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Abandoned mines generate effluents rich in heavy metals, and these contaminants are released uncontrolled into
the nearby aquatic ecosystems, causing severe pollution. However, no real solution exists, leaving a legacy of
global pollution. In this study, the efficiency of the treatment technologies in reducing the ecological impacts of
mining effluents to freshwater ecosystems with different dilution capacities was tested using biofilm commu-
nities as biological indicators. The functional and structural recovery capacity of biofilm communities after 21
days of exposure was assessed. With this aim, we sampled aquatic biofilms from a pristine stream and exposed
them to treated (T) and untreated (U) metal mining effluent from Frongoch abandoned mine (Mid Wales, UK).
Additionally, we simulated two different flow conditions for the receiving stream: high dilution (HD) and low
dilution (LD). After exposure, the artificial streams were filled with artificial water for 14 days to assess the
biofilm recovery. Unexposed biofilm served as control for biofilm responses (functional and structural) measured
throughout time. During the exposure, short term effects on biofilm functioning (photosynthetic efficiency,
nutrient uptake) were observed in T-LD, U-HD, and U-LD, whereas long term effects (community composition,
chl-a, and diatom metrics) were observed on the structure of all biofilms exposed to the treated and untreated
mining effluent. On the other hand, metal accumulation occurred in biofilms exposed to the mining effluents.
However, a functional recovery was observed for all treatments, except in the U-LD in which biofilm structure did
not present a significant recovery after the exposure period. The results presented here highlight the need to
consider the dilution capacity of the receiving stream to assess the real efficiency of treatment technologies
applied to mining effluents to mitigate the ecological impact on freshwater ecosystems.

1. Introduction the trophic network (Younger et al., 2003; Hader et al., 2020; Chand and

Vanavana, 2022). Aquatic biofilms, as primary producers, are at the

Metal effluents generated during mining activities are sources of
water pollution that can arise while the mine is active but, without
remedial action, this pollution source can persist long after the mining
operation ceases (Younger et al., 2004; Byrne et al., 2012; Kossoff et al.,
2014). When mines are abandoned, mining effluents are discharged
uncontrollably into the surrounding aquatic ecosystems. These unsu-
pervised discharges from abandoned mines are an important source of
pollution in several river catchments around Europe (Younger et al.,
2004; Skousen et al., 2019).

In mining effluents, heavy metals are often dissolved in the water and
can be easily absorbed or uptaken by aquatic organisms. This can lead to
a bioaccumulative fate and biomagnification of the metal throughout
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bottom of the trophic food chain in freshwater ecosystems, being the
starting point for bioaccumulation and transfer of heavy metals to
higher trophic levels (Bere et al., 2012; Leguay et al., 2016; Hong et al.,
2020). In addition, metal pollution could lead to metabolic, functional,
and structural alterations in aquatic biofilms (Corcoll et al., 2011;
Vendrell-Puigmitja et al., 2020), with different ecological implications
at ecosystem level (Morin and Coste, 2006; Wu, 2016). Biofilms
contribute to the overall river ecosystem functioning through key
ecosystem functions such as nutrient cycling, or primary production
(Allan and Castillo, 2007; Battin et al., 2016; Kaplan et al., 1987) and
they can rapidly integrate the environmental changes, making them
valuable ecological indicators (Romani et al., 2013).
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To reduce the impact of mining effluents on freshwater ecosystems,
different treatment processes such as chemical precipitation, chemical
oxidation, ion exchange, nanofiltration, reverse osmosis, electro-
coagulation and electrodialysis are used nowadays to treat metal mining
effluents before discharging them into the receiving stream (Tripathi
and Ranjan, 2015). In this context, the LIFE DEMINE project (LIFE16
ENV/ES/000,218) developed an innovative treatment process that
combines electrocoagulation and nanofiltration processes. Nano-
filtration combines small pore size (nanometre range, MWCO < 2000
Da) and charge to selectively remove divalent cations from solution
while allowing monovalent ions to permeate (Mohammad et al., 2015).
Electrocoagulation applies an electric current to destabilize and coagu-
late suspended particles, including heavy metals, facilitating their
removal from the water (Moussa et al., 2017). This technology was
tested in Frongoch abandoned metal mine (Gwynedd, Wales -
52°21'02.8'N 3°52'31.5"W) that exploited lead (Pb) and zinc (Zn) for
nearly 200 years, discharging mining effluents uncontrollably to the
Afon Ysywyth catchment ever since (Mullinger 2004; Edwards et al.,
2016).

In a stream affected by a mining effluent, aside from the mining
effluent load and heavy metals bioavailability (Park et al., 2011), the
polluting effect can be modulated also by the stream flow and its dilution
capacity (Tchounwou et al., 2012). Therefore, when a mining effluent is
treated, the overall reduction in the ecological impact caused by the
mining effluent will be determined not only by the efficiency of the
selected treatment technology, but also by the dilution capacity of the
receiving stream (Tchounwou et al., 2012).

Although the toxic effects of heavy metals in freshwater commu-
nities, including biofilms, have been widely described (Guasch et al.,
2002; A. Serra, 2009; Corcoll et al., 2011; Wu, 2016; Vendrell-Puigmitja
et al., 2020), very few studies have addressed the effects of a real and
complex metal mining effluent on them, especially considering different
dilution capacities of the receiving stream. Additionally, the recovery
capacity of aquatic biofilm communities after the exposure to a pollution
source such as mining effluents has been poorly studied (Bonnineau
et al., 2011; Lambert et al., 2012; Arini et al., 2012b; Bonet et al., 2013
and 2014; Pandey and Bergey, 2018), although interest in recovery
behaviour and community resilience in aquatic systems has increased in
recent years (Bonnineau et al., 2021). This growing interest comes from
the increasing concern, especially through environmental policies such
as the European Water Framework Directive (2000/60/EC), about the
restoration of chemically contaminated aquatic ecosystems. In fact,
during periods of exposure to pollutants, the community composition of
aquatic organisms’ changes, and the loss of ecological resilience can
occur, with long-term implications for ecosystem recovery (Clements
et al., 2010).

This research assessed the efficiency of a treatment technology in
decreasing the ecological impact of mining effluents on freshwater
ecosystems considering different dilution capacities of the receiving
stream and using the aquatic biofilm as ecological indicator. The treated
effluent generated in Frongoch abandoned mine after the application of
a treatment technology developed in the framework of the LIFE DEMINE
project was used to perform the present study.

