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Abstract

Purpose The objectives of this study were to investigate the
abundance and composition of the superficial biofilm on the
bed sediments of the Anllons River (NW Spain), to evaluate
the relationships between biochemical parameters and biolog-
ical methods based on identification and counting, and to ex-
plore the relationships between biofilm growth and the prop-
erties of the sedimentary habitat, mainly the trophic state.
Materials and methods Bed sediment samples (0—5 cm) were
collected in two different seasons (winter and summer) at four
sampling sites along the river course. Physicochemical prop-
erties of pore waters and sediments were determined.
Biological properties included the determination of dehydro-
genase activity (DHA) and phytopigment (Chl a Chl b and
total carotenoids) concentrations, as well as taxonomic iden-
tification. For taxonomic identification, two sampling
methods were compared: the Pasteur pipette method and a
mini-corer method. Total and relative algal abundances (TA
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and RA, respectively) and genus richness were calculated.
The relationships between the different variables were exam-
ined using Pearson correlations and principal component
analysis.

Results and discussion The main taxa belonged to
Chlorophyta, Cyanophyta, Euglenophyta, and
Heterokontophyta. The most abundant class was
Bacillariophyceae, which represents >86 % of the total abun-
dances in the superficial sediments. The highest total algal abun-
dance and genus richness were observed in summer at the river
mouth, where DHA and phytopigment concentrations were also
the highest. The statistical analysis revealed positive correlations
between TA and the biochemical parameters (DHA and
phytopigments) as well as positive relationships of these three
parameters with the physicochemical properties of the sedi-
ments, such as electrical conductivity, and the concentrations
of fine particles, C, N, S, and total P.

Conclusions The results of this study reveal the positive rela-
tionships between the biochemical properties (phytopigments
and respiratory activity) and total algal abundances deter-
mined by taxonomic identification and counting. All of these
properties presented evidence of a clear influence of the nutri-
ents and organic matter contents of the sediments, pointing to
the importance of the site conditions, particularly the trophic
state, in the development of benthic microflora.

Keywords Algae - Biofilm - Dehydrogenase activity -
Phytopigments - River bed sediments

1 Introduction

Biofilms covering the surfaces of rocks, mineral grains, and

plant debris are common in aquatic environments. Biofilms
are composed of heterotrophic and autotrophic
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microorganisms, immersed in a complex matrix of extracellu-
lar polymeric substances (EPS). The primary role of biofilms
is the protection of microbial communities in conditions of
environmental stress (Decho 2000; Flemming and
Wingender 2001).

Epipsammic biofilms represent the interface between water
and granular sediments, affecting the exchange of solutes
among these environmental compartments and the physical
stability of the sediment. It has been demonstrated that
biofilms affect the role of sediments as potential sources or
sinks for contaminants (Devesa-Rey et al. 2009; Gerbersdorf
etal. 2011) and that the presence of biofilms alters the adsorp-
tion and release of pollutants by bed sediments (Leadbeater
and Callow 1992; Gainswin et al. 2006; Prieto et al. 2013).
EPS form adhesive coatings on sediment particles, increasing
their erosion threshold, and consequently increasing sediment
stability and limiting their resuspension (Sutherland et al.
1998; Stal 2003; De Brouwer et al. 2005; Flemming 2006;
Tolhurst et al. 2006; Ziervogel and Forster 2006;
Gerbersdorf and Wieprecht 2015). It has been observed that
the stabilization of the sediment matrix by biofilms reduces
the potential release of pollutants due to resuspension (Ledn-
Morales et al. 2006; Gerbersdorf et al. 2007; Lubarsky et al.
2010). Despite this evidence regarding the influence of
biofilms on the physical and chemical properties of the gran-
ular bed sediments, their role is often ignored when the geo-
chemical processes (i.e., retention, mobility, bioavailability,
and speciation of pollutants) occurring at the sediment—water
interfaces are studied.

Previous studies of diatom benthic populations indicated
that the Anllons River (NW Spain) was moderately to heavily
contaminated (Ector 1992). Research into the chemical com-
position of the bed sediments of the Anllons River confirmed
that the contributing basin is affected by diffuse pollution due
to agricultural activities and urban and industrial discharges
into the water course (Devesa-Rey et al. 2008a; 2012).
Ecotoxicity was observed at some points along the river
course, which in several cases was attributed to high arsenic
(As) concentrations (Devesa-Rey et al. 2008a), related to past
mining activities in gold-rich areas containing arsenopyrites
(Devesa-Rey et al. 2008a, 2010). In fact, no evidence for other
potentially toxic elements could be found in the Anlléns sed-
iments (Devesa-Rey et al. 2011). Arsenic is of particular con-
cern in this basin; for example, Rubinos et al. (2010, 2011)
have shown that As can be mobilized in the Anlléns riverbed
sediments under conditions of high salinity, alkaline pH, or
high phosphorus (P) concentrations, as well as during high-
flow resuspension events. Once mobilized, As may interact
with the biofilm. Arsenate—the most common form of As in
natural waters—could affect periphyton communities,
inhibiting algal growth and photosynthetic capacity, changing
community composition and diatom sizes, and reducing the
ability of the community to retain P (Blanck and Wangberg
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1988, 1991; Wangberg et al. 1991; Rodriguez Castro et al.
2015). Furthermore, biofilms may affect the fate of As in the
sediments, as demonstrated by Prieto et al. (2013), who ob-
served that epipsammic biofilms increased As" sorption by
the Anllons River sediments, particularly in the presence of
phosphate. Moreover, the presence of biofilms strongly affect-
ed the speciation of As in the water column by decreasing the
occurrence of aqueous available As™ (Prieto et al. 2014).

