal power plants in India. Fuel 2006, 85, 

2676–2679, doi:10.1016/j.fuel.2006.04.031. 

17. Izquierdo, M.; Querol, X. Leaching behaviour of elements from coal combustion fly ash: An overview. Int. J. Coal Geol. 2012, 94, 

54–66, doi:10.1016/j.coal.2011.10.006. 

18. Huang, W.; Wan, H.; Finkelman, R.B.; Tang, X.; Zhao, Z. Distribution of Uranium in the Main Coalfields of China. Energy Explor. 

Exploit. 2012, 30, 819–836, doi:10.1260/0144-5987.30.5.819. 

19. Clements, W.H. Benthic Invertebrate Community Responses to Heavy Metals in the Upper Arkansas River Basin, Colorado. J. 

N. Am. Benthol. Soc. 1994, 13, 30–44, doi:10.2307/1467263. 

20. Croteau, M.-N.; Hare, L.; Tessier, A. Refining and Testing a Trace Metal Biomonitor (Chaoborus) in Highly Acidic Lakes. Environ. 

Sci. Technol. 1998, 32, 1348–1353, doi:10.1021/es970705+. 

21. Courtney, L.A.; Clements, W.H. Assessing the influence of water and substratum quality on benthic macroinvertebrate com-

munities in a metal-polluted stream: An experimental approach. Freshw. Biol. 2002, 47, 1766–1778, doi:10.1046/j.1365-

2427.2002.00896.x. 

22. Cempel, M.; Nikel, G. Nickel: A review of its sources and environmental toxicology. Polish J. Environ. Stud. 2006, 15, 375–382. 

23. Besser, J.M.; Leib, K.J. Toxicity of Metals in Water and Sediment to Aquatic Biota. In Integrated Investigations of Environmental 

Effects of Historical Mining in the Animas River Watershed, San Juan County, Colorado; Church, S.E., von Guerard, P., Finger, S.E., 

Eds.; U.S. Department of the Interior and U.S. Geological Survey: Reston, VA, USA, 2007; pp. 839–849. 

24. Doig, L.E.; Schiffer, S.T.; Liber, K. Reconstructing the ecological impacts of eight decades of mining, metallurgical, and munici-

pal activities on a small boreal lake in northern Canada. Integr. Environ. Assess. Manag. 2015, 11, 490–501, doi:10.1002/ieam.1616. 

25. Brunori, C.; Balzamo, S.; Morabito, R. Comparison between different leaching tests for the evaluation of metal release from fly 

ash. Anal. Bioanal. Chem. 2001, 371, 843–848, doi:10.1007/s002160100988. 

26. Smolka-Danielowska, D. Heavy metals in fly ash from a coal-fired power station in Poland. Polish J. Environ. Stud. 2006, 15, 943–

946. 

27. Kolar, V.; Tichanek, F.; Tropek, R. Evidence-based restoration of freshwater biodiversity after mining: Experience from Central 

European spoil heaps. J. Appl. Ecol. 2021, 58, 1921–1932, doi:10.1111/1365-2664.13956. 

28. Kopacek, J.; Borovec, J.; Hejzlar, J.; Porcal, P. Spectrophotometric Determination of Iron, Aluminum, and Phosphorus in Soil 

and Sediment Extracts after Their Nitric and Perchloric Acid Digestion. Commun. Soil Sci. Plant Anal. 2001, 32, 1431–1443, 

doi:10.1081/css-100104203. 

29. Järup, L. Hazards of heavy metal contamination. Br. Med. Bull. 2003, 68, 167–182, doi:10.1093/bmb/ldg032. 

30. Smith, J.G.; Baker, T.F.; Murphy, C.A.; Jett, R.T. Spatial and temporal trends in contaminant concentrations in Hexagenia 

nymphs following a coal ash spill at the Tennessee Valley Authority’s Kingston Fossil Plant. Environ. Toxicol. Chem. 2016, 35, 

1159–1171, doi:10.1002/etc.3253. 

31. Otero-Rey, J.R.; Vilariño, J.M.L.; Moreda-Piñeiro, J.; Alonso-Rodríguez, E.; Muniategui, S.; López-Mahía, P.; Prada-Rodríguez, 

D. As, Hg, and Se Flue Gas Sampling in a Coal-Fired Power Plant and Their Fate during Coal Combustion. Environ. Sci. Technol. 

2003, 37, 5262–5267, doi:10.1021/es020949g. 

32. Hakanson, L. An ecological risk index for aquatic pollution control.a sedimentological approach. Water Res. 1980, 14, 975–1001, 

doi:10.1016/0043-1354(80)90143-8. 

33. Tomlinson, D.L.; Wilson, J.G.; Harris, C.R.; Jeffrey, D.W. Problems in the assessment of heavy-metal levels in estuaries and the 

formation of a pollution index. Helgol. Meeresunters. 1980, 33, 566–575. 

34. Varol, M. Assessment of heavy metal contamination in sediments of the Tigris River (Turkey) using pollution indices and mul-

tivariate statistical techniques. J. Hazard. Mater. 2011, 195, 355–364, doi:10.1016/j.jhazmat.2011.08.051. 

35. Poláková, Š.; Kubík, L.; Prášková, L.; Malý, S.; Němec, P.; Staňa, J. Monitoring of Agricultural Soils in the Czech Republic 1992–2013; 

Central Institute for Supervising and Testing in Agriculture: Brno, Czech Republic, 2017; ISBN 9788074011368. 

Commented [m33]: Newly added information, 

please confirm. 



Sustainability 2021, 13, x FOR PEER REVIEW 14 of 15 
 

 

36. Macdonald, D.D.; Ingersoll, C.G.; Berger, T.A. Development and Evaluation of Consensus-Based Sediment Quality Guidelines 

for Freshwater Ecosystems. Arch. Environ. Contam. Toxicol. 2000, 39, 20–31, doi:10.1007/s002440010075. 