In the present document, we specifically focused on the following
questions: (i) What are the ecological effects caused by the treated and
untreated mining effluent on the aquatic biofilm structure and func-
tioning under different simulated stream dilution capacities? (ii) Are
these communities able to recover their previous functions and structure
when returning to pre-disturbance conditions? And iii) Do the treatment
technologies decrease the overall ecological impact caused by the min-
ing effluent?
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2. Materials and methods
2.1. Experiment design

The experiment was conducted under controlled conditions, using an
indoor artificial streams facility that consists of eighteen independent
recirculating Perspex channels (0.50 m long x 0.12 m wide). These
artificial channels were designed to maintain the water column at 0.02
m depth. Water input at the head of each channel unit was provided
from a 5 L carboy using a water pump (EDEN 105, Eden Water Paradise,
Italy) connected with silicone tubes. The system was supplied with
artificial water (prepared in the laboratory to simulate a pristine stream)
as described by Ylla et al. (2009) at 16 °C (Table 1). The water in the
carboys was renewed every two days to prevent nutrient depletion
during the whole experiment (Fig. 1). Light-emitting diodes (SMD 5730 -
72) were used to provide natural light at an intensity of 110 pmol
photons m~2 5™}, following a 12 h/12 h light and dark cycle. The bottom
of each channel was covered with 35 sandblasted tile glasses of different
sizes (1 x 1 cm, 3 x 3 cm, and 11 x 18 cm) as artificial substrate to
promote biofilm settlement. Benthic biofilm was achieved by intro-
ducing aliquots of a natural biofilm suspension obtained from a pristine
stream (Riera Major, Natural Park of Montseny, NE Spain) at each water
renewal (every two days) during the colonisation period that lasted 21
days (t21d).

The experiment included the three following temporal periods:
colonisation (21 days), exposure (21 days) and recovery (14 days), and
biofilm communities of each artificial stream were sampled at different
times during each period (see Fig. 1). After the colonisation period, the
exposure to the different treatments started. The experiment comprised
five treatments that represented a control treatment (maintained with
artificial water during all the experiment), the treated (T; 0.8 mg L7 of
Zn, and no detected Pb and Cd) and untreated (U; 95, 8.6, and 0.7 mg
L1 of Zn, Pb and Cd, respectively) metal mining effluent from Frongoch
mining effluent, under two different simulated flow conditions in the
receiving stream, obtaining a high dilution (HD) and low dilution (LD)
treatment conditions. The exposure was set to mimic the realistic con-
ditions where the treated and untreated mining effluent (with a flow of
0.001 m® s’l) discharges to the receiving stream when the lowest (0.005
m® s71) and average (0.055 m® s™1) flow historically registered occur.
The reference flow conditions were obtained from historical data
(2004-2019) from the Frongoch stream provided by Natural Resources
of Wales, the Welsh national natural environment agency. Each treat-
ment was performed in triplicates. The dilution factors applied in our
experiment to simulate HD and LD conditions mimicked the real dilution
occurring when the metal mining effluent from Frongoch abandoned
mine reached Frongoch stream under average or low flow conditions.
During the exposure and recovery periods, artificial water, and the
mining effluents (in the exposure period) were used to mimic the
different dilutions and was renewed at each channel every two days.

2.2. Water physico-chemical parameters

Water physico-chemical parameters of each artificial stream were
monitored at every water renewal during the whole experiment. Dis-
solved oxygen concentration (mg~L’1) and saturation (%), temperature
(°C), pH, and conductivity (S-m’l) were measured using a portable
sensor probe (YSI professional plus, YSI Incorporated, USA). Simulta-
neously, triplicate water samples of six different artificial streams at
each water renewal during the colonisation period, and for each artifi-
cial stream during the exposure and recovery periods, were collected
and filtered through a 0.22 pm pore glass microfiber filter (Prat Dumas
Filter Paper, Couze-St-Front, France) to analyse NO3 (APHA, 1992b),
NHZ (Reardon et al., 1966) Soluble Reactive Phosphorus (SRP; Murphy
and Riley, 1962) and metals. Metal concentrations in water (Zinc (Zn),
Lead (Pb) and Cadmium (Cd)) were analysed using flame atomic ab-
sorption spectroscopy (AAS, model AA240FS, Varian, USA). Water
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Table 1
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Physico-chemical water variables measured in the artificial channels during the colonisation (n = 12), exposure (n = 9), and recovery periods (n = 6; Mean + SD). bdl:
below detection limit. DO, dissolved oxygen; T, temperature; SRP, soluble reactive phosphorus; Zn, zinc; Pb, lead; Cd, cadmium. n.a: not available. T-HD: treated high
dilution, T-LD: treated low dilution, U-HD: untreated high dilution, U-LD: untreated low dilution. * rm-ANOVA; ** one-way ANOVA. The letters indicate significant
differences (p < 0.05) between treatments after one-way and rm - ANOVA and Tukey b test.

DO Conductivity T pH N-NO3 N—NHZ SRP Zn Pb cd
(mgL~"H  (Sem™) (°0) (mgL~ M (mgL~ M (mgL~")  (mgL~  (mgL ") (mgL ™"
1
)

Colonisation ~ 9.53 136 (+4.10) 15.8 7.06 (£0.01)  0.36 (£0.05)  0.39 (+0.04) 0.12 n.a n.a na
(+0.04) (£0.17) (40.00)

Exposure

Control 9.64 120°(+£6.32)  15.7 6.96 0.38° 0.302(+£0.02)  0.11 bdl bdl bdl
(+0.58) (40.40) (40.16) (40.05) (40.01)

T-HD 9.52 124°(+4.43) 15.8 6.96 % 0.39? 0.32 P 0.11 0.19? bdl bdl
(40.52) (40.35) (+0.16) (+£0.04) (+0.02) (40.01) (40.01)

U-HD 9.41 130 ¢ (+£3.64) 15.9 6.72° 0.39 2 0.35 P< 0.11 1.41° bdl bdl
(40.46) (40.38) (£0.24) (£0.04) (0.03) (40.02) (40.06)

T-LD 9.49 2259(+£12.0) 15.9 6.69 ° 0.56 ° 0.39 ¢ 0.12 487°¢ bdl bdl
(40.48) (40.39) (40.24) (40.06) 4(£0.02) (£0.02) (+0.25)