So far, there have been no studies into the abundance and
composition of epipsammic biofilms in river sediments of
northwestern Spain, and the limited available data on algae
in the region’s freshwaters refer to epilithic or epiphytic
phytobenthos (Margalef 1955, 1956; Ector 1992; Noguerol
Seoane 1993; Lopez Rodriguez and Penalta Rodriguez
2004). Nevertheless, the study of biofilms deserves special
attention because some species of benthic microalgae are in-
dicative of contamination. In particular, benthic diatoms have
characteristics that make them well suited for the bio-
indication of the quality of inland waters, namely, (i) their
abundance and great taxonomic diversity, (ii) their ability to
colonize different environments, and (iii) the preservation of
frustules in sediments (Lopez Rodriguez 2005).

In this work, we aim to assess the relationships between
biological methods for the evaluation of epipsammic biofilm
growth, based on taxonomic identification and counting, and
biochemical methods. Respiration, as an index of the overall
biological activity in the sediment, and phytopigments, as a
measure of the abundance of photosynthetic organisms in
biofilms, were selected as the biochemical properties to be
tested.

The activity of the enzyme dehydrogenase (DHA) can be
used to determine respiratory activity, as it provides a measure
of'the activity of oxidation—reduction enzymes responsible for
dissociating H" from H,O, thus diverting 2¢" into the electron
transport process. Dehydrogenase activity is present in all ac-
tive microorganisms and can be used in both aerobic and
anaerobic environments. The DHA has been used to measure
the activity of stream and river microbial communities and
their responses to disturbances (Trevors et al. 1982;
Blenkinsopp and Lock 1990; Ponsati et al. 2015).

The determination of phytopigment concentrations by
spectrophotometry is commonly used to estimate biofilm
growth over various surfaces (Ortega-Calvo et al. 1995;
Tomaselli et al. 2002; Guasch et al. 2004; Serra et al. 2009;
Vézquez-Nion et al. 2013). It has been applied extensively to
the measurement of microphytobenthos in sediments.
Phytopigments determined by this method were highly corre-
lated with instrumental color measurements performed with
the Anllons sediments (Sanmartin et al. 2011).

The present study attempts to assess the overall biological
activity in the surface sediment by means of the determination
of the DHA activity and that of the autotrophic biomass by
means of phytopigment analysis. The statistical relationships
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between these biochemical measurements and the parameters
derived from the taxonomic identification, such as algal abun-
dance and genus richness, are tested, and the effect of sedi-
ment properties (particle size, nutrients, and the presence of
toxicants) on biofilm growth is also examined. This informa-
tion will be useful for the evaluation of biofilm abundance and
composition on riverbed sediments and for the assessment of
its effects on the biogeochemical cycles of the elements, par-
ticularly those which, like As, have significant effects on the
environment and public health.

2 Materials and methods

2.1 Study area

The Anlléns River is located in the NW of Spain (Fig. 1). The
basin drains a rural catchment of 516 km?* dedicated to agri-

cultural, forestry, and cattle raising activities. The two main
human settlements located in the basin are Carballo, with a

population of >31,000, and Ponteceso, with a population of
~7000. The river runs over schists in the upper area, basic
rocks (gabbros and amphibolites) in the middle area, granite
of two micas in the lower stretch of the river, and biotitic
gneiss at the mouth. Gold mining activities were carried out
in the area since the Roman Empire and were intermittently in
operation until the nineteenth century. In the mineralized
areas, Au is associated with As sulfides, which are probably
the origin of the high As concentrations detected in the surface
sediments downstream from the mineralized area (Rubinos et
al. 2003; Devesa-Rey et al. 2008b).

Surficial riverbed sediment samples were taken at four
sites, distributed along the watercourse between the locality
of A Ponte and the river mouth at Ponteceso (Fig. 1). The sites
were identified with a number and two letters. The number
indicates the position from the locality of A Ponte along the
watercourse and the letters are abbreviations of the location.
The sites were selected taking into account the contamination
detected in previous studies (Table 1). Thus, site 1AP is influ-
enced by diffuse pollution whereas sites 2CA and 4PO are
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Table 1 Name, location, and

other characteristics of the Sites Location Distance” Elevation Special feature

sediment sampling points in the (km) (m)

Anllons River, Spain
1AP A Ponte (43° 13/ 17.75" N, 8°40' 17.77" O) 0 121 Diffuse pollution
2CA Carballo (43° 12'27.49" N, 8° 41’ 56.70” O) 3.13 100 Wastewater plants
3XA Xavarido (43° 13" 40.13" N, 8°49' 03.11" O) 16.86 54 Mining activity
4PO Ponteceso (43° 14" 31.11" N, 8° 54’ 04.99"” O) 32.05 4 Wastewater plants

#From A Ponte site

located downstream from the biggest towns in the area
(Carballo and Ponteceso) and are influenced by wastewater
treatment plants. Site 3XA is located in the area of Au—As
mineralization. Sampling sites 1AP, 2CA, and 3XA were
mostly shaded by riparian vegetation with Alnus glutinosa
and Fraxinus excelsior, whereas site 4PO was situated in the
estuary, without riparian vegetation, and received more
sunlight.

