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Abstract Sediment toxicity and metal bioaccumulation

were assessed at sites affected by historical copper (Cu)

and mercury (Hg) mining activities in the Nalón River

basin, Asturias, Spain. Toxicity assessment of stream sed-

iments was based on a 28-day oligochaete Tubifex tubifex

sediment bioassay, which allowed the classification of sites

into three levels of toxicity: 11 sites were classified as

nontoxic (including Cu mine sites), three sites as poten-

tially toxic, and seven sites as toxic (all located in Hg mine

districts). The greatest levels of arsenic (As), chromium,

Hg, lead (Pb), and zinc (Zn) in T. tubifex were measured at

sites affected by Hg mining and the highest Cu levels in

tissues at Cu mining sites. Chronic toxicity responses were

best explained by As and Hg sediment concentrations and

by As, Pb, and Zn tissue residues. Residue levels of As, Hg,

Zn, and Pb were successfully used to predict sediment

chronic toxicity and estimate effective tissue residues.

Assessing river sediment quality requires an integrated

approach based on several lines of evidence including sedi-

ment chemistry, chronic toxicity, and field benthic commu-

nities. Several investigators have included additional or

alternative measures such as bioaccumulation (Burton et al.

2002; Chapman and McDonald 2005; Grapentine et al.

2002), critical body residues (CBRs; Gust and Fleeger 2005;

Rosen and Lotufo 2005), biomarkers (Hollert et al. 2002;

Riba et al. 2004), or habitat alterations (Maestre et al. 2009).

Incorporating data on tissue residues provides evidence not

only on the bioavailability of chemicals but also on their

potential for biomagnification (Krantzberg et al. 2000). Most

current sediment-quality assessment procedures compare

conditions at the study sites with the expected conditions

derived from reference sites. This procedure is known as the

‘‘reference condition approach’’ (Reynoldson et al. 1997),

which is in agreement with the European Water Framework

Directive (WFD; EC 2000) for quality assessment of water

bodies. Sediment and biota have been recently recognized as

suitable matrices to monitor long-term changes in water

quality of European water bodies (EC 2010; Carère et al.

2012); however, in practice environmental quality standards

for these compartments have been developed only by some

State Members.

Metal-mining activities represent an environmental

problem for freshwater ecosystems (Luoma et al. 2010;

Solá et al. 2004). Once the mining activity has stopped, the

abandoned mine sites usually continue to be sources of

pollution to water bodies. Asturias (northern Spain) has

historically been a rich metal-mining area. After the Law of

Mines from 1825, [800 sites with mining activity were

registered in Asturias, and the period between 1950 and

1975 represented the highest level of mining activity

(Rodrı́guez-Terente et al. 2006). In the Nalón River basin

(Asturias), two main mining industries were active until the

early 1970s: Texeo copper (Cu) mines (Riosa district) and

mercury (Hg) mines (Mieres, Pola de Lena,and Somiedo

districts). Texeo mines were the most important source of

Cu in NW Spain since Roman times, and were exploited
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from Bronze Age (3810–4090 BP: De Blas Cortina 1996;

De Blas Cortina and Suárez Fernández 2009) until the last

century. Hg mining also has a long history in Asturias, and

extraction of cinnabar dates back to the Roman period

(approximately 2000 BP) (Rodrı́guez-Terente et al. 2006).

Since the closure of the mines, spoil heaps, except for the

El Terronal site (Mieres) where most of the wastes were

isolated in an in situ security landfill in 2002, have not

received any type of treatment to avoid mobilization of

pollutants. However, no maintenance has been performed

since then (Loredo et al. 2010).

Aquatic oligochaetes have been used in metal sediment

toxicity and/or bioaccumulation assessment in both labo-

ratory (e.g., Bouché et al. 2000; De Jonge et al. 2012;

Maestre et al. 2007; Steen-Redeker et al. 2004) and field

exposures (De Jonge et al. 2010; Protano et al. 2014). The

study of sediment toxicity and bioaccumulation in envi-

ronmental risk assessment (ERA) using aquatic oligochaete

worms was highlighted by Chapman (2001) and more

recently reviewed by Rodriguez and Reynoldson (2011). In

the present study, we assessed sediment toxicity and metal

bioaccumulation at several sites affected by historical

mining activities in the Nalón River basin (Asturias, Spain)

using the aquatic oligochaete Tubifex tubifex (Müller). The

present study also evaluated the utility of metal tissue

residues in T. tubifex to predict chronic toxicity effects due

to exposure to metal-polluted sediments.

Materials and Methods

Study Area

Twenty-five sites were studied in the Nalón River basin

during September 2010 and 2011 [three sites were sampled

twice (N6, N11, and N15); Table 1]. Four reference sites were

located in the study area (N1r, N2r, N18r, and N22r) that

belong to the Water Surveillance networks in Spain [(Canta-

brian Hydrographical Confederation, CHC)]. Among the

study sites, 15 were located in mining districts: 6 in a Cu mine

area [Riosa = sites N3 to N8 (Fig. 4a, b in Appendix)] and 9

in Hg mine areas [Pola de Lena = sites N9 to N13; Mier-

es = N14 to N17 (Fig. 4b, c in Appendix)]. Two of these sites

were located upstream any mining or industrial areas (sites N7

and N12) to complete information provided by reference sites

on background metal levels in the study area.

Sediment Sampling and Characterization

Sediment sampling was performed under a low-flow

regime in September of 2010 to 2011 when most of the

fine-grained suspended sediments become deposited on the

river bed (Mudroch and Azcue 1995) and when worst

conditions for toxicity and bioaccumulation for biota are

expected to occur (AQEM Consortium 2002). At each site,

a composite sample of sediment was taken with a stainless

steel spade from the upper 5 to 10 cm layer of fine sedi-

ment settled along an approximately 25-m reach of the

river bank. The sediment was sieved in the field through

500-lm mesh to eliminate coarse particles and indigenous

fauna (Reynoldson et al. 1995). Samples were taken to the

laboratory on ice and stored at 4 �C in the dark during a

maximum period of 6 months (as recommended by Rey-

noldson et al. 1991). Sediment subsamples for metal con-

centration analyses were air-dried and sieved through a

63-lm mesh. Particle size distribution of unsieved sedi-

ment was expressed as dry-weight (dw) percentage

according to Udden-Wenworth scale (Teruggi 1982).