U-LD 9.47 2259(+£10.6) 15.7 6.29 0.60 0.439(+£0.03)  0.10 21.3 0.17 0.04
(40.40) (40.34) (0.37) (£0.07) (£0.01) 4 (40.48) (40.06) (40.01)
n.s* F =393 ns* F=17.6 F=102 F =206 ns * F=425 na na

p < 0.001 * p<0.001* p<0.001*  p<0.001l* p < 0.001 **

Recovery

Control 9.86 1337(£7.09) 15.4 7.00 (£0.30)  0.36 (£0.03)  0.302(+0.07)  0.11 bdl bdl bdl
(40.45) (40.54) (40.01)

T-HD 9.92 1347 (+£8.75)  16.3 7.15 (£0.51)  0.36 (£0.03)  0.36 *° 0.13 bdl bdl bdl
(40.23) (40.50) (+0.03) (40.01)

U-HD 9.95 1342 (+7.81) 163 7.11 (£0.11)  0.34 (+£0.01)  0.33 P 0.12 0.182 bdl bdl
(40.20) (40.49) (+0.06) (40.02) (40.02)

T-LD 9.80 1327(+1.85) 16.3 7.12(+£0.12)  0.37 (£0.07)  0.34 "¢ 0.13 0.29° bdl bdl
(+0.24) (40.55) (40.09) (40.01) (+0.04)

U-LD 9.78 143%(+£6.14)  16.2 7.04 (£0.09)  0.37 (£0.05)  0.38 ¢ (+0.05)  0.12 0.50 bdl bdl
(40.12) (40.29) (40.01) (40.04)
ns* F =502 ns* ns * ns* F=122 ns* F=133 n.a n.a

p=0.015 * p =0.001 * p < 0.001 **
o| 1 3 7 14 21| 22 25 28 351
COLONISATION EXPOSURE RECOVERY
21 days 21days 14 days =i
ARTIFICIAL WATER CONTROL ARTIFICIAL WATER

C

I\

Fig. 1. Experimental design and sampling times (yellow dots, in days) during the exposure (21 days) and recovery (14 days) periods. T-HD: Treated — High dilution,
T-LD: Treated — low dilution, U-HD: Untreated - high dilution, and U-LD: Untreated - low dilution.

samples were acidified with nitric acid (HNOs, ACS, ISO, Panreac) and
analysed using an air-acetylene flame and the corresponding hollow
cathode lamps. Commercially available AAS standard solutions (Trace-
CERT, Sigma-Aldrich) were used for the calibrations.

2.3. Biofilm sampling and chl-a

Benthic biofilm was sampled during the exposure (time 0, and after
1, 3, 7, 14 and 21 days) and the recovery period (after 1, 3, 7 and 14
days; Fig. 1). At each sampling day, 3 cm? colonized glass tiles were

randomly collected from each artificial channel. We measured the
photosynthetic efficiency (Yield) and photosynthetic community
composition of the biofilm (% relative abundance of each algal group)
directly with an amplitude modulated fluorometer (Mini-PAM fluo-
rometer, Walz, Effeltrich, Germany) and a BenthoTorch portable fluo-
rometer probe (bbe Moldaenke, Schwentinenta, DK), respectively. The
BenthoTorch spectrally excites algae pigments by three high-frequency-
colored LEDs. In response, the algae emit red fluorescent light, and the
intensity of this light is used for the calculation of the different types of
algae. Then, the biofilm was scraped and suspended in 15 mL of water
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from the corresponding stream. The suspension was distributed in ali-
quots to analyse chlorophyll-a (chl-a; Jeffrey and Humphrey, 1975) and
then stored at —20 °C for further analysis.

Additionally, at days 0, 7, 14, 21 of the exposure period and days 7
and 14 of the recovery period, we preserved 5 mL of the biofilm sus-
pension by using 5 mL Ethanol 70% to determine the diatom growth
rate. The samples were ultrasonicated, and 125 uL of each sample was
pipetted onto a Nageotte counting chamber to count the total number of
diatom cells following Morin et al. (2010). Data were recorded as cells
per sample substrate area (number of cells cm™2). Two distinct types of
counting were performed; empty cells considered as ‘dead’, and cells
occupied by chloroplasts considered as ‘alive’. According to Guillard
(1973), the diatom community growth rates were determined (in cell
divisions day ™) by using live diatom counts (expressed in cells mL™1).
At day 21 of the exposure and 14 of the recovery periods, we obtained an
additional subsample of this biofilm suspension for diatom taxa identi-
fication and metal accumulation in the biofilm.

For diatom taxa identification, hydrogen peroxide (30%) was used to
remove the organic material and calcium carbonates according to Leira
and Sabater (2005). Cleaned frustules were mounted on permanent glass
slides using Naphrax (Brunel Microscopes Ltd, UK; RI=1.74). Using
standard references and recent nomenclature updates listed in Coste
et al. (2009) and Prygiel and Coste (2000), about 400 random frustules
per slide were counted at 1,000x magnification, and diatom cells were
measured and identified to the lowest taxonomic level feasible.

In order to measure the total metal accumulation in the biofilm,
dried biofilm samples from one glass substratum were lyophilized and
weighed (g) to determine the dry weight (DW). Then, 200 mg of biofilm
DW were digested with 4 mL of concentrated HNO3 (ACS, ISO, Panreac)
and 1 mL of Hy05 (30% in water, for analysis, Panreac), brought to 100
mL with ultrapure water (Wasserlab) and stored at 4 °C, as described by
Meylan et al. (2003). Total dissolved metals of the digested samples
were analysed by flame atomic absorption spectroscopy (AAS, model
AA240FS, Varian, USA), using an air-acetylene flame and the corre-
sponding hollow cathode lamps. Commercially available AAS standard
solutions (TraceCERT, Sigma-Aldrich) were used for the calibrations.