Sampling was carried out in February and July 2012 be-
tween 10 a.m. and 4 p.m. Sediments were collected with a
small plastic shovel from the top 4 cm at various points of
the same site, mixed, and homogenized to form a composite
sample. Sediment samples were stored in thermally insulated
airtight plastic boxes and transported to the laboratory, where
pore water was removed by centrifugation at 2000 rpm.
Subsequently, a portion of the solid samples was stored at
4 °C until biochemical analyses, and the remainder was im-
mediately freeze-dried and later sieved by 2 mm for the deter-
mination of the general properties of the sediment.

2.2 Analyses

The Eh and pH in the surface of the sediment were measured
in situ with a portable device (Hanna HI 9025 microcomputer,
Padova, Italy) at the same time as sampling. Eh values obtain-
ed with the Pt-Ag/AgCl electrodes were corrected to refer
them to the H, by adding 245 mV.

Analyses of the pore water included total P (Prpw),
which was determined after acid digestion (APHA
2005) with 1 mL H,SO4 31 % and 0.1 g (NHy4),S,0g
at 120 °C for 30 min by colorimetric determination
using the phosphomolybdenum blue method (Murphy
and Riley 1962). Soluble P (Psor.pw) Was measured
by colorimetric determination in pore water samples fil-
tered at 0.45 um. pH and electrical conductivity (EC)
were measured with a Hanna HI 9025 microcomputer
and HI 9033 device (Padova, Italy), respectively.

With regard to sediment analyses, total P (Pt) was deter-
mined by means of an acid digestion (HF, H,SO,4, HCI,
10:1:10) followed by colorimetric determination, as men-
tioned above. Bioavailable P (Pgip) was estimated by
extracting the sediment with NaOH 0.1 M using a 1:100
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sediment/solution ratio (Wolf et al. 1985). Total carbon (C),
nitrogen (N), and sulfur (S) were determined by elemental
analysis using a macrosample Leco TruSpec CHNS instru-
ment (St. Joseph, Michigan, USA) based on the total combus-
tion of the sample and subsequent determination of the com-
bustion gases using a thermal conductivity detector. Grain size
distribution was determined by wet sieving and the pipette
method as per Guitian and Carballas (1976). Total As content
of the sediment samples was determined by microwave-
assisted acid digestion (150 °C), employing Teflon'" micro-
wave digestion vessels containing 0.2 g sediment and 9 mL
HNO3(¢oney T 1 mL HF¢one), followed by As analysis using
hydride generation atomic absorption spectrometry
(HGAAS, Perkin-Elmer M2100 coupled with an MHS-10
hydride generation unit, Waltham, MA, USA), by reaction
of acidified samples with 3 % NaBH.,/1 % NaOH as reductant
to generate arsine gas (AsHz).

Measurement of respiratory activity by means of
DHA is based on intercepting e flow through mito-
chondrial and microsomal electron transport systems
using a surrogate electron acceptor, 2,3,5-triphenyltetra-
zolium chloride (TTC), which has a slightly higher re-
dox potential than that of the coenzyme UQ -cyto-
chrome b complex, one of several cytochrome com-
pounds used by eukaryotic organisms as terminal elec-
tron acceptors, and similar cytochrome electron accep-
tors are used by prokaryotic organisms (Packard 1971;
Broberg 1985). The DHA was measured in the fresh
samples by the reduction of TTC to triphenylformazan
(TPF), following the method described by Tabatabai
(1982). The DHA was measured at 485 and 520 mm
to avoid possible interferences with photosynthetic pig-
ments (Patil et al. 2000).

Phytopigments (chlorophyll-a, chlorophyll-b, and ca-
rotenoids) were solubilized by extraction with dimethyl
sulfoxide for 46 min, using an extractant/sediment ratio
of 3.6 ml g' at 57 °C, following the method optimized
by Devesa et al. (2007) for sediment analysis. In the
extracts, chlorophyll-a, chlorophyll-b, and total caroten-
oids were determined spectrophotometrically (Cary 100
Conc., Varian, Santa Clara, CA, USA). Equations (1) to
(3) were employed to determine the concentrations of



J Soils Sediments (2016) 16:1825-1839

1829

chlorophyll-a (Chl @) and b (Chl b), as well as total
carotenoids (Cy..), in micrograms per milliliter, follow-
ing Wellburn (1994):

Chla = 12.474665.1—3.62 4619 1 (1)
Chib = 25.064649 1—6.5A465 1 (2)
Crie = (10004450—1.29Chla—53.78 Chib) /220 (3)

where Chl a and Chl b represent the concentration of chlo-
rophyll-a and chlorophyll-b, respectively, and C,. represents
the concentration of total carotenoids, comprising the oxidized
forms (xantophylls) and the reduced forms (carotenes). Aggs 1,
Ag49.1, and Ayg, represent the absorbance of the extracts at
665.1, 649.1, and 480 nm, respectively. To estimate the
phaeopigments, 0.5 % of 1 M HCI was added to the extracts
and, after 10 min, the absorbance at 665.1 and 649 nm was
measured again. The difference of absorbance between the
nonacidified and acidified samples corresponds to the absor-
bance of the chlorophyll. Each sample was submitted to sev-
eral extractions (between two and three) until no
phytopigments were quantified in the extracts, and the con-
centrations obtained were added to obtain the total
concentration.