Sediment total organic carbon (TOC) % was determined

through loss-on-ignition method after calcination at 450 �C

for 6 h in a muffle furnace (Bryan et al. 1985; USEPA

1990). Several water variables also were measured in situ

using a conductivity portable device (Orion 3-Star, Thermo

Scientific) and dissolved oxygen, pH, and temperature

using a multiparameter portable device (Orion 5-Star,

ThermoScientific) (Table 5 in Appendix).

Chronic Toxicity and Metal Bioaccumulation

The 28-day T. tubifex sediment bioassay was developed as

a standardized chronic bioassay by Reynoldson et al.

(1991) and later published by American Society for Testing

and Materials (2005) for sediment toxicity assessment and

by the Organisation for Economic Co-operation and

Development (2008) for testing of chemicals for bioaccu-

mulation. In the present study, chronic bioassays included

survival (%), reproduction [number of total cocoons

(TCC), number of empty cocoons (ECC), and number of

total young (TYG), and growth end points (total growth

rate (TGR); Maestre et al. 2007)]. Twice per week, we

measured dissolved oxygen (Orion 5-Star), pH (pH-meter;

Crison 2001), and total ammonia (Nessler method; Hach

model DR2000 spectrophotometer) in the overlying water,

whereas aeration was visually checked daily (Monday

through Friday). For a detailed description of T. tubifex

culture, see Méndez-Fernández et al. (2013).

Adult worms surviving by the end of the 28-day sedi-

ment bioassays were used for metal tissue residue analysis.

A total of 21 samples were analyzed for metal tissue res-

idues because exposure at four sites (N9, N10, N11b, and

N15b) resulted in 100 % mortality. Five laboratory repli-

cates were examined per site, except for N11a and N15a,

where a pool of surviving worms was used to obtain

enough biomass for metal tissue analyses. Worms were

purged in dechlorinated tap water for 5 h. To measure

egestion rates in T. tubifex, a gut-clearing period of 4 h is
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Fig. 1 Box-plots comparing

sediment metal concentration

(lg g-1 dw) in 25 study sites

attending to anthropogenic

pressure groups: Cu mines

n = 6, Hg mines n = 11,

reference sites n = 4, and

undetermined pressures n = 4.

Box is built with 25 and 75

percentiles and shows inside the

median marked by a bold line.

For each metal, their respective

TEC value (dotted line) and,

when necessary, the PEC value

(dashed line) are indicated. Pie

charts show the proportion of

test sites in the study area

greater than EC (dark grey),

greater than TEC (grey), and

lower than EC (light grey).

Open circles indicate sites with

extreme data values ([1.5 times

the interquartile range of the

data). Significant differences

using Dunn’s test are marked as

*p \ 0.05, **p \ 0.01
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recommended by Martinez-Madrid et al. (1999), whereas

based on gut transit of cationic metals in the oligochaete

Lumbriculus variegatus, a 6-hour period is proposed by

Dawson et al. (2003). Then worms were digested for

1 week in trace element-free nitric acid (70 %; Baker In-

stra-Analyzed) and afterward for 24 h with H2O2 (30 %;

R.P. Normapur Prolabo) in a ratio of 10:1 at room tem-

perature (Clements 1994). Samples were stored at -20 �C

until metal analysis was completed.

Metal Analysis

A total of seven metals [cadmium (Cd), Cu, chromium (Cr),

Hg, nickel (Ni), lead (Pb), and zinc (Zn)] and one metalloid

[arsenic (As)] were measured at SOSPROCAN unit (Uni-

versity of Cantabria, Spain). Acid digestion of sediment

samples was performed according to USEPA 3052 and

UNE-EN 13656:2003 procedures (9 ml of HNO3 65 % and

4 ml of HF were added to 0.2 g of sediment). For Hg ana-

lysis, AuCl3 was added after acid digestion for Hg preser-

vation (USEPA method 6020A). Digested sediment samples

were measured by inductively coupled plasma-mass spec-

trometry (ICP-MS) (7500c; Agilent), and detection limits

(DLs) were 0.07 lg l-1 As, 0.01 lg l-1 Cd, 0.10 lg l-1 Cu,

0.02 lg l-1 Cr, 0.03 lg l-1 Hg, 0.06 lg l-1 Ni, 0.01 lg l-1

Pb, and .03 lg l-1 Zn. All batches included Buffalo River

sediment as reference material (RM8704; USA) for quality

control, and recovery rates (82.5 to 104.4 %) were within

certified values.

Metal tissue residues were also measured by ICP-MS, and

DLs were 0.002 lg l-1 As, 0.001 lg l-1 Cd, 0.025 lg l-1

Cu, 0.009 lg l-1 Cr, 0.001 lg l-1 Hg, 0.008 lg l-1 nickel

(Ni), 0.009 lg l-1 Pb, and 0.002 lg l-1 Zn. Every batch of

tissue samples included three blanks and three replicates of a

certified reference material (Mussel Tissue ERM-CE278;

Belgium). Tissue reference material recovery rates (80.4 to

106.3 %) were within the certified values for Cd, Cr, Cu, Pb,

and Zn except for As (140.1 %). No reference values were

available for Hg and Ni, but their concentration showed

small variations between different batches of reference

material (Hg = 0.20 ± 0.04 and Ni = 0.94 ± 0.17 lg/g

dw; n = 18). All measurements are expressed in molar mass,

related with worm body mass, on a dry-weight basis.

Statistical Analyses

Sites were first classified based on a priori known anthro-

pological pressures on river systems. A total of four pres-

sure groups were indentified: (1) absence of disturbance

(CHC reference sites), (2) undetermined/unknown pres-

sures or weak hydromorphological alterations, (3) Cu

mining sites, and (4) Hg mining sites.