2.4. Nutrient uptake capacity

The capacity of the biofilm to uptake phosphate and ammonium
from the water column during the exposure and recovery periods was
measured at each sampling day. Following the methodology described
in Vendrell-Puigmitja et al. (2022), we collected a 200 cm? glass sub-
strate from each artificial stream and placed it in a 6-L glass aquarium
filled with artificial water. The basal nutrient concentration was previ-
ously determined, and each aquarium was later spiked with the appro-
priate volume of NayPO4 (1.42 g L™ and NHi (1g L) stock solutions
to quadruple the background concentration of both nutrients in the
artificial water. Subsequently, we collected water samples (10 mL) from
each aquarium at 1, 5, 15, 30, 60, 90, 120, 180, and 240 min after the
nutrient addition, and we filtered them through a 0.22 pm glass mi-
crofiber filter (Prat Dumas Filter Paper, Couze-St-Front, France) to
determine SRP and NHJ concentrations over time and calculate nutrient
uptake rates. We calculated the coefficient of the nutrient uptake rate (k,
s~1) from the nutrient decay over time as it fitted a negative exponential
(or linear) model (Proia et al., 2017).

2.5. Data analysis

The effects of the treatment, dilution, and their interaction on the
biofilm response over time during the experiment were determined with
data normalised to control (to achieve a standardized data format) using
two-way repeated measures ANOVA (tw-rm-ANOVA). Differences
among treatments were performed using Tukey-b post hoc test. Differ-
ences in physico-chemical parameters between treatments during the
colonisation, exposure and recovery periods were evaluated at each
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water renewal day using one-way ANOVA, as well as metal accumula-
tion on biofilm and diatom metrics. Differences on physico-chemical
parameters and diatom metrics over time between treatments were
evaluated using one-way repeated measures ANOVA for the exposure
and recovery period separately (rm-ANOVA) and using Tukey-b post hoc
test. Normality was assessed with the Kolmogorov-Smirnov test and
homogeneity of variances with the Bartlett test. All tests were performed
using SPSS Statistics software (version 21). To determine differences
among treatments on the biofilm community composition (i.e., green
algae, cyanobacteria, and diatoms) and the specific diatom species on
the biofilm, a one-way ANOSIM was carried out with Bonferroni
correction using Past3 version 3.23 for the end of the exposure and the
recovery periods. A principal component analysis (PCA) using R Studio
software (version 3.6.0) packages FactoMineR (Le et al., 2008), fac-
toextra (Kassambara, 2016) and ggplot2 (Wickham, 2016) was con-
ducted to visualize the differences among treatments at the end of the
exposure (t21d) and recovery (t14d-R) periods, based on both biofilm
functional (photosynthetic efficiency and nutrient uptake) and struc-
tural (chl-a, Margalef Index, diatoms, cyanobacteria, green algae, and
Cd, Pb, Zn accumulation) variables. Pearson correlation analysis was
performed to explore the relationship between biofilm variables.

The Threshold Indicator Taxa Analysis (TITAN, R package TITANZ2)
was used to classify the response of diatom taxa to significant environ-
mental factors. TITAN is a combination of indicator species analysis and
change point analysis (Dufrene and Legendre, 1997). For each taxon,
TITAN seeks an optimum observed change point that maximizes the
indicator value (IndVal score) or its standardized IndVal score along a
specific environmental gradient. Depending on the relative abundance
and occurrence frequency of the taxon on either side of the change point,
it is assigned to a negative (vulnerable) or positive (tolerant) response
group. The significant environmental factors were selected when a
change point or threshold was detected, where there was a synchronous
change in the abundance of a number of taxa lying within a narrow
range of the predictor variable (Sultana et al., 2020).

3. Results

3.1. Effects of the treatment technology and mine effluent dilutions on
water physico-chemical parameters

During the colonisation period, non-significant differences were
found in physico-chemical conditions among channels (Table 1 and S2).
Water temperature and dissolved oxygen (DO) remained stable
throughout the exposure period without differences among treatments
(Table 1 and S2). By contrast, pH at T-LD, U-HD and U-LD was signi-
ficatively lower than in the control (C; Table 1, Tukey b p < 0.05). On the
other hand, the conductivity was significantly higher at T-LD and U-LD
compared to the C (Table 1 and S2, Tukey b p < 0.05). Regarding
nutrient concentrations in water during the exposure period, soluble
reactive phosphorus (SRP) did not differ among treatments (Table 1 and
S2) whereas higher ammonium and nitrate concentrations were found at
T-LD and U-LD and not in C (Table 1, Tukey b p < 0.05). During the
recovery period, only U-LD presented higher conductivity than the other
treatments, including the C (Table 1, Tukey b p < 0.05).

Regarding metal concentrations in water, Cd, Zn and Pb were not
detected at tO (before the beginning of the exposure). Similarly, during
the exposure period metals were not detected under C. At t21d, Zn
concentration differed among treatments, ranging between 0.19 + 0.01
in T-HD to 21.3 + 0.48 mg L~ 'in U-LD (Table 1 and S2). Pb and Cd were
detected only in U-LD (Table 1). Throughout the recovery period, sig-
nificant differences in Zn concentration were found between treatments
T-LD, U-HD, and U-LD compared to the C (87, 79 and 92% higher than C
respectively) and among them (Table 1 and S2).
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3.2. Effects of the treatment technology and mining effluent dilutions on
biofilm structure and function

3.2.1. Photosynthetic efficiency

The photosynthetic efficiency (Yef) of the biofilm significantly
decreased after 24 h of exposure in T-LD, U-HD, and U-LD (Fig. 2-a)
compared to the control (C). According to the Y results, only the high-
dilution scenario (T-HD) did not present significant differences
compared to the C. However, under the low dilution conditions (T-LD),
the Yegr significantly decreased compared to the C (Table S1). On the
contrary, in the untreated effluents (U-HD and U-LD) a significant
decrease on the Y were observed compared to the C, independently of
the dilution factor (Fig. 2-a, Table S1). During the recovery period, the
Yt increased over time, up until the end of the recovery period, without
significant differences in Y between treatments (Fig. 2-b).

3.2.2. Nutrients uptake

During the exposure period, the soluble reactive phosphorus uptake
rate coefficient (k SRP) in T-HD, T-LD and U-HD treatments significantly
decreased compared to the C and remained below it (Fig. 3-a, Tukey-b
test, p < 0.05). Contrarily, U-LD showed a significant increase in k
SRP compared to the C during all the exposure period (Fig. 3-a). On the
other hand, the NHj uptake rate coefficient (k NH4) decreased drasti-
cally in all treatments compared to the C (Fig. 3- ¢, Tukey-b test, p <
0.05), except for T-HD that remained above the other treatments (30%
higher on average; Tukey-b test p < 0.05), but still significantly below
the C (28% lower on average; Tukey-b test p < 0.05). The SRP and NH}
(Table S1) uptake results indicate a significant interaction between
treatment and dilution. Additionally, negative correlations were found
between Zn accumulation in biofilm and NHJ uptake rate during the
exposure period (Pearson’s correlation r = —0.535, p = 0.040).

