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Abstract Arsenic (As) pollution in water has important im-
pacts for human and ecosystem health. In freshwaters, arse-
nate (AsV) can be taken up by microalgae due to its similarity
with phosphate molecules, its toxicity being aggravated under
phosphate depletion. An experiment combining ecological
and ecotoxicological descriptors was conducted to investigate
the effects of AsV (130 μg L−1 over 13 days) on the structure
and function of fluvial biofilm under phosphate-limiting con-
ditions. We further incorporated fish (Gambusia holbrooki)
into our experimental system, expecting fish to provide more
available phosphate for algae and, consequently, protecting
algae against As toxicity. However, this protection role was
not fully achieved. Arsenic inhibited algal growth and produc-
tivity but not bacteria. The diatom community was clearly
affected showing a strong reduction in cell biovolume; selec-
tion for tolerant species, in particular Achnanthidium
minutissimum; and a reduction in species richness. Our results
have important implications for risk assessment, as the exper-
imental As concentration used was lower than acute toxicity
criteria established by the USEPA.
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Introduction

Arsenic (As) is a widely distributed metalloid in natural eco-
systems, and it is considered a priority pollutant, being the
second most common inorganic contaminant in the original
National Priority List (NPL), created by the United States
Environmental Protection Agency (USEPA) (Davis et al.
2001). The Aquatic Life Criteria (USEPA 2014) establishes
the limits of arsenic concentration in freshwaters: the Criteria
Maximum Concentration (CMC), which refers to acute arsenic
exposure, is 340 μg L−1 while the Criteria Continuous
Concentration (CCC; refers to chronic arsenic exposure) is set
at 150 μg L−1.

In rivers, water contaminated with As have baseline con-
centrations ranging between 0.1 and 2.1 μg L−1, with an av-
erage of 0.8 μg L−1 (Smedley and Kinniburgh 2002; Rahman
et al. 2012). Naturally occurring arsenic enrichment from geo-
thermal sources or groundwaters can range from 10 up to
370 μg L−1. Concentrations from 0.75 up to 30 μg L−1, and
occasionally as high as 1100 μg L−1, have been measured in
industrial or sewage effluents (Smedley and Kinniburgh
2002).

A key factor in arsenic toxicity is its chemical speciation,
and biological activity plays a major role in arsenic biogeo-
chemistry (speciation, distribution, and cycling) in freshwaters
(Smedley and Kinniburgh 2005; Rahman et al. 2012). The
pentavalent arsenate oxyanion (AsV) is the stable and predom-
inant arsenic species in well-oxygenated aquatic environments
such as river and lake waters and oxic seawater (Smedley and
Kinniburgh 2005). Little is known about AsV toxicity in algae,
especially in rivers, although some studies have found that
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arsenic is toxic to freshwater microalgae at high concentra-
tions, particularly at low ambient concentrations of phosphate
(referred in this paper as PO4 or P) (e.g., Levy et al. 2005;
Wang et al. 2013). AsV is an analog of phosphate, which is a
key nutrient for algae and can limit biofilm growth in streams
(Borchardt 1996). Consequently, algae may uptake both AsV

and phosphate through phosphate transporters because they
share the same internalization mechanisms (Guo et al. 2011;
Wang et al. 2013). It could thus be anticipated that AsV modes
of toxic action (i.e., substitution of phosphate-containing bio-
logical molecules like phospholipids, ADP, ATP, and ion-
pumps) might depend on phosphate availability in the envi-
ronment and subsequent synthesis of phosphate transporters
(Miot et al. 2009). In fact, aggravated arsenic toxicity has been
found under phosphate depletion in several freshwater exper-
iments (e.g., Levy et al. 2005; Wang et al. 2013, 2014;
Rodriguez Castro et al. 2015). In literature, laboratory exper-
iments generally use high arsenic concentrations, and field
studies are more focused on lakes. Therefore, more research
on AsV toxicity and its relationship with phosphate in envi-
ronmental systems is necessary, especially in rivers.

Fluvial biofilms, also known as phytobenthos or periphy-
ton, are attached communities consisting of algae,
cyanobacteria, bacteria, protozoa, and fungi embedded within
a polysaccharide matrix (Guasch et al. 2012). Biofilm com-
munities play a role in the environment in both maintaining
and improving the ecological health of freshwater ecosystems.
Biofilms are crucial in ecosystem functioning and have an
excellent ability to degrade and transform pollutants (Mora-
Gómez et al. 2015). In rivers, evidence of the link between
metal exposure (water concentration) and metal content in
biofilms has already been demonstrated, highlighting their
likely effects through the trophic chain (Guasch et al. 2012).
Biofilm complexity produces a large panel of functional and
structural endpoints in both autotrophs and heterotrophs,
which are often used to assess the effects of chemicals on
biofilm communities (Sabater et al. 2007). For instance, pho-
tosynthetic parameters (Corcoll et al. 2012) are early warning
functional endpoints, which are usefully complemented by
more structural information.