Metal concentration in sediment and tissue was assessed

using nonparametric tests: Kruskal–Wallis followed by

multiple comparisons with Dunńs test (Zar 1996). The

validity of pressure groups was assessed by ANOSIM

procedure (Clarke 1993). Principal component analysis

(PCA) combined with varimax rotation examined domi-

nant patterns of intercorrelation among sediment variables

(previously transformed and standardised). Data analyses

were performed in IBM SPSS (2011) and PRIMER 6

(Clarke and Gorley 2006) software.

Reference and test sites were included in the same data

matrix, and sediment toxicity was evaluated through nMDS

using Euclidean distance (PRIMER 6). Reference condi-

tion for toxicity assessment was established from a

Fig. 2 Spatial ordination by

nMDS for the 25 study sites

based on chronic toxiciy

resemblance matrix. Each site is

marked by a symbol

corresponding to four categories

after sediment toxicity risk

classification (REF reference)

using five endpoints from T.

tubifex chronic bioassay

(survival, TCC, ECC, TYG, and

TGR)
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database of 58 reference sites in Northern Spain (Rodri-

guez et al. 2011; Méndez-Fernández 2013) including four

additional sites from the present study area (N1r, N2r,

N18r, and N22r). Sediment toxicity assessment in the

Nalón River basin was performed site by site in the mul-

tivariate space of reference sites using probability ellipses

of 80 and 95 % according to the procedure described in

detail by Rodriguez et al. (2011). Test sites were assessed

as nontoxic (NT) when placed within the 80 % probability

ellipse and thus considered similar to the reference condi-

tion; sites were assessed as potentially toxic (PT) when

placed within 95 and 80 % probability ellipses; and,

finally, those sites placed outside the 95 % probability

ellipse were assessed as toxic (T) and thus were interpreted

as different from the reference condition.

Linking multivariate biotic with abiotic matrices was

performed through BEST procedure and the correlation

between the two matrices was evaluated through Spear-

man’s rank correlation for 999 permutations and 10

restarts. The ‘‘best’’ match between a subset of selected

environmental variables and the biotic matrix was exam-

ined with RELATE test (PRIMER 6).

Table 2 Endpoint values from the 28-day sediment toxicity test with T. tubifex for the 25 study sites. Mean values ± SD of the end points for

each group of study sites is included

Site SUR TCC ECC TYG TGR (days-1) Toxicity classificationa

N1r 100 ± 0 38.0 ± 4.8 14.4 ± 4.3 141.0 ± 60.4 0.036 ± 0.003 Reference

N2r 95 ± 11.2 37.6 ± 3.6 17.8 ± 2.8 142.0 ± 47.6 0.035 ± 0.005 Reference

N3 90 ± 22.4 33.8 ± 6.3 19.6 ± 2.4 142.2 ± 47.6 0.016 ± 0.003 Non toxic

N4 100 ± 0 45.0 ± 1.6 16.4 ± 5.5 132.8 ± 75.2 0.050 ± 0.005 Non toxic

N5 100 ± 0 45.6 ± 2.7 21.6 ± 5.3 204.2 ± 47.8 0.040 ± 0.002 Potentially toxic

N6a 100 ± 0 38.4 ± 1.9 13.6 ± 3.4 129.2 ± 33.9 0.016 ± 0.005 Non toxic

N6b 85 ± 22.4 35.0 ± 9.7 18.0 ± 7.5 163.0 ± 67.7 0.029 ± 0.006 Non toxic

N7 100 ± 0 38.0 ± 3.6 18.8 ± 2.2 106.8 ± 17.8 0.015 ± 0.003 Non toxic

N8 95 ± 0 41.2 ± 1.9 20.6 ± 3.8 188.2 ± 38.5 0.040 ± 0.003 Non toxic

N9 0 0 0 0 ND Toxic

N10 0 2.2 ± 1.1 0 0 ND Toxic

N11a 45 ± 11.2 17.8 ± 4.8 12.2 ± 5.2 92.2 ± 31.0 -0.011 ± 0.007 Toxic

N11b 0 4.4 ± 2.1 2.2 ± 1.6 0.2 ± 0.4 ND Toxic

N12 100 ± 0 35.8 ± 3.7 17.4 ± 4.0 162.6 ± 40.4 0.022 ± 0.007 Non toxic

N13 100 ± 0 37.8 ± 8.8 14.4 ± 4.3 112.8 ± 60.9 0.025 ± 0.004 Non toxic

N14 95 ± 11.2 36.4 ± 1.9 20.0 ± 1.6 161.2 ± 18.6 0.021 ± 0.006 Non toxic

N15a 20 ± 20.9 9.6 ± 2.3 1.8 ± 1.1 2.2 ± 2.9 -0.017 ± 0.006 Toxic

N15b 0 1.8 ± 1.3 1.0 ± 0.7 0.6 ± 0.5 ND Toxic

N16 80 ± 20.9 21.0 ± 3.5 13.2 ± 4.1 30.4 ± 16.1 -0.010 ± 0.004 Toxic

N17 100 ± 0 40.4 ± 1.9 17.2 ± 3.6 181.8 ± 44.4 0.041 ± 0.004 Non toxic

N18r 95 ± 11.2 25.8 ± 8.7 15.8 ± 5.6 142.6 ± 44.6 -0.005 ± 0.006 Reference

N19 95 ± 11.2 32.0 ± 2.3 2.8 ± 1.3 17.8 ± 9.0 0.002 ± 0.005 Potentially toxic

N20 95 ± 11.2 36.6 ± 5.9 19.2 ± 5.9 84.8 ± 42.2 0.011 ± 0.009 Non toxic

N21 90 ± 22.4 39.4 ± 4.4 1.0 ± 0.7 1.0 ± 1.4 0.029 ± 0.004 Potentially toxic

N22r 95 ± 11.2 40.6 ± 3.4 26.0 ± 3.4 292.6 ± 59.1 0.018 ± 0.009 Reference

Toxicity classification

Reference 96.3 ± 2.5 35.5 ± 6.6 18.5 ± 5.2 179.6 ± 75.4 0.021 ± 0.019

Non toxic 96.4 ± 5.0 38.0 ± 3.2 17.7 ± 2.2 142.3 ± 32.5 0.026 ± 0.013

Potentially toxic 95.0 ± 6.8 39.0 ± 6.8 8.5 ± 11.4 74.3 ± 112.8 0.024 ± 0.020

Toxic 20.7 ± 8.3 8.1 ± 8.3 4.3 ± 5.8 17.9 ± 34.6 -0.047 ± 0.042

For multivariate analyses, TGR values where 100 % mortality occurred were estimated by a logarithmic regression model between total cocoon