During the recovery period, the nutrient uptake capacity of the
biofilm recovered in all treatments except for the U-LD compared to the
C (Fig. 3-b, d). In fact, U-LD nutrient uptake was 53% lower compared to
the C by the end of this period. At t14d-R, non-significant differences
were found in kSRP between the C and T-HD, and in kNHZ between the C
and T-LD and U-HD (Fig. 3-b, d), which evidenced a significant effect of
the dilution and the treatment in the recovery in the nutrient uptake
capacity of the biofilm (Table S1).
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3.2.3. Chlorophyll- a

The biofilm chlorophyll-a concentration (chl-a) decreased signifi-
cantly after 24 h of exposure in all treatments compared to the C (Fig. 4-
a). Even though chl-a from treated effluents (T) and U-HD recovered
over time during the exposure period, at the end of this period, all
treatments had chl-a levels below C. The dilution factor did not influ-
ence the chl-a concentration in the biofilm exposed to the treated ef-
fluents, and non-significant differences were observed between T-HD
and T-LD (Fig. 4-a). On the contrary, a significant relation between
treatment and dilution in the response of the biofilm exposed to the
untreated effluent was observed (U; Table S1), where biomass recovered
more under the HD scenario than in the LD scenario.

During the recovery period, the chl-a in all treatments did not
recover and remained below the C. Specifically, the U and the T-LD
treatments presented the lower chl-a levels highlighting the effect of the
dilution and treatment (Fig. 4-b, Table S1).

3.2.4. Biofilm community composition

Regarding the biofilm community composition (counted as units,
either single cells or colonies, as appropriate), diatoms dominated the
biofilm community just before the beginning of the exposure period,
with an average relative abundance of 48.9 + 3% in all channels (Fig. 5).
During the exposure period, the relative abundance of green algae
increased in all treatments, being significantly higher than the C in T-LD,
U-HD, and U-LD at t21d (one-way ANOSIM R = 0.186, p < 0.001). At the
end of the exposure period (t21d) there was found a significant negative
correlation between diatom abundance (based on the main photosyn-
thetic group densities) and Zn concentration (Pearson’s correlation r =
—0.695, p = 0.004) and a significant positive correlation between green
algae abundance and Zn concentration (Pearson’s correlation r = 0.791,
p < 0.001) in biofilm. During the recovery period, biofilm communities
were dominated by green algae in all treatments, in a higher proportion
than the C (one-way ANOSIM R = 0.365, p < 0.001)

3.2.5. Diatom metrics

After 21 days of exposure (t21d), a decrease in the diatom growth
rate (GR) was observed in biofilm communities exposed to all treatments
compared to the C (one-way ANOVA F = 6.86, p < 0.001; Fig. 6).
Eventually, diatom communities under all treatments presented a sig-
nificant decrease in diatom cells size compared to the C (Figure S1; one-
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way ANOVA, F = 10.6, p < 0.001), with U-LD significantly smaller than diatom GR (Pearson’s correlation r = —0.785, p < 0.001) and cell size
the rest of treatments at t21d (Tukey b test, p < 0.05). Furthermore, Zn (Pearson’s correlation r = —0.794, p < 0.001). In addition, a decrease on
accumulation in biofilm presented a negative correlation with the the diatom species richness after 3 days of exposure (t3d) was observed
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and maintained during all the exposure period in all treatments (one-
way ANOVA F = 1.72, p < 0.001) decreasing the number of identified
species from 34 in the C to 16 in the U-LD. From the different samples
collected, over 46 diatom taxa were identified at t21d, and significant
differences were observed among the exposed diatom communities and
the C (one-way ANOSIM, R = 1, p = 0.008, Fig. 7). In addition, Zn
accumulation in the biofilm presented a negative correlation with the
species richness of the diatom community (Pearson’s correlation r =
—0.651, p = 0.009).

Nevertheless, an increase in the diatom GR was observed in all
treatments during the recovery period (one-way ANOVA, Treatment, F
= 89.2, p < 0.05). The GR of those biofilms exposed to T-HD recovered,
presenting significant higher rates than the C while T-LD did not present
significant differences to the C. On the other hand, U-HD and U-LD
presented long term effects by not recovering their GR and remained
below the C (Fig. 6). However, diatom diversity did not recover under
any treatment during the recovery period, and at t14d-R the number of
identified species were 34 at C to 29, 21, 18 and 16 in biofilm exposed to
T-HD, T-LD, U-HD, and U-LD, respectively. Additionally, the diatom
species in exposed biofilms presented significantly smaller sizes than the
C at t21d, ranging from 127 um in the C to 32.3 um in the U-LD;
Figure S2). At the end of the recovery period, the diatom size did not
recover compared to the C and smaller forms were still observed in
exposed communities. However, at the end of the recovery period (t14d-
R), a significant change in the species dominance was observed in all
treatments with respect to the C. Specifically, an increase in Navicula
antonii (Lange-Bertalot), which was the most abundant specie among all
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Fig. 7. Relative abundance (mean value, n = 3) of the ten major diatom species (>3%) within diatom communities collected in the artificial streams at the end of the
exposure and recovery periods. Where Nitzschia intermedia (NINT), Achnantidium minutissimum (ADMI), Navicula antonii (NANT), Plathonidium lanceolatum Brébisson
ex Kiitzing (PTLA), Ulnaria biceps Kiitzing (UBIC), Rhoicosphenia abbreviata C.Agardh (RABB), Navicula dealpiniana Lange-Bertalot (NDEA), Cocconeis placentula
Ehrenberg (CPLA), Navicula capitoradiata H.Germain ex Gasse (NCPR), Navicula radiosa Kiitzing (NRAD), and Navicula gregaria Donkin (NGRE). 21d: 21 days after the
exposure, 14-R: 14 days after the recovery. R and p values of the one-way ANOSIM being R = 0.186, p < 0.001 at t21d, and R = 0.365, p < 0.001 at t 14d-R.

exposed biofilms were observed, while Nitzschia intermedia (Hantzsch)
almost disappeared (Fig. 7).