The taxonomic identification required specific sampling,
which were carried out simultaneously to the sampling of
the sediments subjected to characterization. There is no stan-
dard method for biofilm sampling in unconsolidated granular
materials such as riverbed sediments. Therefore, in this study,
two sampling techniques on sediment surfaces were tested and
compared: (1) the Pasteur pipette method, whereby samples
were collected from a known area of 1 cm? at five points in the
area, transferred to glass tubes, and made up to a known vol-
ume, and (2) a novel corer method, in which sampling was
done by introducing in the sediment surface a plastic corer of
2.4 cm diameter x 3.0 cm height, sealed at the top with
Prolene” film to preserve biofilm integrity (Penalta-
Rodriguez et al. 2008). After collection, the samples were
cooled and transported to the laboratory where they were pre-
served with a solution of 4 % formaldehyde. Algae were iden-
tified at the lowest taxonomic level (individuals/cm?) under an
optical microscope (Olympus BX61 with a Nomarski interfer-
ence contrast, Tokyo, Japan). Algal abundance was calculated,
including five replicates of each sample. For the pipette meth-
od, an aliquot of 0.1 mL was taken from the glass tubes. For
the corer method, 2-mm-diameter areas were sampled from
each core. In both cases, samples were placed on slides and
observed at x20 magnification. Additionally, selected unal-
tered sediment samples taken with the corer were observed
by scanning electron microscopy (SEM) (Zeiss EVO LS 15,
Jena, Germany) to study the association of microalgae popu-
lations with mineral phases.

2.3 Statistical analysis

Student’s ¢ test was carried out to analyze the differences be-
tween sampling methods for taxonomic identification. As a
first step, data were checked for normal distribution. Single
Pearson correlations and principal component analysis (PCA)
were calculated with the statistic software package SPSS
v20.0 to analyze the possible relationships between the bio-
logical and chemical parameters.

3 Results and discussion
3.1 Physicochemical properties of the bed sediments

In Table 2, it can be seen that the sediments had neutral to
slightly acidic pH (6.1-7.0). The oxidation/reduction poten-
tial, measured as Eh, ranged between —21.5 and 59.0 mV and
was indicative of a moderately anoxic state of the surface layer
ofthe sediment. The pore waters extracted from the sediments
showed pH values slightly higher than those measured in situ.
EC values fell within the range 0.17-0.47 mS cm ™' from
samples 3XA to 2CA, whereas sample 4PO showed a higher
value (9.46 and 14.25 mS cm ™' in winter and summer, respec-
tively) that evidenced the marine influence in the estuary.
Total phosphorus (Prpw) in the pore water varied from 0.21
to 0.48 mg L' and exceeded 0.1 mg L', which is the max-
imum acceptable concentration to avoid accelerated eutrophi-
cation or to promote algal blooms (USEPA 1986). Soluble
phosphorus (PsoL.pw) fell within the range 0.003—
0.13 mg L™". These values would classify the pore water qual-
ity as Good or High ecological status according to
Recommendations on Phosphorus Standards for Rivers de-
rived from the Water Framework Directive 2000/60/EC
(WFD UK 2008). No significant differences in P concentra-
tions were observed among sites or sampling season.
Although P concentrations could exhibit seasonal variations
due to (i) remineralization of organic matter in the water col-
umn and sediment, (ii) uptake for phytoplankton growth, and
(iii) excretion by zooplankton (Laurent et al. 2012), in the
Anllons catchment these effects can be counteracted by P
inputs from wastewaters, which are more pronounced in low
flow periods, and from agricultural activities which are more
intense in spring and summer in this area.

The sediments showed a predominance of the sandy frac-
tion, which always exceed 60 %. Site 4PO exhibited the finest
texture in both samplings. This fact may be attributed to the
decrease in the river slope, and the mixing of freshwaters and
saline waters, favoring the deposition of fine materials in the
proximity of the estuary.

Carbon (C) and nitrogen (N) also showed the highest
values at site 4PO (~6 and 0.5 %, respectively) and the lowest
at site 3XA (~0.6 and 0.04 %, respectively) at both sampling
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Table 2 Physicochemical
properties of the sediments

Winter Summer

Sampling sites
In situ pH
Eh (mV)
Pore waters  pH
EC (mS cm™ ")
Prpw (mg Lil)
PsoLpw (mg Lil)
Bed Particle size (%)
sediments Clay
Silt
Sand
C (%)
N (%)
S (%)
C/N
Total P (mg kg ")

IAP  2CA 3XA 4PO IAP  2CA 3XA 4PO
6.6 6.5 6.1 7.0 6.4 6.0 6.7 7.1
106 220 392 215 265 590 90 —-13.5
6.8 6.3 6.9 7.4 6.4 6.7 6.7 6.7
031 047 019 946 018 023 017 1425
022 048 028 029 027 023 030 021
013  0.09 0.03 0.04 0.05 0.03 0.07 0.003

122 7.0 5.0 18.2 1.1 0.8 0.7 9.4

13.7 6.0 4.0 18.5 4.7 6.6 6.0 29.5
741 87.0 91.0 633 942 926 933 610
504 128 060 6.09 080 099 0.66 6.73
034 011 0.04 051 0.05 0.07 004 0.51
005 029 014 0.78 0.02 0.04 0.02 043
15 12 14 12 15 14 16 13