biomass and TGR data from bioassay control batches (R2 = 0.73, p \ 0.001, n = 40): N9 = -0.013 days-1, N10 = -0.038 days-1, N11b =

-0.056 days-1, N15b = -0.070 days-1

SUR survival %, ND not determined, TCC no. of total cocoons, ECC no. of empty cocoons, TYG no. of total young, TGR total growth rate

(days-1)
a Toxicity classification of test sediments using 80 and 95 % probability ellipses in a reference condition multivariate space (see text)
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Nonlinear dose–response regression models were

applied to toxicity and tissue residues, and median lethal

and effective residues (LRs and ERs [Meador et al. 2011] )

were estimated using R software and the extension package

drc (Ritz and Streibeig 2005). Model selection was per-

formed using custom made R script based on Akaike’s

information criterion, and model validation was based on

graphical assessment. Potential outliers in the regression

models were identified and excluded through the analysis

of standardized and Studentised residuals (Zuur et al.

2007). Goodness-of-fit was assessed by R2 and the Neill’s

lack-of-fit test for no-replicates included in the drc package

(Ritz and Streibeig 2005).

Results

Sediment Metal Concentration

Metals showed maximum concentration at sites N16

(5,320.9 lg As g-1, 186.9 lg Ni g-1, 265.6 lg Zn g-1),

N15 (312.5 lg Hg g-1, 44.9 lg Pb g-1), N8 (1.76 lg

Cd g-1), N3 (115.2 lg Cu g-1), and N7 (102.0 lg Cr g-1)

(Table 1). In the absence of sediment-quality guidelines

(SQGs) in Spain (den Besten et al. 2003), sediment metal

concentrations were evaluated using threshold effect con-

centration (TEC) and probable effect concentration (PEC)

values proposed by MacDonald et al. (2000) for North

American freshwater sediments. Sediment metal concen-

tration in the mine districts of Asturias showed moderate to

high levels. PEC value was exceeded in 28–48 % of study

sites for Ni, Hg, and As; TEC value was exceeded for Cd at

84 % of study sites followed by Cr (56 %), Cu (40 %), Ni

(36 %), and As (28 %) (Fig. 1). Pb and Zn never exceeded

PEC values and only at one or two sites, respectively, had

values higher than TEC. Interestingly, some reference sites

from the Nalón River basin (N2r, N18r, and N22r), as well

as other sites from tributaries not altered by mining works

(N7 and N12), showed As and/or Hg sediment concentra-

tions greater than TEC and, occasionally, even PEC values.

This fact shows that background geological levels in the

study area may naturally contribute to greater metal levels

in sediments.

Significant differences in As, Cu, Cr, Hg, and Ni sediment

concentration (Dunn’s test p \ 0.05) were obtained by

comparing site groups subject to different anthropogenic

Table 3 Tubifex tubifex metal tissue residues (mean ± SD) after 28-day exposure to Nalón River sediments

ID As Cd Cu Cr Hg Ni Pb Zn

N1r 0.25 ± 0.01 0.21 ± 0.06 0.27 ± 0.01 0.01 ± 0.001 0.86 ± 0.13 0.02 ± 0.03 3.76 ± 0.95 3.10 ± 0.38

N2r 0.30 ± 0.09 0.34 ± 0.14 0.17 ± 0.04 0.01 ± 0.003 1.58 ± 0.90 0.04 ± 0.01 5.04 ± 1.11 3.61 ± 0.23

N3 0.78 ± 0.11 0.56 ± 0.12 0.36 ± 0.07 0.002 ± 0.001 3.67 ± 0.64 0.01 ± 0.0004 5.13 ± 0.42 1.79 ± 0.33

N4 0.51 ± 0.04 0.47 ± 0.11 0.23 ± 0.03 0.01 ± 0.005 8.38 ± 1.37 0.03 ± 0.01 9.13 ± 1.37 2.70 ± 0.11

N5 0.40 ± 0.07 0.78 ± 0.15 0.34 ± 0.06 0.01 ± 0.005 6.12 ± 1.31 0.05 ± 0.05 7.77 ± 2.38 3.31 ± 0.37

N6a 0.36 ± 0.07 19.7 ± 5.02 3.75 ± 0.51 0.02 ± 0.003 4.04 ± 0.46 0.03 ± 0.03 9.36 ± 1.29 7.17 ± 0.40

N6b 0.54 ± 0.09 0.83 ± 0.20 0.40 ± 0.08 0.01 ± 0.004 5.82 ± 0.72 0.07 ± 0.04 10.35 ± 2.18 3.63 ± 0.16