3.2.6. Metal accumulation in biofilm

Metal accumulation occurred in biofilm exposed to the mining ef-
fluents during the exposure period. Significant differences were
observed in the accumulation of Zn (one-way ANOVA, F = 93.2, p <
0.001), Pb (one-way ANOVA, F = 99.4, p < 0.001) and Cd (one-way
ANOVA, F = 350, p < 0.001) in the biofilm among treatments at the end
of this period (t21d). These differences were especially evident in the
biofilm exposed to U-LD, which presented 80, 40 and 2-fold more Zn, Pb
and Cd accumulation than C biofilm, respectively (Fig. 8). In contrast,
biofilm exposed to T-HD did not show significant differences in metal
accumulation with respect to the C for any of the metals measured
(Fig. 8). At t14d-R, still significant differences in the accumulation of Zn
(one-way ANOVA, F = 23.2, p < 0.001), Pb (one-way ANOVA, F = 4.97,
p = 0.018) and Cd (one-way ANOVA, F = 30.2, p < 0.001) among
treatments and the C were observed, being especially evident in U-LD
biofilms that accumulated 23, 37 and 1.3-fold more Zn, Pb and Cd,
respectively, than the C (Fig. 8).

3.2.7. Threshold indicator taxa analysis (TITAN analysis)

TITAN analysis was applied to identify diatom indicator taxa and
diatom community sensitivity thresholds to the pollution among the
most abundant diatom taxa. The analysis was applied to the Zn and pH
gradient since they showed the most significant response to the different
exposures. Our results demonstrated that at t21d, the community-level
change point where non-tolerant species decreased was at Zn concen-
tration of 0.79 mg Zn L' and pH 6.72. Nevertheless, at the end of the
recovery period (t14d-R), the decrease in this non-tolerant species was
found at 0.01 mg Zn L' and pH 7.06 (Fig. 9). By contrast, the
community-level change points for the tolerant community at t21d were
calculated at 1.39 mg Zn L™! and pH of 6.88, while at t14d-R the change
points were found at 0.01 mg Zn L1 and pH 7.09 (Fig. 9). Most of the
positive responder taxa were associated with higher pH, and negative
responder taxa were related to high Zn concentrations. Using TITAN, we
found that only a subset of the diatom taxa (range: 2%-20% of the 46
taxa depending on the environmental variable considered) responded
reliably to the two environmental variables.

3.3. Overadll biofilm responses

The first axis of the PCA at t21d explains the 57.5% of the variance
and was linked to the dilution factor (Fig. 10-A). Treatments U-LD and T-
LD are separated from the other treatments and the C. This separation is
mostly driven by higher metal accumulation and green algae abundance

in LD treatments. Nevertheless, the C shows higher photosynthetic ef-
ficiency, nutrient uptake capacities, chl-a, and diatom abundance in the
biofilm. The second axis of the PCA explains the 21.2% of the variance
and it is driven by cyanobacteria abundance and the MI (Margalefs
Index), separating the T and U of the LD scenarios.

On the other hand, the first axis of the second PCA at t14d-R (Fig. 10-
B) explains the 39.8% of the variance separating again LD treatments
from the other treatments. These treatments are characterised by higher
metal accumulation, green algae, and cyanobacteria abundance. The
second axis explains the 28.5% of the variance and it separates treat-
ments T-LD and U-HD on the upper part of the PCA from the other
treatments.

4. Discussion

In the present study different biofilm alterations were observed
during a 21-day exposure period. These effects included altered photo-
synthetic efficiency, nutrient uptake rate, community composition,
reduced diatom species richness and growth rate, and a decrease in the
metal accumulation in biofilm communities exposed to both, treated and
untreated mining effluent under the low diluted (LD) scenario. However,
following a 14-day recovery period, the functionality of affected bio-
films recovered except for those communities exposed to the untreated
effluent under high diluted scenario (U-HD) treatment. Nevertheless, the
community composition of biofilms exposed to all treatments remained
altered after t14d-R.

4.1. Biofilm functional responses during the exposure period

A drastic decrease in the photosynthetic efficiency (Yer) was
observed just after 24 h of exposure in T-LD, U-HD, and U-LD treatments.
This effect has been previously described (A. Tlili et al., 2011; Bonet
et al., 2014), and explained by metals mode of action compromising
different photosynthetic paths of biofilm communities (Admiraal et al.,
1999) such as the electron transport flow (Juneau et al., 2007). Com-
parable results were reported in biofilms exposed to 400 pg Zn L ~
under microcosm-controlled conditions (Corcoll et al., 2011) or under
Zn concentrations of 4.25 mg Zn L ~ !, in a previous study using a metal
mining effluent from the same abandoned mine (Vendrell-Puigmitja
et al., 2020). On the other hand, Goncalves et al. (2018) indicated that
changes in the diatom’s metabolome occurred at 500 pg Zn L2,

In addition to the decrease in photosynthetic efficiency, the metal
mining effluent caused a general and significant decrease in the capacity
of exposed biofilm to take up phosphorus (SRP) and ammonium (NHZ)
from the water column (except for U-LD for SRP). The exposure to heavy
metals can affect the biofilm capacity to assimilate SRP and NH4 (A.



L. Vendrell-Puigmitja et al.

50

A. I Exposure
[ Recovery

40 A d

30 A

Zn (ug g'ldry biofilm)

Pb (ng g'1 dry biofilm)

0.05

0.04 A

0.03 A1

0.02 A1

Cd (ug g'l dry biofilm)

0.01 A1

0.00 T T T T T

C T-HD T-LD U-HD U-LD

Fig. 8. Metal accumulation in biofilms (A. Zn accumulation; B. Pb accumula-
tion; C. Cd accumulation) under the different treatments at the end of the
exposure (after 21 days) and recovery (after 14 days of recovery) period. T-HD:
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U-LD: untreated low dilution. Mean + SD (n = 3). The lower-case letters
indicate significant differences (p < 0.05) between treatments at each time
(t21d and t14d-R) after one-way ANOVA and Tukey b test.