618 421 345 628 205 365 290 1130

Bioavailable P (mg kg'') 405 266 302 547 132 327 165 575

As (mg kg™

11.8 121 424 216 7.3 134 433  40.6

Grain size fractions were classified as coarse sand (2-0.2 mm), fine sand (0.2-0.05 mm), coarse silt (0.05—
0.02 mm), fine silt (0.02—-0.002 mm), and clay (<0.002 mm)

times. This may be related to more favorable deposition con-
ditions, and to the highest clay and silt contents—and conse-
quently to the highest surface area—at site 4PO, favoring
organic matter (OM) and N retention. This behavior has been
previously described by Bergamaschi et al. (1997), who re-
ported that C and N were strongly related to sediment surface
area, and by Xiaoxia et al. (2005), who reported that total N
presented positive correlations with the fine particle content in
the surface sediments of the southern Yellow Sea, China. As
C/N ratios can be used as an indication of OM origin in riv-
erbed sediments; C/N ratios <12 are typical for OM associated
to algal biomass and therefore from autochthonous origin
(Miiller 1977), whereas C/N ratios >12 are indicative of OM
rich in lignin and cellulose as well as poor in N and are attrib-
utable to terrestrial origin (Lamb et al. 2006). Sediment sam-
ples analyzed in this study presented C/N ratios from 12 to 16,
indicative of the predominance of OM from terrestrial origin.
These values are in the range of those reported by Devesa-Rey
et al. (2009) for riverbed sediments from 14 sampling sites in
the Anllons River, with values varying from 5 to 36 (mean of
13.4), as well as of those reported by Barral et al. (2012) who
found C/N values from 13 to 35 (mean of 18.1), for 10 sedi-
ments from the same river. Moreover, C/N ratios for soils and
suspended sediments in the Anllons River catchment, ana-
lyzed by Iglesias et al. (2011), were also in the same range,
with mean values of 14.6 and 10.7, respectively.

Sulfur (S) in the sediments may be present both in inorgan-
ic and organic form. In the samples analyzed, S contents
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ranged between 0.02 and 0.78 %, with the highest value at
site 4PO, where the estuary conditions favor S reduction and
precipitation. Sulfur contents were lower in summer, pointing
to a biological oxidation of the organic S and its transforma-
tion into soluble sulfates.

In the sediments, Pt varied from 205 mg kg ' (1AP) to
1130 mg kg™' (4PO). On average, 71 % of the P (51-90 %)
in the sediments is in bioavailable form, with the highest Pgo
corresponding to 4PO. This high bioavailability may have a
direct effect on the primary productivity and, thus, on biofilm
formation (Sterling et al. 2000). Phosphorus concentrations
are slightly lower than those determined by Devesa-Rey et
al. (2008a) but similar to those previously obtained by
Barral et al. (2012) for the sediments of the Anllons River.
At two sites, total P concentrations exceed the lowest effect
level (LEL) established by the Ontario Sediment Quality
Guidelines (Persaud et al. 1993), which is set at
600 mg kg ', although they did not exceed the severe effect
level (SEL), set at 2000 mg kg '. Below SEL, the sediment is
considered clean to marginally polluted, and it is expected that
this level of contamination will have no effect on the majority
of sediment-dwelling organisms.

Arsenic in the sediments ranged between 7.3 and
43.3 mgkg ' and was higher in samples 3XA and 4PO, down-
stream from the Au—As mineralization area. These values
were lower than the maximum values detected in the sampling
campaign performed by Devesa-Rey et al. (2008b), which
reached 264 mg kg '. The As concentrations found in the
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bed sediments were also lower than reference As levels for
soils in Galicia (50 or 140 mg kg™ in soils over slates with
arsenopyrite; Macias Vazquez and Calvo de Anta R 2009) and
were lower or close to the thresholds of the European WFD
for suspended matter and sediment (40 mg kg '; EU-WFD
2000). The values were also lower than the effects range me-
dian (ERM; the level at which half of the studies reported
harmful effects) set at 70 mg kg~ ' by Long et al. (1995).
Nevertheless, with the exception of site 1AP, these values
exceeded in all cases the effects range low (ERL; the lowest
concentration of a metal that produced adverse effects in 10 %
of the data reviewed) set at 8.2 mg kg ' by the same authors.
Arsenic mobility is a key factor in the toxicity of this element.
In the sediments of the Anllons River, As exhibited low mo-
bility because it was found to be mainly associated to the least
mobile fractions—bound to Fe—Al oxides and in the residual
phase (Devesa-Rey et al. 2008b; Rubinos et al. 2011)—al-
though it can increase in conditions of increased pH, higher
salinity, higher P concentrations, or higher liquid/solid ratios
(Rubinos et al. 2010, 2011). Devesa-Rey et al. (2008b), ap-
plying the toxicity characteristic leaching procedure (TCLP)
to sediments of the Anllons River, determined As concentra-
tions in extracts lower than Criteria Continuous Concentration
(CCC) for As set at 150 pg L' by USEPA (1996).

3.2 Biological characterization of the bed sediments

Dehydrogenase activity showed the maximum value at site
4PO in both seasons (1457 and 3075 mg kg ' day ' in winter
and summer, respectively), followed by site 2CA (Table 3).
Both sites are characterized by their nutrient richness, which
could justify their greater biological activity. Dehydrogenase
activity values were in the range of activity values reported by
Filimon et al. (2013) for sediments in Serbian water streams
with varying levels of metal pollution and were slightly higher
than those reported for a wide range of soils in the world (Dick
et al. 1996). Filimon et al. (2013) identified the difficulty in
classifying polluted sites from the assessment of enzymatic
activities, which depend on season and location, as well as
the difficulty to extrapolate to field surveys the linear

relationship found in lab experiments between microbial en-
zymatic activities and levels of trace elements in soils and
sediments. Thus, although it is possible to make comparisons
between sites with similar characteristics over time or after the
impact of a potential contaminant, a particular DHA value
does not classify a site as contaminated.