The diatom component of fluvial biofilms is among the
most studied of algal organisms, due to their cosmopolitanism
and predominance. Their sensitivity to many environmental
factors has resulted in their wide use in water quality assess-
ment (e.g., Coste et al. 2009). They respond quickly to envi-
ronmental changes such as water metal contamination, as ex-
tensively documented in field and laboratory experiments.
Responses of diatoms to metal pollution have generally been
detected at the individual level (e.g., size, growth form, and
morphological abnormalities) and/or through changes to com-
munity structure (replacement of sensitive species by tolerant
ones or decrease in species diversity) (Morin et al. 2012). For
example, diatom cell size has been found to be a good

indicator of high metal contamination in acid mine drainage
regions (Luís et al. 2011).

Concerning the whole algal component, alterations of algal
succession (i.e., the temporal variation in community compo-
sition during colonization, from diatoms at the beginning to
cyanobacteria and filamentous green algae at the end) in
biofilms exposed to metals, such as copper and zinc, have
already been documented (Serra 2009; Bonet 2013).

The use of different trophic levels, e.g., fish and biofilm to-
gether, give complementary results (e.g., Griffith et al. 2005;
Passy 2012) and may interact to modify expected toxicity
(Magellan et al. 2014). Fish are highly sensitive to small envi-
ronmental changes, and arsenic is considered to be one of the
most toxic elements to them (Bhattacharya et al. 2007). One fish
species for which arsenic impacts have been demonstrated is the
mosquitofishGambusia holbrooki (Newman et al. 1989;Moeller
et al. 2003; Magellan et al. 2014). Specifically, Magellan et al.
(2014) found thatmosquitofish exposed toAsV (130μg L−1 over
13 days) experienced a reduction in the amount of weight gained
and a higher level of aggressive behavior, effects which were
aggravated by biofilm presence. Therefore, the influences of
higher organisms on biofilm response (and vice versa) to arsenic
exposure require investigation.

In this study, we investigated the effects of short-term arse-
nate (AsV) exposure on fluvial biofilm under the influence of
fish (G. holbrooki). We conducted an experiment simulating a
well-oxygenated environment to ensure that AsV was the
dominant arsenic species, and biofilm was grown under con-
ditions of phosphorus limitation, which is likely to lead to high
arsenic toxicity. We have already examined the effects of bio-
film on arsenic toxicity in fish (see Magellan et al. 2014), and
now we explore the reciprocal relationships, specifically to
what extent arsenic affects biofilm, and if the presence of fish
alleviates these effects. Therefore, by adding fish, we imple-
mented a complex scenario in a laboratory experiment that
was consequently much closer to reality than those used in
classic toxicity tests.

We expected to see arsenic effects on biofilm at different
scales, from diatom community structure to general algal and
bacterial behavior. Effects on biofilm function and structure were
anticipated, but we had no a priori assumptions about the inten-
sity of effects, as both arsenate concentration and time of expo-
sure were relatively low. Particular attention was given to dia-
toms, with the expectations that arsenic would cause a change in
species composition and in their biovolume or cell size.

Materials and methods

Experimental units

We constructed 12 experimental units, each consisting of a
long channel (90×8.5×7.5 cm), as a laboratory stream,
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containing small (1.2×1.2 cm) and larger (7×7 cm) sandblasted
glass tiles placed on the floor for biofilm colonization; a 4-L
aquarium (31.5×11×31.5 cm) to house the fish and a sump
tank (60×25×75 cm) filled with approximately 90 L of water.
This large volume of water ensured that changes in water chem-
istry were minimized. Each experimental unit was an indepen-
dent system recirculating dechlorinated tap water in a constant
and controlled flow rate using a hose and a submersible pump
(EHEIM Universal Pumps, Germany) placed in the sump tank.
Water was thus pumped from the sump tank to the head of the
algal biofilm channel, passed through this channel into the 4 L
fish aquaria, where it circulated and finally returned to the sump
tank (Fig. 1). The physicochemical composition of the
dechlorinated tap water was characterized (see methodology
in the BWater chemical sampling and analyses^ section later):
it is neutral water (pH 7.55±0.09), with conductivity 446.83±
8.57 μS cm−1, O2 concentration 8.66±0.03 mg L−1, and P-PO4

3.70±2.93 μg L−1 (determined by a modified molybdenum
blue method of Carvalho et al. 1998). Concentrations of major
cations and anions dissolved in water were previously analyzed
using ion chromatography (Metrohm Ltd., Herisau
Switzerland). Anions were measured using a Metrosep A
Supp 5 column and NaHCO3 (84 mg L−1) and Na2CO3

(229 mg L−1) as eluents. Cations were measured using a
Me t r o s ep C 2 co lumn and t a r t a r i c a c i d ( 2 , 3 -
dihydroxybutanedioic acid; 4 mM) and dipicolinic acid (pyri-
dine-2,6-dicarboxylic acid; 0.75 mM) as eluents. The water
contains NO3

− 12.73±3.58 mg L−1, NO2
− <0.01 mg L−1,

NH4
+ <0.1 mg L−1, SO4

2− 43.74±1.03 mg L−1, Ca2+ 33.38±
1.27 mg L−1, Mg2+ 8.43±0.35 mg L−1, Na+ 27.12±
1.70 mg L−1, and Cl− 46.64±0.73 mg L−1.