N7 0.32 ± 0.05 25.5 ± 8.38 0.75 ± 0.19 0.01 ± 0.005 14.2 ± 2.28 0.10 ± 0.03 21.37 ± 5.66 4.66 ± 0.62

N8 0.24 ± 0.04 0.33 ± 0.10 0.53 ± 0.47 0.01 ± 0.005 5.22 ± 0.82 0.08 ± 0.04 18.12 ± 6.25 3.51 ± 0.47

N11a 28.9 31.2 1.08 0.28 104 0.08 46.4 38.2

N12 0.35 ± 0.03 1.70 ± 0.18 0.45 ± 0.19 0.004 ± 0.002 16.2 ± 6.81 0.12 ± 0.03 7.85 ± 3.38 4.22 ± 0.41

N13 0.44 ± 0.04 1.09 ± 0.51 0.21 ± 0.04 0.003 ± 0.002 16.2 ± 12.0 0.12 ± 0.02 5.94 ± 1.93 3.87 ± 0.17

N14 0.93 ± 0.16 0.73 ± 0.56 0.26 ± 0.09 0.01 ± 0.002 3.71 ± 1.28 0.07 ± 0.03 4.88 ± 3.24 5.15 ± 0.71

N15a 23.1 10.6 0.42 0.03 102 0.03 33.8 15.5

N16 8.24 ± 1.05 0.95 ± 0.23 0.23 ± 0.06 0.02 ± 0.01 2.93 ± 1.69 0.09 ± 0.07 3.57 ± 2.91 7.39 ± 0.69

N17 0.31 ± 0.05 0.11 ± 0.08 0.04 ± 0.01 0.01 ± 0.001 0.30 ± 0.12 0.03 ± 0.01 3.69 ± 1.80 4.02 ± 0.43

N18r 0.40 ± 0.11 36.1 ± 8.47 1.20 ± 0.28 0.09 ± 0.04 17.0 ± 1.98 0.09 ± 0.05 33.6 ± 33.6 23.3 ± 2.45

N19 0.26 ± 0.02 17.6 ± 4.52 0.88 ± 0.13 0.04 ± 0.03 89.6 ± 24.5 0.06 ± 0.02 \DL 8.58 ± 1.35

N20 0.22 ± 0.02 6.31 ± 3.29 0.88 ± 0.07 0.04 ± 0.05 63.5 ± 11.5 0.04 ± 0.01 \DL 8.32 ± 0.50

N21 0.15 ± 0.01 4.46 ± 4.79 0.19 ± 0.08 0.01 ± 0.01 1.82 ± 0.61 0.02 ± 0.01 3.05 ± 0.87 6.42 ± 0.29

N22r 0.51 ± 0.11 32.6 ± 16.7 1.37 ± 0.30 0.17 ± 0.11 16.2 ± 2.06 0.26 ± 0.13 26.9 ± 4.77 21.4 ± 2.29

Minimum 0.15 0.11 0.04 0.002 0.30 0.01 3.05 1.79

Maximum 28.9 36.1 3.75 0.28 104 0.26 46.43 38.2

Data are reported in lmol g-1 dw tissue for As, Cu, Cr, Ni, and Zn and in nmol g-1 dw tissue for Cd, Hg, and Pb

DL detection limit
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pressure types (Fig. 2). As, Cr, Hg, and Ni concentration

measured in Hg mines were significantly greater than those

in other pressure types; Cu concentration in Cu mines was

also significantly greater than in undetermined pressure sites.

In contrast, no differences were detected for Cd, Pb, and Zn

sediment concentration regarding pressure types (Dunn’s

test p [ 0.05).

Sediment characteristics [As, Cd, Cu, Cr, Hg, Ni, Pb, Zn,

TOC, and silt–clay (SC) fraction] were analyzed through

multivariate analysis, and confirmed that site clustering

(Euclidean distance) due to metal sediment concentration was

at least in part related to mining activity (ANOSIM Global

R = 0.411, p = 0.001). ANOSIM analysis indicated that

reference sites were significantly different from Cu mines

(R = 0.433, p = 0.043) and Hg mines (R = 0.548,

p = 0.001) and that undetermined pressure sites showed sig-

nificant differences with Hg mines (R = 0.700, p = 0.001).

No differences were found between other pressure groups.

PCA analysis was run with As, Cu, Cr, Hg, Ni, Zn, TOC

%, and SC fraction. PCA after varimax rotation defined

two first PCs with eigenvalues [1 (Kaiser criterion) that

explained the 80.5 % of the accumulated variance

(PC1 = 51.0 % and PC2 = 29.5 %). PC1 was strongly

correlated with Cu, Cr, Ni, and Zn concentrations and SC

fraction (loadings[0.80), and PC2 was strongly correlated

with As and Hg (loadings [0.80) (Table 6 in Appendix).

Thus, PC1 defined a gradient from unpolluted reference

sites toward polluted mining sites, and PC2 readily dis-

tinguished Hg mining sites, with greater As and Hg metal

concentration, from other sites (Fig. 5 in Appendix).

Toxicity Assessment

Results from chronic bioassays are listed in Table 2. Site

toxicity classification using probability ellipses in the nMDS

multivariate space of the reference sites database (n = 58)

resulted in 11 sites classified as NT (including Cu mine sites),

three sites as PT (N5, N19, and N21), and seven sites as T

(N9, N10, N11a, N11b, N15a, N15b, and N16). All T sites

were located at Hg mine districts with high levels of As, Hg,

and Cd in sediments. Grouping of study sites in the Nalón

River basin based on toxicity classification produced, as

expected, a high global R value of 0.843 (p = 0.001).

However, site grouping based on general anthropogenic

pressures did not explain the observed toxicity (ANOSIM

Global R = 0.037, p = 0.272) suggesting that toxicity

responses were not always attributable to pressures related to

mining activities. nMDS analysis based on toxicity data

(Fig. 2) showed accurately the dissimilarities between study

sites (stress = 0.02) with T sites (all from Hg mines) placed

opposite to reference sites. Reference and NT sites showed

high values in all bioassay endpoints, whereas T sites showed

marked decreases in all studied endpoints (Table 2). Sig-

nificant differences in sediment toxicity was found between

T sites from Hg mining areas and reference sites (ANOSIM

R = 0.775, p = 0.003), between T and NT sites (R = 0.923,

p = 0.001), as well as between PT and NT sites (R = 0.847,

p = 0.003) and PT and T sites (R = 0.659, p = 0.008).

Results in the Nalón River basin also indicated nonsignifi-

cant differences between reference and NT sites (R = 0.175,

p = 0.173) or PT sites (R = 0.278, p = 0.143).