All the evaluated phytopigments (Chl @, Chl b, and total
carotenoids) presented a similar behavior (Table 3).
Phytopigment concentrations were similar to those previously
found by Devesa-Rey et al. (2009) and Sanmartin et al. (2011)
for the same river, which ranged between 3.4 and 83.8 and 2.2
and 60.1 mg kg ', respectively. The concentrations were
slightly lower than those obtained by Gerbersdorf et al.
(2007) in the sediments of the Neckar River (Germany),
where Chl g varied from 35 to 197 mg kg .

The highest phytopigment values corresponded to site 1AP
in winter and particularly to 4PO in summer, when the
phytopigment concentrations at this site reached values up to
five times higher than at the other sites. Sanmartin etal. (2011)
also reported the highest phytopigment contents at 4PO. It
seems that the brackish water in the estuary favors the devel-
opment of the autotrophic population at this site. In fact, most
estuaries worldwide are turbid and highly productive due to
constant allochthonous nutrient inputs (Pinckney et al. 2001).
The abundance of nutrients at 1AP and 4PO and the greater
light availability due to the absence of riparian vegetation at
4PO may explain the higher growth of autotrophic popula-
tions at these sites. Positive relationships between N and P
and algal biomass have already been demonstrated at different
studies (Biggs and Close 1989; Dodds et al. 1997, 2002;
Chételat et al. 1999, 2006; Biggs 2000), and positive correla-
tions between nutrients and phytopigments were previously
reported for the Anllons riverbed sediments (Devesa-Rey et
al. 2009, 2010). Phytopigments were also positively correlat-
ed with oxalate-extractable Cu and Zn, which are essential
elements for the growth and metabolism of the benthic micro-
flora (Devesa-Rey et al. 2009). Nevertheless, at high concen-
trations, these trace metals could also become toxic (Soldo and
Behra 2000) and could induce a shift in the community com-
position with the dominance of green algae in Cu- or Zn-

Table 3 Biological properties of

the sediments Sampling sites Winter Summer
IAP  2CA  3XA  4PO IAP  2CA  3XA  4PO
DHA (mg TPF kg ' day ") 441 745 nd? 1457 51 305 81 3075
Chla (ug gh 216  nd®  ndt 1.14 218 912 0.71 34.6
Chl b (ug gt 150 044 0.10 1.94 132 485 0.16 18.7
Total carotenoids (ug g ') 1.40 0.34 0.29 0.72 1.62 5.03 023 214

n.d. not detectable

*DHA 0.5 mg TPFkg ' day ' (detection limit)

®Chla0.05ugg ' (detection limit)
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exposed phototrophic biofilms (Genter et al. 1987; Serra et al.
2009; Tlili et al. 2010, 2011).

The taxonomic identification of algae found in the surface
sediments employing the Pasteur pipette and the corer method is
summarized in Table 4. The main taxa identified belonged to the
divisions Cyanophyta, Heterokontophyta (Bacillariophyceae),
Euglenophyta, and Clorophyta. Total algal abundances (TA)
and genus richness (GR) were calculated for both sampling
methods (Fig. 2). The TA and GR could only be determined for
two sites in winter (1AP and 4PO) due to the low amount of

microalgae found in 2CA and 3XA, whereas in summer these
parameters could be determined for the four sites. The TA was
similarusing both sampling methods, being only higher (p <0.05)
with the Pasteur pipette method for 1AP in winter and summer
and for 3XA in summer, when algal abundances were lower.
Genus richness was similar using both sampling techniques ex-
cept for site 1 AP in winter, which showed higher GR (p <0.05)
with the pipette method. In comparison, the corer method gener-
ally exhibited higher precision for TA (lower values of relative
standard deviation) and enabled the direct observation of

Table 4  Taxonomic identification of the autotrophic population of the Anlléns River bed sediments

Division Genus Winter Summer
S1AP S2CA S3XA S4PO S1AP S2CA S3XA S4PO
Cyanophyta Geitlerinema + +
Lyngbya +
Phormidium + + + +
Pseudanabaena + +
Chlorophyta Closterium +
Oedogonium + + + +
QOocystis + +
Scenedesmus + + +
Euglenophyta Euglena + + + +
Phacus +
Trachelomonas + + + + +
Heterokontophyta Achnantes + + + +
Amphora + + + + +
Bacillaria +
Cocconeis + + + + + +
Cymbella + + +
Denticula +
Diploneis + +
Entomoneis + +
Eunotia + + +
Fragilaria + +
Frustulia +
Gomphonema + + +
Gyrosigma + + +
Melosira + + + + + + + +
Navicula + + + + + + +
Nitzschia + + + + + +
Pinnularia + + + + + + + +
Pleurosigma + +
Rhoicosphenia + + + +
Stauroneis + +
Surirella + + +
Triblionella
Ulnaria + + + + +

(+) the genus was identified by the two sampling methods
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Fig. 2 Total abundances (abundances/cm?) (a, b) and genus richness (¢, d) in winter and summer, respectively

unaltered sediment surfaces by SEM, for the study of the distri-  mineral phases (Fig. 3). Site 4PO showed the highest TA and GR
bution of microalgae populations and their close association with ~ values in both seasons, although algal growth was remarkably

Navicula , | Nnitzschia

Fig. 3 SEM images of the main taxa of algae found in the bed sediments
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higher in summer, which is in accordance with the highest
phytopigment and nutrient concentrations and light availability
at this site. These results were also in accordance with the data
reported by Aguilera et al. (2007) for the benthic eukaryotic com-
munity of the Rio Tinto (Huelva), who stated that total cell abun-
dances were generally highest in September, decreasing dramat-
ically in January, whereas diversity remained fairly constant dur-
ing the year at most sampling stations.