All experimental units were housed in a room under con-
trolled environmental conditions. Temperature was main-
tained at 19.5±0.5 °C. Water pH was automatically controlled
with a system based on CO2 addition (JBL Proflora m630:
JBL, Ludwigshafen, Germany), from 7.5 to 7.9, to provide

enough inorganic carbon for algal growth. Light irradiance
without heat (120-W LEDs Grow Light, Lightech, Girona,
Spain) was also automatically controlled, with a 12:12 h
light:dark cycle.

Mosquitofish (G. holbrooki) were collected from the Ter,
Fluvià, and Muga rivers (NE Spain) and transported to the
laboratory where they were placed in 60-L stock aquaria
(60 cm×30 cm×32 cm), each containing conditioned water
and a filtered air supply. Gambusia holbrooki from all three
rivers were housed together. Fish were fed to satiation once
per day with commercial food flakes or defrosted frozen
bloodworms (Chironomus spp.) and were able to acclimate
to captivity conditions for at least 6 months, with a further
month to acclimate to experiment-specific environmental pa-
rameters (e.g., temperature). During the experiments, fish and
biofilms were not together but separated into different com-
partments of the experimental units: fish were placed in the 4-
L aquarium, while biofilms were grown in the channels. This
ensured that fish could not graze biofilms. Fish were also fed
to satiation during the experiment with the commercial frozen
bloodworms (Chironomus spp.).

Experimental design

Our experimental design consisted of three replicates of each
of four different treatments. Treatments were noB noAs (with-
out biofilm or arsenic, named Bcontrol^ in Magellan et al.
2014), As (with arsenic only), B (with biofilm only), and B+
As (with both biofilm and arsenic) (Fig. 2). First, natural bio-
film inoculum was added to six of the experimental units and
allowed to grow and colonize the sandblasted glass tiles
(Biofilm colonization period). After colonization, AsV was
added to six of the experimental units (As period). This time
lag was expected to influence dissolved arsenic concentration
in the B+As treatment due to uptake and/or adsorption. Four
days later, four fish (1 male, 3 females) were added to each

Fig. 1 Schematic diagram of an
experimental unit (see main text
for details) modified from
Magellan et al. (2014). The
dashed arrows show the direction
of water flow
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experimental unit, such that each contained the same fish bio-
mass (As+fish period). The experiment ended after 33 days of
biofilm colonization. Thus, biofilms were exposed to AsV for
13 days, and fish exposure lasted for 9 days (Fig. 2).

Biofilm colonization period

Biofilm was colonized on sandblasted glass tiles (1.44 and
49 cm2) placed at the bottom of each channel. Several rocks
were chosen at random from the upstream zone of the
Llémena stream (NE Spain), a small calcareous tributary of
the Ter river that had minimal human impact. Rocks were
transported to the laboratory in boxes filled with river water
that were placed inside a portable fridge to ensure biofilms
were always wet and fresh. Once in the laboratory, all rock
surfaces were scraped and then scraped biofilm was added as
an inoculum to the channel (artificial stream) of each experi-
mental unit (the same volume in each one) twice per week
during the 3-week colonization period (from biofilm coloni-
zation day 1 to 20). Once per week, water levels were adjusted
and 10 μg L−1 of phosphate (KH2PO4, Merk, Darmstadt,
Germany) and silicate solution was added to reproduce phos-
phate limiting conditions for algal growth (Dodds et al. 1998)
and to satisfy basic diatom silica requirements. The use of
clean artificial substrates, instead of already colonized rocks,
allowed monitoring of biofilm colonization and algal succes-
sion in experimental conditions.

Biofilm development was controlled regularly, measuring
the Fo parameter (the minimal fluorescence yield of a dark
adapted cell) that gives a fluorescence proportional to the bio-
film chlorophyll-a concentration. This parameter was obtained
by using the PhytoPAM (pulse amplitude modulated) fluo-
rometer (Heinz Walz, Effeltrich, Germany), as detailed in the
BBiofilm measurements^ section.

Arsenic period

After 20 days of colonization, young biofilms, but close to
maturity, had developed indicating the best time to begin the
arsenic exposure while avoiding senescence at the end of the
experiment. Thus, on biofilm colonization day 21, AsV

solution as NaH2AsO4·7H2O (Merk, Darmstadt, Germany)
was added to six of the experimental units without (As treat-
ment) and with (B+As treatment) biofilm, to reach the nom-
inal concentration of 130 μgAsV L−1. After arsenic addition,
the only addition of water was to replace water lost through
evaporation. Therefore, the arsenic period began on biofilm
colonization day 21 and ended on day 24.

As it was expected that biofilm would retain arsenic, the
arsenic was added before adding fish in order to check the
influence of this retention on the reduction of exposure to fish.

As+Fish period

On day 25, all fish were weighed, the total length was mea-
sured, and four fish were added to each experimental unit.
Differently sized females were used primarily to allow identi-
fication of individuals within an aquarium so any overlap in
sizes between aquaria was tolerated.