At sites N19 and N21, both assessed as PT, impairment in

both ECC and TYG was observed (Table 2), which may be an

indication of embryogenesis alterations and/or young mortal-

ity after hatching. However, it is noteworthy that the classifi-

cation of site N5 (from Cu Mines district) as PT is due to high

reproduction values (Table 2), i.e., much greater than those

found in most reference sites in our databaseof Northern Spain.

Metal Tissue Residues

The highest Cu (3.75 lmol g-1 dw) tissue residues in

bioassay worms were measured at a Cu mining site (N6a),

whereas the highest As (28.92 lmol g-1 dw), Cr

(0.28 lmol g-1 dw), Hg (104.29 nmol g-1 dw), Pb

(46.43 nmol g-1 dw), and Zn (38.21 lmol g-1 dw) tissue

residues were measured at an Hg mining site (N11a)

(Table 3). Interestingly, two reference sites showed the

highest Cd and Ni tissue residues (36.15 nmol Cd g-1 dw

at site N18r and 0.26 lmol Ni g-1 dw at site N22r), and

none of the reference sites in the Nalón River basin

exhibited the lowest metal tissue residues.

Comparison of T. tubifex metal tissue residues between T,

PT, NT, and reference sites showed significant differences

only for As when comparing PT with T sites (Dunn’s test

p \ 0.05). Multivariate analysis of metal bioaccumulation

data showed low differences between those four toxicity

groups (ANOSIM Global R = 0.335 p = 0.011). Significant

differences were only found between NT and T sites

(R = 0.662, p = 0.011), whereas differences between refer-

ence and T sites were not significant (R = 0.148, p = 0.257)

probably due to relatively high metal tissue residues found at

two reference sites [N18r and N22r (see Table 3)].

Spearman correlation values showed that As and Hg in

sediment were moderately correlated [q = 0.57–0.73

(absolute values)] with nMDS site ordination based on

b Fig. 3 LR and ER values estimated from the best-fitted models, on a

tissue-residue basis, after 28-day chronic bioassays for As, Zn, Pb,

and Hg (lmol g-1 dw). Dashed line represents LR50 or ER50, and

dotted line represents LR20 or ER20. For model descriptions:

LL.2 = two-parameter log-logistic models; W1.3, W1.4 = Weibull

type 1 model with three and four parameters; W2.3 = Weibull type 2

model with three parameters [dcr package (Ritz and Streibeig 2005)].

Goodness-of-fit was assessed by R2 and Neill’s lack-of-fit test for no

replicates (p value) included in the drc package (Ritz and Streibeig

2005). Outliers are represented by a grey square
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toxicity (TOX-SED) and tissue residues (TR-SED) (Table 7

in Appendix). Correlations between metal tissue residues

and nMDS site ordination based on toxicity (TOX-TR)

showed moderate values for As, Hg, Pb, and Zn

[q = 0.58–0.74 (absolute values)]. Metals identified by this

approach (As, Hg, Pb, and Zn) were tested using RELATE

procedure resulting in significant pairwise correlations of

metal sediment concentration, chronic toxicity, and tissue

residue resemblance matrices (p = 0.001) (Table 7 in

Appendix). Toxicity data matrix was best explained by As

and Hg sediment concentration (BEST q = 0.614), whereas

the subset of As, Pb, and Zn tissue residues accounted for

toxicity (BEST q = 0.739). Tissue residues data matrix was

best explained by As, Cu, Hg, and Zn sediment metal con-

centrations (BEST q = 0.588).

Toxicity end points values and As, Hg, Pb, and Zn tissue

residues were fitted against several nonlinear dose–response

regression models and LR50/20 or ER50/20 estimated for each

combination of metal residue and toxicity endpoint (Fig. 3).

LR20 and LR50 were estimated from a log-logistic model and

were 3.41 and 15.90 lmol g-1 dw for As and 14.79 and

42.10 lmol g-1 dw for Zn. Reproduction ER20 and ER50

values were estimated from Weibull models of TCC for As

2.48 and 10.79 lmol g-1 dw, Zn 9.56 and 32.31 lmol g-1

dw, and Pb 0.031 and 0.032 lmol g-1 dw, respectively, as

well as TYG for Hg 0.034 and 0.067 lmol g-1 dw. Other

metal tissue residue versus toxicity endpoint relationships

were not significantly fitted by either model.

Discussion

Forty years after mining activities have ceased, sediment

metal concentrations of the Nalón River basin remain high

to very high in the Cu and Hg mining districts, respec-

tively. These results are in agreement with those of several

studies on soil and surface water contamination reported by

Loredo et al. (2003, 2006, 2010). But it is noteworthy that

we usually found lower metal levels in the river sediments

than those measured several years ago in the same areas

(N9, N10, N11, N13, and N16), with the exception of N16,

where As was approximately 250 times greater than values

reported by Loredo et al. (2005). Studies performed in Hg

and Cu mine districts in Asturias suggest that variations in

sediment metal concentrations may be severely influenced

by climate of the region, e.g., precipitation as a key factor

for As leaching (Loredo et al. 2007, 2010).

The EQS directive (EC 2008) was an important

improvement of long-term water-quality monitoring at the

European level, pointing toward the use of sediments and

biota as matrices for assessment of priority substances under

the WFD (EC 2000), with emphasis on Cd and Hg. Some

European countries have developed independent SQGs such

as in Flemish basins (De Cooman et al. 1999) or in the

Netherlands (Crommentuijn et al. 1997), but the absence of

SQGs in Spain limits the development of a sound ERA and

water-quality protection plans. Unfortunately, the only

mandatory requirement by the European directives (EC

2000, 2008) for sediment and biota quality is that contami-

nation levels should not increase. This is clearly insufficient

for the objective of attaining good ecological status in rivers

subject to historical high contamination.