The relative algal abundances (RA) were determined for all
the sites in summer but only for 1 AP and 4PO in winter, due to

the low amount of microalgae found in 2CA and 3XA in this
season (Fig. 4). The RA varied with the sampling site and
time, as well as with the sampling technique. The most abun-
dant division was Heterokontophyta, and, specifically, the
most abundant class was Bacillariophyceae, which in general
showed RA>98 %. Exceptions were site 1AP in winter
(employing the pipette method) and site 2CA in summer,
where between 8 and 14 % belonged to other divisions
(Cyanophyta, Chlorophyta, and Euglenophyta). As revealed
in this study, benthic microalgae are often dominated by

WINTER
100% 100% — 4PO
e DN 90% 1 h mCyanophyta
80% _ mCyanophyta 80% A
70% &Chlorophyta 70% A & Chlorophyta
60% EE“g_le“".PhY‘a 60% - ﬂEuglleno.phyta
50% lli.aclllfn.ophyceae 50% - Eatcﬂlano;?hyceae
o a
0% aNizschin 40% | Niosha
]
30% ENavicula 30% 1 .Nl Z'Sculla
avicula
; 20% A
2t OMelosira ¢ OMelosira
10% 10% -
0% 0% T
Corer Pipette Corer Pipette
SUMMER
1AP , 2CA
100% MmNy = N\ 100% WCyanophyta
90% - N 90% -
& Chlorophyta
80% - DO Cyanophyta 80% -
70% | B Chlorophyta 70% O Euglenophyta
60% - L] EEuglenophyta 60% SBacillariophycea
50% A SBacillariophyceae 50% E%lnaria
ENavicula
40% - OMelosira 40% - B Pinnularia
30% - mCocconeis 30% 1 ENavicula
20% - 20% -
" (; DOAchnanthes o 0/0 OMelosira
(N o
0% . 0% . ® Cocconeis
Corer Pipette Corer 0O Achnanthes
4PO
100% mCyanophyta 100% —
\
90% B Chlorophyta 90% - x\\\\\ me i
yanophyta
80% DEuglenophyta 80% A
B Chl hyt
70% SBacillariophyceae 70% A SRR
60% BUlnaria 60% - DEuglenophyta
0, 0, .
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ONit
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Fig. 4 Relative algal abundances. Cyanophyta, Chlorophyta, and
Euglenophyta include all the genera belonging to each of these phyla.
Bacillariophyceae include all the genera belonging to this class, whose
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diatoms on sandy sediments (Hickman and Round 1970;
Colijn and De Jonge 1984; Aberle and Wiltshire 2006) where-
as green algae and cyanobacteria occur rarely or only at some
seasonal stages (Hillebrand and Kahlert 2001; Aberle and
Wiltshire 2006).

Among Bacillariophyceae, Navicula was usually the
predominant genus using the corer method. The only
exception was at site 1AP in the winter sampling, for
which benthopelagic Melosira was the most abundant
genus. More variable results were found using the pi-
pette method. In this case, Navicula only predominated
in 3XA and 4PO (Fig. 4), whereas Melosira, Achnantes,
and Ulnaria (U. ulna) prevailed in the other cases. The
predominance of Navicula in our study, particularly at
site 4PO, where it showed the highest RA (66-97 %),
can be explained by the tolerance of the Navicula spe-
cies to organic pollution and to eutrophic conditions in
water (Lange-Bertalot 2001; Segura-Garcia et al. 2010),
as well as to brackish and electrolyte-rich waters
(Ehrlich 1995; Cox 1996; Lange-Bertalot 2001).
Studying diatom populations, Ector (1992) indicated that
the Anllons River is moderately contaminated in spring,
to heavily contaminated in summer, due to urban and
industrial effluents. Furthermore, De la Pefia (2003) ob-
served contamination downstream from the town of
Carballo and attributed the predominance of tolerant
species such as Navicula minima and Gomphonema
parvulum to the influence of eutrophication and organic
pollution.

The influence of seasonality could be observed in the
general increase of Navicula in the summer sampling, as
well as of Achnantes and Cocconeis at 1AP. The in-
crease of Navicula could be explained by its tolerance
to contamination, which increases in summer in the
Anlléns River (Ector 1992). The dominance of species
susceptible to contamination, such as Achnantes
minutissima, was reported by De la Peda (2003) for
unpolluted locations in the Anllons River, such as
1AP. Typical brackish species were observed at site
4PO (at the river mouth), such as Achnanthes brevipes,
Entomoneis sp., Diploneis sp, Melosira nummuloides,
Pleurosigma sp, Surirella striatula, and Tryblionella
sp., which suggests the adaptation to osmotic stress
and the predominance of the saline-resistant species.