Water chemical sampling and analyses

Physical and chemical parameters (water temperature, dis-
solved oxygen, conductivity, and pH) were measured with
appropriate probes during the whole experimental period
(33 days). Dissolved oxygen and conductivity were measured
6–10 times (HQ Portable Meters, HQ40d18, HACH
Company), whereas phosphate and total dissolved arsenic
were measured 10 and 7 times, respectively, for each experi-
mental unit.

Triplicate water samples (10 mL) were taken for chemical
analyses from each experimental unit 10 times during the
experiment. Water was filtered with GF/F glass microfiber
filters (Whatman, 0.7 μm of pore size) for phosphorus deter-
mination, but for total dissolved arsenic, water samples were
filtered with 0.2-μm nylon membrane filters (Whatman) and
immediately acidified with 1 % of HNO3 (65 % suprapure,
Merck). All water samples were frozen (at −20 °C) until
analysis.

Inorganic phosphate (iP) concentration was determined by
a modified molybdenum blue method (Carvalho et al. 1998)
to avoid arsenate interference. Briefly, 10 mL of the sample

Fig. 2 Timeline (biofilm colonization days) and treatments of this
experimental study. White, gray, and black rectangles represent the
exposure time of fish, arsenic, and fluvial biofilm, respectively, in the

experimental units. Black dotted lines represent absence of biofilm in the
experimental units. Time was divided into three parts: Biofilm colonization
period, Arsenic period, Arsenic+Fish period (see main text for details)
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was pipetted into a digestion tube and 2 mL of L-cysteine
(5 % w/v in 0.6 M HCl) was added. The tube was tightly
capped and incubated for 5 min at 80 °C to allow complete
reduction of arsenate into arsenite. The solution was cooled to
ambient temperature (25 °C) and then inorganic phosphate
was determined with 0.5 mL of ascorbic acid (5 % w/v in
deionized water), 1 mL of acetone, and 2 mL of mixed reagent
(50 mL of sulfuric acid 20 %, 5 mL of antimony potassium
tartrate, 15 mL of ammonium molybdate and made up to
100 mL with Milli-Q water). Absorbance was quantified at
875 nm.

Biofilm measurements

Chlorophyll-a fluorescence-related endpoints

Photosynthetic activity and algal biomass of the biofilm were
measured on days 7, 10, 14, 17, 21, 25, 26, 28, 31, and 33
using the PhytoPAM (pulse amplitude modulated) fluorome-
ter (HeinzWalz, Effeltrich, Germany) connected to an emitter-
detector-fiberoptics unit (PHYTO-EDF) and BPhytoWin^
software. PAM fluorometry is a rapid, noninvasive, and reli-
able method to assess photosynthesis performance and has
been found to be the most sensitive tool for the rapid detection
of harmful compounds (Corcoll et al. 2012). Five replicates
(small colonized sandblasted glass tiles) were used from each
experimental unit (B and B+As treatments) each time.
Temperature (19 °C) and distance between a light-emitting
diode and samples (8 mm) were kept constant for all the mea-
surements. First, measurements of dark adapted samples were
done at the end of the darkness cycle. A saturation pulse was
applied, and the minimum fluorescence yield was obtained.
According to Corcoll et al. (2012), the minimal fluorescence
yield of a dark adapted cell (F0) is proportional to its
chlorophyll-a concentration. Thus, it can be used as an esti-
mation of algal biomass. The maximum PSII quantum yield
(Ymax) was also obtained during the saturation pulse per-
formed under dark conditions. This parameter is defined as a
measure of the photosynthetic capacity of the community
(Corcoll et al. 2012). Thereafter, light adaptation of the sam-
ples was carried out for 15 min for light measurements.
Actinic light provided by the instrument was used. One satu-
ration pulse was applied and the effective PSII quantum yield
(photosynthetic efficiency, Yeff) was obtained. Effective PSII
quantum yield is defined as a measure of the photosynthetic
efficiency of the community (Corcoll et al. 2012). After all
measures, colonized sandblasted glass substrata were returned
into the experimental units channels.

Bacterial abundance

The double-staining LIVE/DEAD BacLight Bacterial
Viability Kit (Molecular Probes) was used to measure the

abundance of live and dead bacteria in the biofilm samples.
Four times during the experiment, small colonized
sandblasted glass tiles were collected into autoclaved glass
vials, resuspended and then diluted in autoclaved Milli-Q wa-
ter. All cells were firstly individualized by sonication (less
than 1 min to avoid damaging cell membranes) and stained
using a mixture of 3.34 mM SYTO® 9. Then, only dead cells
(those with cell membranes damaged during the experiment)
were stained by 20 mM propidium iodide (Freese et al. 2006).
After 30 min in dark conditions, each sample was filtered
through a 0.2-μm black polycarbonate filter (Nuclepore,
Whatman). Twenty random microscopy fields were counted
for each sample (filter) using epifluorescence microscopy at a
magnification of ×1000 in immersion oil (Nikon E600,
Tokyo, Japan). Data are expressed as live bacteria (cell cm−2).