Maximum As, Cu, Hg, and Zn tissue residues in our

laboratory study were greater than those previously

reported for sediment-dwelling annelids in the field

(Table 4), although most field data have not been obtained

from mining sites. When comparing laboratory tissue res-

idues with values from field-collected aquatic annelids in

the literature (Table 4), As and Hg bioaccumulated at T

sites showed greater values, whereas Cd had always lower

values. For essential metals, such as Cu and Ni, mean

concentrations were relatively constant in the present

study, independent of sediment toxicity classification, and

were within the range of concentrations reported in the

literature. In the case of Zn, mean concentration was not

only greater at T sites but also greater than most values

reported for field aquatic annelids. Cr showed less variation

from field to laboratory studies, and in all cases Cr tissue

residues in aquatic annelids were \1 lmol g-1 dw.

Adverse effects of As on some aquatic organisms are

expected to occur at tissue concentrations between 0.17 and

0.67 lmol g-1 dw (Eisler 2000). Threshold values based on

field ecological effects were greater: For instance, Rainbow

et al. (2012) reported 1.13 lmol As g-1 dw in Hydropsyche

siltalai related to mayfly population impairment, a value close

to the ER20 for T. tubifex reproduction (2.48 lmol g-1 dw) in

the present study. For Hg, the proposed criteria for the protec-

tion of freshwater species is approximately 0.150 lmol g-1dw

(Eisler 2000). However, tissue residues as low as

0.067 lmol Hg g-1 dw were related to 50 % reduction in total

young production (TYG) in the present study. Nevertheless, at

T sites from Hg mines, high As and Hg tissue residues were

measured suggesting that the combination of both As and Hg, as

well as that of other metals, are likely responsible for the

observed toxicity impairments.

Pb is a known accumulative metabolic poison, and

existing data suggest that it may have adverse effects on

organisms (Eisler 2000). However, no protection criteria

based on tissue residues for freshwater invertebrates are

known by the authors. Rainbow et al. (2012) reported

benthic community alterations in metal-rich streams when

the Pb tissue concentration in H. siltalai exceeded

1.45 lmol g-1 dw, but laboratory effective tissue residues

(ER20/50) in the present study were lower than that value

(0.03 lmol g-1 Pb dw). Regarding Zn, ER50 for repro-

duction (TCC) and LR50 in the present study were 33.31
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and 42.10 lmol Zn g-1 dw, respectively. Similar threshold

values were reported for Zn tissue concentration in Si-

mulidae (14.8–30.3 lmol g-1 dw) and Leuctra sp

(27.5–58.6 lmol g-1 dw) (De Jonge et al. 2013) or Hy-

dropsyche spp. (18.6–49.1 lmol g-1 dw) (Solá et al. 2004)

related to field ecological effects on macroinvertebrate

fauna. In the present study, laboratory Pb and Zn tissue

residues appear to be related to sediment toxicity. How-

ever, Zn is an essential metal for all living organisms,

which complicates the toxicity assessment of this element

with respect to bioaccumulation (Eisler 2000), and esti-

mated Zn-ER values should be taken with caution.

Data reported in the literature suggest that Cr, Cd, Ni, and Cu

tissue residues in the present study are not likely responsible of

causing the observed toxicity effects. Méndez-Fernández et al.

(2013) calculated a Cr-CBR50 for reproduction in T. tubifex of

0.65 lmol Cr g-1 dw, a value 2.3 times greater than the max-

imum tissue residues measured in the present study. Regarding

Cd, metal tissue residues in T. tubifex exposed to Nalón River

sediments were 3–4 orders of magnitude lower than the repro-

duction CBR50 values reported for the same species in Cd-

spiked sediment bioassays (13.5–29.54 lmol Cd g-1 dw

[Méndez-Fernández et al. 2013] and 30.38–32.18 lmol

Cd g-1 dw [Gillis et al. 2002] ). With respect to Ni, Borgmann

et al. (2001) found that Ni-ERs for growth and survival in Hy-

alella azteca varied between 0.12 and 0.19 lmol Ni g-1 dw (4-

to 10-week sediment exposure), whereas worms exposed to

Nalón River T sites showed a lower tissue concentration

(0.07 ± 0.03 lmol Ni g-1 dw). Cu critical tissue concentra-

tions reported from other studies were usually greater than

maximum tissue residues measured in present study: For

instance, reproduction CBR50 values ranged from 3.88 to

4.47 lmol g-1 dw for T. tubifex in laboratory Cu-spiked sedi-

ment bioassays (Méndez-Fernández et al. 2013), and CBR50

values estimated in relation to field benthic community altera-

tions were 5.5 lmol Cu g-1 dw in Rhithrogena sp. (De Jonge

et al. 2013) and 2.68 lmol Cu g-1 dw in H siltalai (Rainbow

et al. 2012). These data can explain in part the classification of

sites affected by Cu mining works (N3–N7) as NT and may

support the statement that historical Cu mining activity in

Asturias represents a moderate and local environmental prob-

lem (\1 km from mine facilities [Loredo et al. 2007] ).

Some differences between field and laboratory data can

possibly be discussed in terms of metal bioavailability that may

change through the processing of sediment samples (i.e.,

sieving). Nevertheless, unsieved sediment has been showed to

cause ‘‘false positives’’ in sediment bioassays (Reynoldson

et al. 1994), and sediment sieving was preferred over heating,

freezing, or drying to remove competing or predating resident

invertebrates (Day et al. 1995). One of the most important

factors controlling metal availability in anoxic sediments has

been the amount of acid-volatile sulfides (AVS). However, in

the studied area AVS probably were not of concern because the

water column was well mixed and oxygenated. Moreover, De

Jonge et al. (2009, 2010, 2011) found that an excess of AVS

was not an important factor in determining metal bioaccu-

mulation in field-collected benthic invertebrates (Chironomus

gr. thummi and Tubifex sp.). However, De Jonge et al. (2012)

showed that increased oxygen concentrations in overlaying

surface can directly enhance metal accumulation and toxicity

in some invertebrates (namely, Asellus aquaticus and Daphnia

magna), which could also explain some differences between

laboratory and field data. Variability may also be expected

from different populations or genetic strains of the same spe-

cies (Reynoldson et al. 1996; Sturmbauer et al. 1999).