Among the freshwater microalgae groups, Chl a is present
in all photosynthetic algae whereas Chl b is present in the
Chlorophyta (green algae) and Euglenophyta divisions
(Leavitt and Hodgson 2001). Bacillariophyceae (diatoms),
the predominant class in this study, presents, as major photo-
synthetic pigments, chlorophyll a and ¢, along with fucoxan-
thin (carotenoid) as an accessory pigment (Gomez et al. 2009).
Despite the predominance of diatoms in the biofilms of the
Anllons River, significant concentrations of Chl b were found

in this study, which cannot be attributed to these microalgae
class. Moreover, the ratios Chl b/a ranged between 0.22 and
1.71, which are similar to those published by Devesa-Rey et
al. (2009) and Sanmartin et al. (2011) (0-1.79 and 0.62—-1.23,
respectively) for bed sediments from the Anllons River.
Nevertheless, these ratios were much higher than those report-
ed by Schliiter et al. (2006), who quantified phytoplankton
groups in lakes, analyzing 20 different algal cultures,
obtaining Chl b/a ratios of 0.23-0.41 and 0.20-0.23 for
Chlorophytes and Euglenophytes, respectively. Hence, the
higher ratios found in this study could suggest the contribution
of aquatic and terrestrial plants to Chl b concentrations. This is
in agreement with the C/N ratios obtained in this study, which
were indicative of the allochthonous origin of the OM.

3.3 Relationships between variables

Pearson correlations were calculated for the data obtain-
ed for the summer sampling, which was the most com-
plete (Table 5). Total and soluble P, pH of the pore
water, and total As in the sediments are not shown in
the table as they did not present significant correlations
(»<0.05) with the other parameters. There was a nega-
tive correlation between Eh and pH. Electrical conduc-
tivity showed positive correlations with the content of
fine particles, and with nutrient content (C, N, P, and S)
which was also positively correlated with the content of
fine particles, which may promote OM and nutrient de-
position. Among the biological parameters, the concen-
trations of phytopigments and DHA and TA values
showed positive correlations between them as well as
with EC, fine particle content, and the nutrient content.

PCA was initially carried out for all the variables analyzed
in the summer sampling. Two principal components (PC) with
an eigenvalue >1 were extracted (Fig. 5), which explained
95.6 % of the total variance. PCA corroborated the importance
of site conditions on the benthic microflora, given that DHA,
phytopigments, TA, and GR were placed in the same quadrant
as nutrients, OM, and fine particle classes of the sediments.
This association can be explained because site conditions fa-
vorable for fine particle deposition are also prone to the accu-
mulation of OM and nutrients, due to low energy and sorption
phenomena, and these conditions seem to be favorable for the
development of biofilms. Sand content and Eh are in the op-
posite quadrant (Fig. 5), indicating that those sites with a
coarser texture—which also have less favorable OM accumu-
lation and, therefore, lower O, consumption due to OM de-
composition, and higher Eh—are less suitable for biofilm
growth.

In conclusion, the results corroborate the control of biological
activity by site conditions, mainly by the trophic state (N, P, and
OM), and suggest that a comprehensive study of nutrients,
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Table 5  Significant Pearson correlation coefficients between physicochemical parameters of sediments and biological parameters, in the summer
sampling

Summer pH Eh EC Clay  Silt Sand N C S Pr Py Chla Chlb TotalCarot DHA TAcoe TApipete
pH 1

Eh -0.986" 1

EC 1

Clay 1.000" 1

Silt 0998 0996 1

Sand —-0.999"" —0.998" —1.000"" 1

N 0999 0999 0998  -0.999" 1

C 0999 0999 0998  —0.999"" 1.000" 1

S 0999 0998 0999  —1.000" 1.000™ 1.000" 1

Pr 0.989" 098" 0996  -0.994™" 0991 0991 0993 1

Py 0.956" 1

Chla 0.973"  0972° 098"  —0978" 098" 0981" 098" 098" 0975 1

Chl b 0973 0972"  0979°  -0978" 098" 0982" 0981° 098" 0973" 1.000" 1

Total carot. 0979° 0979  0983" 0983 0987° 0987 098 0988 0966 0999 1.0007 1

DHA 0.997"" 0996 0999  —0.999" 0999 0.999" 1.000" 0.996" 0.987" 098" 0.990"" 1

TAcorer 0.996™ 0995 0999  -0.998"" 0999 0998 0999 0.996" 0.989" 0988" 0992 1000 1

TApipette 0998 0996  1.000” —1.000" 0998 0998 0999 0995 0979 0978 0982 0999 0.998" 1

The level of significance is indicated: * =p <0.05; **=p<0.01

phytopigments, and benthic microflora could contribute to a bet-
ter understanding of the ecological status in riverbed sediments.

4 Conclusions
The results of this study reveal the positive relationships be-

tween the biological properties (phytopigments and respira-
tion) and total algal abundances determined by taxonomic

identification. Similar results were obtained when sampling
with the Pasteur pipette method and the corer method, but
the latter enables the observation of microalgae distribution
over mineral surfaces by SEM. Bacillariophiceae, namely,
the genus Navicula, are the most abundant algae in the ana-
lyzed sediments. A clear influence of the nutrient (N, P) and
OM contents of the sediments is observed in the development
of benthic microflora, pointing to the importance of the site
conditions, particularly of the trophic state.
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