Benthic chlorophyll-a

On the last day of the experiment (after 13 days of biofilm
arsenic exposure), small and colonized sandblasted glass tiles
were collected from each channel into falcon tubes, immedi-
ately frozen in liquid nitrogen, and stored at −80 °C until
chlorophyll-a extraction. The chlorophyll-a content was ex-
tracted with 90 % acetone for 12 h. Sonication (Ultrasonic
bath, J.P. Selecta) for 2 min improved the pigment extraction,
and chlorophyll-a concentration was subsequently estimated
from spectrophotometric measurements (spectrophotometer
UV-1800, Shimadzu), following the method described in
Jeffrey and Humphrey (1975). Since the biofilm was colo-
nized on the surface of the tile, when the tile was submerged
in 90 % acetone for chlorophyll-a extraction and then sonicat-
ed, chlorophyll-a from the whole biofilm colonized on the tile
was obtained.

Diatom community identification and metrics

Diatoms were collected from one small colonized sandblasted
glass substratum from each channel at the end of the experi-
ment. Biofilm was immediately resuspended and conserved in
a glass vial with 4.5 mL of Milli-Q water and 0.5 mL of 40 %
formaldehyde. Then, samples were digested with 10 mL of
hydrogen peroxide (30 % H2O2) to eliminate organic matter
and obtain clean frustules according to Leira and Sabater
(2005). Frustules were then washed with distilled water,
dehydrated on cover glasses, and finally mounted on perma-
nent slides using Naphrax (refractive index 1.74; Brunel LTD,
UK). All these steps were carefully performed with controlled
volumes to allow a final quantitative assessment of diatom
densities. Up to 600 diatom valves per slide were counted
and identified to assess species richness and diversity in our
samples. Random transects were scanned under a light micro-
scope (Nikon E600, Tokyo, Japan) using Nomarski differen-
tial interference contrast optics at a magnification of ×1000.
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Identification mainly followed Krammer and Lange-Bertalot
(1986–1991) and recent nomenclatural updates. Diatom spe-
cies relative abundance and density were calculated, as well as
the species richness (S), Shannon-Wiener index of diversity
(H), and species evenness (J). Calculations for H and J were
performed using the following equations:

H ¼ −
X S

i¼1
PilnPi ; J ¼ H

Hmax
¼

−
X S

i¼1
Pi lnPi

lnS
;

where Pi is the proportional abundance of the ith species and S
is the total number of species present in the community (spe-
cies richness).

Diatom biovolume determination

Diatom specific biovolume was determined using light
microscopy with Nomarski differential interference con-
trast optics at a magnification of ×1000 and following a
set of geometrical shapes proposed by Hillebrand et al.
(1999). Cell size (or cell biovolume) was calculated by
measuring different dimensions (length, width, diameter,
and some heights) of 25 randomly selected valves per
species, as far as possible, and using equations from a
set of geometrical shapes proposed by Hillebrand et al.
(1999). Total species biovolume was then calculated.

In addition, since theoretical cell biovolume data has
been used in several studies, our measured cell
biovolumes were compared with the theoretical ones
(http://hydrobio-dce.irstea.fr/cours-deau/diatomees/)
corresponding to each species.

Arsenic measurements

The level of As in the circulating system was measured seven
times during the whole exposure period: four times before
adding fish and three times after adding fish. For biofilm sam-
ples, total As accumulation was measured at the end of the
exposure (six samples/channel). For all analyses, the detection
limit was 0.08 μg L−1; rhodium (Rh) was used as the internal
standard and the accuracy of the analytical method was
checked periodically using a certified water reference (SPS-
SW2 Batch 113, Oslo, Norway).

Total dissolved arsenic concentration

Total dissolved arsenic concentration (μg L−1) was ana-
lyzed by inductively coupled plasma mass spectroscopy
(ICP-MS 7500c Agilent Technologies, Inc. Wilmington,
DE).

Total arsenic accumulation in biofilm

Total arsenic accumulation in biofilm was analyzed in tripli-
cate for treatments B and B+As (using large sandblasted glass
substrata). Colonized glass substrates were collected at the end
of the experiment, placed on filter paper to remove excess
water, and immediately frozen before analysis. Then, biofilm
were lyophilized, weighed, and digested using 4 mL of con-
centrated HNO3 (65% suprapure,Merck, Germany) in a high-
performance microwave digestion unit (Milestone, Ethos Sel).
They were then diluted to 15 mL with Milli-Q water, and the
subsequent liquid samples were treated as dissolved metal
water samples. Total dissolved arsenic concentration was
measured by ICP-MS (7500c Agilent Technologies, Inc.
Wilmington, DE).

Data analysis

Prior to statistical analyses, some variables had to be log-
transformed (from water physical and chemical data, only
phosphate concentration and total dissolved arsenic were
log-transformed; from biological data, live bacteria,
bioaccumulated arsenic on biofilm and photosynthetic param-
eters were also log-transformed), or log (x+1) transformed
(diatom relative frequencies) to reduce skewed distributions
and fix heteroscedasticity. For chemical measurements, half of
the detection limit was used for data treatment when the value
obtained was below the detection limit (Helsel 1990).