Finally, although toxicity and bioaccumulation in the

field cannot be readily implied from laboratory studies,

results from the present study show that polluted sediments

in Hg mining areas entail a high risk that programs that

ignore sediment ecotoxicity and bioaccumulation, such as

the European Water Framework Directive, fail to meet

their own objectives of attaining Good ecological status

(Byrne et al. 2012) due to sediment pollution.

Conclusions

Sediments downstream of Hg mines showed impairment of

survival and reproduction in T. tubifex bioassays related to

sediment metal pollution and As and Hg bioaccumulation.

This fact provides information on metal bioavailability and

evidence of metal transfer from the sediment to the food

web. Results suggest the existence of an important envi-

ronmental problem in the study area, where there is a long

history of mining activities, and demand effective reme-

diation plans to decrease runoff and other sources of metal

pollution that contaminate the river sediments below

abandoned Hg mine facilities. Comprehensive and long-

term studies on sediment toxicity, bioaccumulation, and

field community alterations are necessary for a sound

environmental risk assessment of water courses in the

mining districts of Asturias.
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Appendix

See Figs. 4, 5 and Tables 5, 6, and 7 in Appendix.

Fig. 4 Map of study area in Nalón River basin (a) with detailed map of mining areas in Riosa and Pola de Lena (b) and Mieres (c). N1r, N2r,

N18r and N22r are reference sites from Water Authorities surveillance nets
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Fig. 5 PCA ordination after

Varimax rotation of 25 sites in

the Nalon River basin. Each site

is marked by a symbol

corresponding to four different

anthropogenic pressure types

Table 5 River water and

sediment physical–chemical

characteristics

ID site identification code,

O2 % oxygen saturation

percentage, [O2] oxygen

concentration (mg l-1),

T temperature (�C), EC

electrical conductivity (lS

cm-1), Sal salinity (ppt),

TOC % total organic content

percentage, G % gravel

percentage, S % sand

percentage, SC % silt and clay

percentage, n.m not measured

Water Sediment

ID O2 % [O2] T pH EC Sal. TOC % G % S % SC %

N1r 83.4 8.3 15 7.7 144 0.1 1.6 ± 0.1 8.1 88.0 3.9

N2r 101.1 10.71 10.6 8.1 330 0.2 1.8 ± 0.0 8.8 88.6 2.6

N3 94.3 9.7 11.4 8.2 288.6 0.1 2.4 ± 0.1 3.9 83.4 12.7

N4 93.3 9.3 12.9 8.2 342 0.2 9.7 ± 0.1 0.3 83.7 16.0

N5 89.0 8.6 14.1 8.3 331 0.2 4.1 ± 0.1 13.8 69.1 17.1

N6a 98.0 9.4 15.6 8.5 312 0.1 0.9 ± 0.1 3.7 92.4 3.9

N6b 84.7 8.4 14.7 8.3 310 0.1 2.6 ± 0.2 0.6 83.1 16.3

N7 93.3 10.1 9.5 8.3 302 0.1 0.7 ± 0.7 2.4 82.5 15.1

N8 88.7 8.8 15.1 8.2 437 0.2 1.5 ± 0.0 7.2 88.2 4.6

N9 93.8 8.5 15.5 8.1 2,030 1.0 6.8 ± 0.4 6.9 85.9 7.2

N10 92.6 9.4 13.8 8.2 432 0.2 2.7 ± 0.0 1.8 77.1 21.1

N11a 94.0 9.4 14.1 8.5 383 0.2 1.4 ± 0.0 4.3 93.4 2.3

N11b 94.1 9.3 14.4 8.3 403 0.2 2.1 ± 0.1 10.2 80.3 9.5

N12 93.8 9.09 14.8 8.2 406 0.2 1.3 ± 0.1 0.9 87.0 12.1

N13 94.0 9.4 14 8.2 327 0.2 2.9 ± 0.1 5.5 87.9 6.6

N14 97.7 10.13 13.7 8.2 1,259 0.6 3.9 ± 0.1 2.3 80.7 17.0

N15a 117.0 11.2 17.3 8.4 1,201 0.6 3.2 ± 0.1 12.3 84.2 3.5

N15b 101.5 10.3 14.1 8.4 1,143 0.6 4.3 ± 0.3 5.6 84.9 9.5

N16 93.6 9.6 14.3 8.3 1,373 0.7 6.3 ± 0.4 24.5 69.3 6.2

N17 95.0 9.7 13.5 8.6 1,144 0.6 3.0 ± 0.2 40.6 55.5 3.9

N18r 98.0 9.4 15.1 8.6 485 0.2 1.7 ± 0.0 0.6 97.6 1.8

N19 95.0 8.8 18.5 8.5 216 0.1 1.0 ± 0.0 4.6 94.5 0.9

N20 80.0 7.8 16.8 8.0 373 0.2 1.6 ± 0.1 2.5 96.5 1.0

N21 100.0 9.5 16.2 8.3 353 0.2 0.8 ± 0.1 10.7 88.0 1.3

N22r 118.0 11.3 17.5 8.4 205 0.1 0.8 ± 0.1 4.2 94.4 1.4
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(2002) Application of a sediment quality triad and different

statistical approaches (Hasse diagrams and fuzzy logic) for the

comparative evaluation of small streams. Ecotoxicology

11:311–321

Kaiser M, Irmer U, Weiler K (1989) Monitoring water quality:

seasonal variation of heavy metals in sediments, suspended

particulate water and tubificids of the Elba River. Environ

Technol Lett 10:845–855

Klerks PL, Bartholomew PR (1991) Cadmium accumulation and

detoxification in a Cd-resistant population of the oligochaete

Limnodrilus hoffmeistieri. Aquat Toxicol 19:97–112

Krantzberg G, Reynoldson T, Jaagumagi R, Painter S, Boyd D,

Bedard D et al (2000) SEDS: setting environmental decisions for

sediment management. Aquat Ecosyst Health 3:387–396
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