Serra, 2009; Proia et al., 2017). Heavy metals could promote oxidative
damage in the algal cells that might have reduced the nutrient uptake
capacity of exposed biofilm communities (Sabater et al., 2007). In
addition, the oxidative stress might have caused a change in the energy
investment from nutrient uptake to antioxidant enzyme activities pro-
duction as detoxification mechanisms (Morin et al., 2012; Bonet. 2013).
This was also reported by Castro et al. (2015) and Tuulaikhuu et al.
(2015) under stress generated by exposure to arsenic (As) concentra-
tions of 130 pg L ~ ! and 37 pg L ~ !, respectively. Furthermore, the
nutrient uptake capacity of biofilm communities is influenced by the
biofilm biomass (Guasch et al., 2003; Proia et al., 2017) which in this
study decreased with the increase of the metal concentrations. In the
highest metal concentration scenario (U-LD), the increase in the SRP
uptake might have been caused by an abiotic removal of phosphorous
promoted by the metal complexation with phosphate, such as Zns(PO.)2
and Pbs(PO4)3Cl, leading to its precipitation (Zhu et al., 2016; Seshadri
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et al., 2017). In fact, in Lu et al. (2021) Zn precipitated with inorganic
phosphate at Zn concentrations between 1 and 10 mg L7}, a concen-
tration that was exceeded in this study. This suggests that in the field, the
discharge of the untreated mining effluents to the stream under low flow
conditions can cause phosphate removal from the water column through
precipitation. This could be an impediment for freshwater organisms to
grow and develop since phosphorus is an essential nutrient playing
indispensable roles in ATP synthesis and mineralization, among other
processes (Vendrell-Puigmitja., 2021; Argudo et al., 2020; Corcoll et al.,
2012; Rumschik et al., 2009). Long-term phosphorus deficiency can lead
to a significant decrease in nitrogen removal efficiency (Zhang et al.,
2020). In the field, natural streams affected by metal mining effluents
could have a decrease in its self-depuration capacity (Hamdhani et al.,
2020; Grizzetti et al., 2019; Castro et al., 2015; Bothwell 1988). On the
other hand, phosphorus precipitation is reported to inhibit the biosyn-
thesis of chl-a (Li et al., 2016). The biomass (i.e., chl-a) determines the
effects of toxicants, thus with its reduction, diffusion of toxicants might
increase (Sabater et al., 2002).

4.2. Biofilm structural responses during the exposure period

Regarding the changes in biomass (i.e., chl-a), our results showed a
drastic decrease during the exposure period, on biofilms exposed to T-
LD, U-HD and U-LD compared to the C From Zn concentrations in water
of 0.19 mg-L™. Corcoll et al. (2011) reported similar results after
long-term exposures to 400 ug Zn-L7! in water. Paulsson et al. (2002)
observed the same effects at Zn concentrations between 6 and 25 pg-L™".
By contrast, Guasch et al. (2003), reported that Zn toxicity on biofilm
was highly related to algal biomass thus the range of ECy( values based
on photosynthesis tests was very extensive (455 — 65,000 pg Zn L™1).
Concerning Cd, in this study effects were observed even at concentra-
tions below the detection limit. However, previous studies (Gold et al.,
2003b; Morin et al., 2008) showed slight effects at 10 ug-L™%, and a
prominent reduction of the biofilm biomass after chronic exposure to
100 pg-L L. Similarly to the results with Cd, we could see effects in chl-a
for Pb concentrations below the detection limit. Nevertheless, Fechner
et al. (2010) observed effects at Pb concentrations around 50 mg-L~".
The reduction in the chl-a could be related to the substitution of mag-
nesium, the central atom of chlorophyll, by heavy metals leading to an
inhibition of chlorophyll production (Baumann et al., 2009; Corcoll
et al,, 2011). The mentioned decrease might imply effects on the
freshwater ecosystems due to their role in the uptake or retention of
inorganic and organic nutrients (Fishcer et al., 2002; Romani et al.,
2004), also affecting the self-depuration processes, and transfer of en-
ergy to higher trophic levels (Corcoll et al., 2011).

On the other hand, a shift in the biofilm community composition was
observed where green algae dominated the exposed biofilms commu-
nity. In fact, green algae are known to be favoured after long-term
exposure to Zn concentration (Ivorra et al., 2000; Corcoll et al., 2011
and Vendell-Puigmitja et al., 2020), and present high abundances in
metal polluted aquatic environments (Das and Ramanujam, 2011).
Different mechanisms could enable green algae to tolerate chemical
stress caused by heavy metal concentrations such as a decrease in the
number of binding sites at the cell surface, internal detoxifying mech-
anisms (Gold et al., 2003) or additional enzymatic activity provided by
metals (Pawlik-Skowronska 2003). These mechanisms were described
by Corcoll et al. (2012) and are related to Zn toxicity that may enhance
the synthesis of antioxidants causing the activation of the xanthophyll
cycle of green algae as protective mechanisms to avoid Zn toxicity.

Despite diatoms dominating (48.9 + 3%) the biofilm community just
before the exposure period started, this algal group drastically reduced
its abundance during the exposure to T-LD, U-HD, and U-LD, whereas
abundance remained similar to the control in T-HD, until the end of the
exposure period (t21d). However, the diatom size, diversity, and growth
rate decreased in all treatments, including the T-HD. The diatom com-
munity response varied along the Zn concentration and pH gradient and
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the concentrations from which diatom abundance decreased was 0.79
mg Zn'L~! and pH 6.72. However, in a previous study performed in the
same receiving stream (Frongoch stream), Vendrell-Puigmitja (2021)
reported that the diatoms decreased at 1 mg Zn-L-1 and pH of 6.3. This
might suggest that under field conditions, chronic exposures might
promote adaptations to the pollution gradient (Blanck. 2002). In this
case, the diatom species identified above these thresholds were
described as tolerant (e.g., Morin et al., 2014; Cantonati et al., 2014;
Lavoie et al., 2018) to metal concentration (Medley and Clements,
1998), and frequently reported in metal contaminated environments
(Morin et al.,, 2012). Certainly, environmental factors such as the
exposure to toxic agents (i.e., metals), determine the diatom composi-
tion by favouring tolerant species (Morin et al., 2012). On the other
hand, diatom cell size and diversity decreased regardless of both treat-
ment and dilution. In impacted sites, the decrease on the diatom cell size
is related to the dominance of smaller growth forms (Sabater and
Admiraal, 2005), since they are more effectively protected by the exo-
polysaccharide matrix and thus its survival is favoured under heavy
metal pollution (Morin et al., 2012).