Most data were taken several times during the experiment.
Significant differences between treatments and time together
were analyzed. Two-way ANOVAs were applied to physical
and chemical data, where the time variable was categorized in
three periods: Biofilm colonization, As, and As+fish. Biofilm
photosynthetic parameters were analyzed by two-way repeat-
ed measures ANOVA, where the time variable (expressed in
biofilm colonization days) was the within-subject continuous
variable, and treatment (biofilm treatment, B, versus biofilm
with arsenic exposure, B+As) was the between-subject vari-
able. Finally, post hoc Bonferroni’s tests were applied to check
exactly where significant differences were found.

For data taken only at the end of the experiment
(chlorophyll-a content, arsenic bioaccumulated in biofilm
and fish) and diatom metrics, one-way ANOVAs were per-
formed to analyze significant differences between treatments.
For diatom species relative abundance, only the species that
represented more than 0.5 % of the total relative abundance
were considered in the ANOVA analysis. For total diatom cell
biovolume, one-way ANOVAwas also performed. However,
specific diatom cell biovolume were analyzed with Student’s t
tests since heteroscedasticity was not reduced with the log-
transformation. Student’s t test is analogous to the one-way
ANOVA with two treatments, but it allows to obtain results
even in case of heteroscedasticity. Statistical significance for
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all the ANOVAs and Student’s t tests was set at p≤0.05; while
marginal significance was set at 0.05<p≤0.1. Correlation
analysis was done to compare measured and theoretical dia-
tom cell biovolume data.

SPSS software (version 15.0) was used for statistical anal-
yses. Boxplots for the description of the diatom cell
biovolume, as well as the correlation analysis between mea-
sured and theoretical data, were done with Microsoft Excel
2010 software. The graphics for the photosynthetic parameters
and physicochemical variables were developed using
SigmaPlot software (version 11.0).

Results

Physicochemical and bioaccumulation data

A time effect was observed in water chemistry, and arsenic
also had a significant effect, especially after fish addition.
Physicochemical data, as well as the ANOVA results and
comparison per pairs, are summarized in Table 1. Water con-
ductivity slightly decreased over the whole experiment (time

effect) and was lower in the experimental units with biofilms
(B and B+As; mean values of 427.19±6.39 μS cm−1 over the
experiment) than in those without biofilm (noB noAs and As;
441.75±7.48 μS cm−1). In general, lower values were found
in the B treatment than in the B+As treatment. For dissolved
oxygen, a general decrease was observed during the As+fish
period, being significantly lower (p<0.001) in biofilm ex-
posed to arsenic than in biofilm without arsenic. On the other
hand, a significant increase in phosphate concentration in wa-
ter was observed except in the As treatment at the end of the
experiment (p<0.001), during the As+fish period. Also in that
period, arsenic accumulation in the biota reflected exposure
(Table 2), with higher arsenic content in biofilm (p<0.001)
and fish (p=0.012).

Biofilm measurements

Bacteria

Live bacteria (cell cm−2) increased in both biofilm treatments
over the experiment (p=0.015) from a mean of 4.09×106±
1.25×106 cell cm−2 during the Biofilm colonization period to

Table 1 Water physical and chemical data, with statistical results

Time period Treatment Conductivity O2 PO4 Total As
(μS cm−1) (mg L−1) (μg L−1 P) (μg L−1)

Biofilm colonization B 444.00±3.10 (n=6) 8.66±0.04 (n=6) 5.83±5.46 (n=6)

B+As 448.50±7.34 (n=6) 8.62±0.02 (n=6) bdl (n=6)

As period noB noAs 439.00±2.92 (n=9) 8.80±0.09 (n=9) bdl (n=3) 1.98±0.12 (n=12)

As 435.78±4.71 (n=9) 8.77±0.03 (n=9) bdl (n=3) 124.89±2.43 (n=12)

B 424.50±2.46 (n=9) 8.82±0.23 (n=9) 2.51±0.02 (n=3) 2.01±0.15 (n=12)

B+As 429.40±1.51 (n=9) 8.56±0.08 (n=9) 3.07±0.99 (n=3) 121.00±4.06 (n=12)

As+fish period noB noAs 446.44±9.68 (n=9) 8.58±0.10 (n=9) 12.11±4.10 (n=3) 1.92±0.09 (n=9)

As 445.78±5.33 (n=9) 8.50±0.06 (n=9) 3.18±1.17 (n=3) 127.96±5.55 (n=9)

B 419.40±1.94 (n=9) 8.69±0.27 (n=9) 12.28±3.34 (n=3) 1.89±0.11 (n=9)

B+As 435.30±3.28 (n=9) 8.34±0.12 (n=9) 15.96±4.14 (n=3) 124.20±2.64 (n=9)

Time effects ANOVA F=78.177, p<0.001 F=21.076, p<0.001 F=34.690, p<0.001 F=0.801, p=0.374