37. R Development Core Team. R: A Language and Environment for Statistical Computing; R Development Core Team: Vienna, Austria, 

2019. Available online: https://www.R-project.org/ (accessed on day month year). 

38. Tóth, G.; Hermann, T.; Da Silva, M.; Montanarella, L. Heavy metals in agricultural soils of the European Union with implications 

for food safety. Environ. Int. 2016, 88, 299–309, doi:10.1016/j.envint.2015.12.017. 

39. Xu, G.; Shi, X. Characteristics and applications of fly ash as a sustainable construction material: A state-of-the-art review. Resour. 

Conserv. Recycl. 2018, 136, 95–109, doi:10.1016/j.resconrec.2018.04.010. 

40. Pan, J.; Nie, T.; Hassas, B.V.; Rezaee, M.; Wen, Z.; Zhou, C. Recovery of rare earth elements from coal fly ash by integrated 

physical separation and acid leaching. Chemosphere 2020, 248, 126112, doi:10.1016/j.chemosphere.2020.126112. 

41. Pandey, V.C.; Singh, N. Impact of fly ash incorporation in soil systems. Agric. Ecosyst. Environ. 2010, 136, 16–27, 

doi:10.1016/j.agee.2009.11.013. 

42. Hopkins, W.A.; Mendonça, M.T.; Rowe, C.L.; Congdon, J.D. Elevated trace element concentrations in southern toads, Bufo 

terrestris, exposed to coal combustion waste. Arch. Environ. Contam. Toxicol. 1998, 35, 325–329, doi:10.1007/s002449900383. 

43. Praharaj, T.; Powell, M.; Hart, B.; Tripathy, S. Leachability of elements from sub-bituminous coal fly ash from India. Environ. 

Int. 2002, 27, 609–615, doi:10.1016/s0160-4120(01)00118-0. 

44. Baba, A.; Kaya, A. Leaching characteristics of solid wastes from thermal power plants of western Turkey and comparison of 

toxicity methodologies. J. Environ. Manag. 2004, 73, 199–207, doi:10.1016/j.jenvman.2004.06.005. 

45. Ward, C.R.; French, D.; Jankowski, J.; Dubikova, M.; Li, Z.; Riley, K.W. Element mobility from fresh and long-stored acidic fly 

ashes associated with an Australian power station. Int. J. Coal Geol. 2009, 80, 224–236, doi:10.1016/j.coal.2009.09.001. 

46. Pajević, S.; Borisev, M.; Rončević, S.; Vukov, D.; Igić, R. Heavy metal accumulation of Danube river aquatic plants—Indication 

of chemical contamination. Open Life Sci. 2008, 3, 285–294, doi:10.2478/s11535-008-0017-6. 

47. Herndon, E.M.; Jin, L.; Brantley, S.L. Soils Reveal Widespread Manganese Enrichment from Industrial Inputs. Environ. Sci. Tech-

nol. 2011, 45, 241–247, doi:10.1021/es102001w. 

48. Hurley, L.S.; Keen, C.L. Manganese. In Trace Elements in Human Health and Animal Nutrition; Underwood, E., Mertz, W., Eds.; 

Academic Press: New York, NY, USA, 1987; pp. 185–223. 

49. Loranger, S.; Demers, G.; Kennedy, G.; Forget, E.; Zayed, J. The pigeon (Columbia livia) as a monitor for manganese contamina-

tion from motor vehicles. Arch. Environ. Contam. Toxicol. 1994, 27, 311–317, doi:10.1007/bf00213165. 

50. Lasier, P.J.; Winger, P.V.; Bogenrieder, K.J. Toxicity of manganese to Ceriodaphnia dubia and Hyalella azteca. Arch. Environ. 

Contam. Toxicol. 2000, 38, 298–304, doi:10.1007/s002449910039. 

51. Fernando, D.R.; Lynch, J.P. Manganese phytotoxicity: New light on an old problem. Ann. Bot. 2015, 116, 313–319, 

doi:10.1093/aob/mcv111. 

52. Migula, P.; Glowacka, E.; Nuorteva, S.-L.; Nuorteva, P.; Tulisalo, E. Time-related effects of intoxication with cadmium and 

mercury in the red wood ant. Ecotoxicology 1997, 6, 307–320, doi:10.1023/a:1018691130657. 

53. Nieminen, M.; Nuorteva, P.; Tulisalo, E. The Effect of Metals on the Mortality of Parnassius Apollo Larvae (Lepidoptera: Papilio-

nidae). J. Insect Conserv. 2001, 5, 1–7, doi:10.1023/a:1011371119290. 

54. Sorvari, J.; Rantala, L.M.; Rantala, M.J.; Hakkarainen, H.; Eeva, T. Heavy metal pollution disturbs immune response in wild ant 

populations. Environ. Pollut. 2007, 145, 324–328, doi:10.1016/j.envpol.2006.03.004. 

55. van Ooik, T.; Pausio, S.; Rantala, M.J. Direct effects of heavy metal pollution on the immune function of a geometrid moth, 

Epirrita autumnata. Chemosphere 2008, 71, 1840–1844, doi:10.1016/j.chemosphere.2008.02.014. 

56. Grześ, I.M.; Okrutniak, M.; Woch, M.W. Monomorphic ants undergo within-colony morphological changes along the metal-

pollution gradient. Environ. Sci. Pollut. Res. 2015, 22, 6126–6134, doi:10.1007/s11356-014-3808-5. 

57. Koponen, S.; Niemelä, P. Ground-living arthropods along pollution gradient in boreal pine forest. Èntomol. Fenn. 1995, 6, 127–
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