Furthermore, an increase in metal concentration in the biofilm was
observed even when Cd and Pb were not detected in water. Biofilms
have a large number of metal binding sites located in either muco-
polysaccharides at the surface of cells or in the organic particles trapped
by the biofilm. These substances can play a significant role in the
sorption of dissolved metals from water column (Bere et al., 2012;
Duong et al., 2008, 2010). The metals can slowly enter the cells by active
metal transport into the intracellular pool, also called absorption or
bio-uptake (A. Serra et al., 2009). The accumulation of metals by biofilm
communities increases with larger exposure times (Collard and Mata-
gne, 1994), and becomes toxic when intracellular metal is present at
high concentration, exerting a negative influence on the biochemical
mechanisms of the cells (Corcoll et al., 2012). The presence of metal ions
can affect many aspects of biofilm communities including biomass,
metabolic activity (e.g., photosynthesis), and extracellular polymeric
substances (EPS) production (Tang et al., 2017), which play the most
key role in biofilm protection to metal toxicity (Zhu et al., 2019).

4.3. Biofilm responses during the recovery period

During the recovery period, biofilm communities previously exposed
to the mining effluent recovered the photosynthetic efficiency and algal
biomass. Biofilm exposed to T-HD, T-LD and U-HD also recovered the
nutrient uptake capacity during the transition to clean water conditions.
This recovery might be caused by the increase in the number of cell
transporters excreting accumulated metals in cells as a consequence of a
detoxification mechanism acquired after the exposure period (Castro
et al., 2015). This extrusion was evidenced by the presence of Zn in
water during the recovery phase (Table 1). Contrarily, communities
previously exposed to treatment U-LD did not recover the SRP and NH{
uptake capacity, probably caused by the high metal accumulation still
detected in these communities (Duong et al., 2009; Bere et al., 2011).

On the other hand, during the recovery period, green algae kept
dominating communities previously exposed to treated and untreated
effluents both under low and high diluted conditions, even though
before the exposure period biofilm communities were dominated by
diatoms. Zn contamination could have exerted pressure on diatom
communities proportional to exposure level and biofilm age (A. Tlili
et al., 2011), leading to a reduction in their ability to grow in compe-
tition to green algae. Nevertheless, the diatom cell size and the growth
rate of exposed biofilm remained below the C at the end of the recovery
period confirming a potential chronic (or long-term) effect of the mining
effluent on this group of primary producers independently from treat-
ment and dilution. The reduction in the cell size is attributed to an un-
controllable silica condensation induced by exposure to heavy metals
(Su et al., 2018). Cell size is a key trait determining the ability of diatom
species to recover after disturbance since smaller cells have typically
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higher growth rates and nutrient uptake rates compared to larger ones
that confer greater resilience (Lange et al., 2016), which might have
been the case of this study. Additionally, the diatom community
composition of biofilm during the recovery period changed in compar-
ison to the exposure period and the C. This shift in the diatom species
dominance might be favoured by the decrease of species dominant in the
exposure period (mainly Nitzschia intermedia Hantzsch) during the
transition to clean conditions, which favoured the growth of metal
adapted ones such as Rhoicosphenia abbreviata C.Agardh (Morin et al.,
2012; Tolotti et al., 2019). Diatom composition changes are linked with
the adaptation process to long-term Zn pollution (A. Tlili et al., 2011b).
It is known that returning the adapted communities exposed to a
pollutant to reference conditions may not be possible after crossing a
critical threshold (Wolff et al., 2019). The latter suggest exposure to the
metal mining effluent selects diatom species with a better capacity to
regulate intracellular —metal concentration by means of
energy-dependent active transport systems (Castro et al., 2015). This
might have favoured the growth and establishment of tolerant species,
able to recover functional activity but not ensure structural recovery.
Besides, adding new inoculum during the recovery period might have
favoured the process where species physiologically affected by the metal
exposure could be replaced by more active species (Lambert et al.,
2012). This indicated that structural changes could be more prominent
than the functional ones, specially under microcosm conditions, sug-
gesting strong functional redundancy of the adapted community (A.
Tlili et al., 2011; Tlili et al., 2016).

Differences observed in the community composition between treat-
ments and the C might be explained by the duration of the recovery
period. In this study, 14 days of recovery were simulated, and commu-
nities possibly were not able to recover, indicating that a longer recovery
period would be needed. For instance, Rimet et al. (2005) reported that
diatom-dominated biofilm transferred from a polluted to an unpolluted
site needed 40 to 60 days to recover according to the trophic diatom
index (TDI). On the other hand, Arini et al. (2012a) reported incomplete
biofilm recovery after 56 days of exposure to water free of metals.
Moreover, in this study the recovery of the biofilm community could
have been affected by the lack of inoculum addition during the recovery
period. Indeed, it was previously reported that the biofilm recovery was
more pronounced when species immigration processes were possible
(Ivorra et al., 1999; Morin et al., 2010). In this regard, Lambert et al.
(2012) observed a full recovery after 28 days only when previously
exposed communities were mixed with pristine communities, which
favoured the diatom growth and green algae reduction. However, the
retention of contaminants in the biofilm prevents complete removal of
the stress even though it is no longer present in the bulk liquid phase
(Ivorra et al., 1999), which might be the case of the most polluted sce-
nario (U-LD).

5. Conclusions

Even though the application of the remediation technology achieved
good metal removals, biofilm exposed to the treated effluents still pre-
sented higher metal accumulation compared to the C, and was also
affected by the level of dilution. This highlights the need to assess the
efficiency of the treatment technologies considering the effluent metal
composition and concentration, and the dilution capacity of the
receiving stream. In natural environments, the ecological impacts
caused by treated mining effluents may depend on the flow conditions of
the receiving stream. This flow variation could cause difficulties to
accomplish within the Water Framework Directive (WFD) limits of
metal content in stream waters . However, the dilution capacity of the
receiving stream is not included in the legislation, and our study evi-
dence that it is crucial to consider it to estimate the ecological impact of
a mining effluent in water bodies. Overall, this study demonstrates that
it is not enough to monitor and control the pollutants level of the dis-
charging effluents, yet the hydrology and ecological characteristics of
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the water system in which treated streams are discharging have to be
considered to prevent continued impacts.
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