Biofilm colonization a a a

As period b a a a

As + fish period c b b a

Treatment effects ANOVA F=66.824, p<0.001 F=11.293, p<0.001 F=5.226, p=0.006 F=48006.691, p<0.001

noB noAs a a a a

As a,c a b* b

B b a a a

B+As c b a* b

Water physical and chemical data are represented by themean±standard deviation and sample size (n). Statistical results (F and p) for effects on time (degrees
of freedom, df=2) and treatment (df=3) were achieved by two-way ANOVA and Bonferroni’s test (different letters indicate significant differences between
sampling time or treatments at p≤0.05). Total As and PO4 data from As+fish period have already been published in Magellan et al. (2014)

bdl below detection limit

*Marginal significance (0.05<p≤0.1)
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a mean of 13.17×106±8.23×106 cell cm−2 in the As+fish
period (Table 2). No significant difference was observed be-
tween treatments B vs. B + As.

Chlorophyll-a fluorescence measurements and chlorophyll-a
content

Minimum fluorescence yield (F0) increased over time and
showed significant differences between treatments B and B+
As (Fig. 3, Table 3) during the As+fish period, revealing a
significant inhibition of algal biofilm growth from day 25 to

day 33 (Fig. 3). Chlorophyll-a concentration showed a similar
result (Table 2).

Arsenic also affected algal succession and photosynthetic
parameters of the different groups of algae and cyanobacteria.
In the B treatment, diatoms and cyanobacteria increased in
biomass during the first 4 weeks then decreased and were
followed by a progressive growth of filamentous green algae.
In contrast, green algae did not grow with arsenic (Fig. 4).
Significant differences in the maximum PSII quantum yield
(Ymax) between treatments were found. Ymax (diatoms) was

Table 2 Biological data with statistical results

Time period Treatment Live bacteria Chl-a As biofilm As fish
(cell cm−2) (μg cm−2) (μg g−1) (μg g−1)

Biofilm colonization B 5.12×106±0.50×106 (n=3)

B+As 3.05×106±0.69×106 (n=3)

As period B 9.81×106±7.52×106 (n=3)

B+As 5.83×106±2.04×106 (n=3)

As+fish period B 12.23×106±8.47×106 (n=6) 40.61±7.56 (n=3) 3.251±0.21 (n=6) 470.95±61.38 (n=3)

B+As 14.11×106±8.67×106 (n=6) 22.72±8.64 (n=3) 79.59±9.39 (n=6) 758.09±95.32 (n=3)

Time effects ANOVA F=4.980, p=0.019

Biofilm colonization a

As period a,b

As+fish period b

Treatment effects
(B vs. B+As)

ANOVA F=0.623, p=0.440 F=7.282, p=0.054 F=3297.04, p<0.001 F=19.243, p=0.012

Biological data are represented by the mean±standard deviation and sample size (n). Statistical results (F and p) for effects on time (degrees of freedom,
df=2) and treatment (df=1) were achieved by two-way ANOVA (for live bacteria data) and one-way ANOVA (for chl-a, As biofilm and As fish data).
Bonferroni’s tests were also carried out (different letters indicate significant differences between sampling time or treatments at p≤0.05)

Fig. 3 Biofilm growth: evolution of minimum fluorescence yield (F0)
during the biofilm colonization days until the end of the experiment in the
different treatments (B, biofilm without arsenic exposure; B+As, biofilm
with arsenic exposure). Vertical lines indicate arsenic addition (on biofilm
colonization day 21) and fish addition (on biofilm colonization day 25).
Stars indicate significant differences (at p≤0.05) between treatments for
each day. Stars in brackets indicate marginal significance (0.05<p≤0.1)

Table 3 Statistical results of biofilm photosynthetic parameters

Photosynthetic parameters Time Treatment (B vs. B + As)

F p F p

Fo (general) 14.351 <0.001 27.910 0.006

Fo (cyanobacteria) 5.157 0.003 12.602 0.024

Fo (green algae) 11.103 <0.001 2.170 0.215

Fo (diatoms) 5.400 0.003 4.220 0.109

Ymax (general) 6.581 0.001 66.217 0.001

Ymax (diatoms) 1.509 0.231 127.755 <0.001

Ymax (cyanobacteria) 1.803 0.158 9.500 0.037

Yeff (general) 2.313 0.082 40.863 0.003

Yeff (diatoms) 0.276 0.921 1.290 0.320

Yeff (cyanobacteria) 0.961 0.465 75.072 0.001

Two-way repeatedmeasures ANOVA (F and p) of photosynthetic parameters
was performed for all algae (general), cyanobacteria, filamentous green algae,
and diatoms to analyze statistical differences in time (sample size, n=6;
degrees of freedom, df=5) and between treatments (B vs. B+As; n=2;
df=1) at p≤0.05. F0 parameters represent the minimal fluorescence yield of
a dark adapted cell, Ymax parameters represent the photosynthetic capacity of
the community, and Yeff parameters represent the photosynthetic efficiency

4264 Environ Sci Pollut Res (2016) 23:4257–4270



lower during the whole period of arsenic exposure, in contrast
to Ymax (cyanobacteria) and Ymax (general) that showed
more scattered results (Fig. 5). The effective PSII quantum
yield (Yeff) also showed significant differences, except in dia-
toms (Yeff diatoms), at the end of the experiment (Fig. 5,
Table 3).

Diatom community identification and metrics

We identified 52 diatom taxa (Table in Supplementary
material), of which Achnanthidium minutissimum
(Kützing) Czarnecki was the most abundant species,

representing almost the 77 % of the total abundance of
diatoms (75 % in B treatment and almost 79 % in B+As).
In general, the relative abundances of other species de-
creased when they were exposed to arsenic. Significant
decreases were found in Amphipleura pellucida Kützing
(p=0.007) and Nitzschia dissipata (Kützing) Grunow ssp.
dissipata (p=0.004) whereas a significant proportion of
diatom species (30 %) increased in cell numbers,
highlighting some Fragilariaceae, in particular Ulnaria
ulna (Nitzsch) Compère (p=0.092).

Furthermore, arsenic effects on diatom species richness
were marginally significant (p=0.051, Table 4).

Fig. 4 Algal succession:
evolution of minimum
fluorescence yield (F0) of each
algal group (cyanobacteria, green
algae and diatoms) during the
arsenic exposure and until the end
of the experiment, compared
between treatments (B vs. B + As).
Vertical lines indicate arsenic
addition (biofilm colonization
day 21) and fish addition (biofilm
colonization day 25)

Fig. 5 Evolution of maximum quantum yield (Ymax) and effective
quantum yield (Yeff) of all together algal groups (general) and individual
groups (diatoms and cyanobacteria) from the arsenic addition event until
the end of the experiment. Vertical lines indicate arsenic addition (biofilm

colonization day 21) and fish addition (biofilm colonization day 25).
Statistical comparison between treatments (B vs. B+As) was done: stars
indicate significant differences (p≤0.05) between treatments in each day;
stars in brackets indicate marginal significance (0.05<p≤0.1)
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Diatom biovolume determination

Arsenic clearly reduced diatom average cell biovolume (p=0.003,
see Table 4). Besides the global decrease in cell size, individual cell
biovolume (or cell size) in some species, such as Nitzschia
fonticola, was also reduced with arsenic exposure (p=0.066,
Fig. 6a), although this result must be treated with caution because
of data heteroscedasticity. There was a general trend in biovolume
decrease (measured as total biovolume per sample surface unit,
Table 4), which was statistically significant in one case, Nitzschia
dissipata (p=0.040), and marginally significant in three cases,
Amphipleura pellucida (p=0.051), N. fonticola (p=0.079), and
Nitzschia palea (Kützing) W. Smith (p=0.073). In contrast, the
biovolume of some Fragilaria species, such as Fragilaria
capucina Desmazières var. capucina and Fragilaria mesolepta
Rabenhorst, increased under arsenic exposure due to greater cell
size and/or higher cell numbers in the arsenic treatment (Fig. 6b).

In addition, measured biovolumes were compared with
theoretical biovolume data (http://hydrobio-dce.irstea.fr/
cours-deau/diatomees/) for each species and were poorly
correlated (R2=0.039).

Discussion

The arsenic concentration used in this experiment was low
compared to the CMC (acute arsenic exposure) established

by the USEPA (2014) in freshwater. Despite this, it affected
biofilm structure and function. These effects were expected
based on low-measured phosphate concentrations, similar to
the experiment of Rodriguez Castro et al. (2015). However, it
does not agree with our expectation concerning the influence
of fish on phosphate concentration.

After fish addition, higher dissolved phosphate concentra-
tions were found in all treatments (about 13 μg L−1), except in
As alone. However, these phosphate concentrations still
remained limiting according to Dodds et al. (1998).
Therefore, despite fish addition, the expected protection role
of phosphate for algae was not fully achieved. Compared with
Rodriguez Castro et al. (2015), final phosphate concentration
was not high enough to protect all algae from arsenic toxicity.
A possible explanation for this might be related to fish density,
which was not high enough to provide enough nutrients via
their excretion, and/or mineralization rates, which was not
high enough to produce high phosphate concentration from
organic matter (fish excretion) to overcome algal uptake.

Fish addition accelerated algal growth (Fig. 3), which
corresponded to the higher phosphate concentration in water,
which in turn was probably a result of fish metabolism
(Magellan et al. 2014). Although phosphate is one of the most
important determinants of algal production (Borchardt 1996),
biofilm growth was delayed by arsenic exposure. Thus, it
seems that arsenic prevented the uptake of phosphate by algal
biofilm, as shown in Rodriguez Castro et al. (2015), which

Table 4 Diatom metrics and biovolume data, with statistical results

Treatment Species
richness
(S)

Shannon
diversity index
(H)

Species
eveness
(J)

Density
(cell cm−2)

Mean cell
biovolume
(μm3)

Total diatom
biovolume
(μm3 cm−2)

B 32.00±4.36 1.19±0.16 0.34±0.04 73.67×106±28.36×106 153.41±10.20 2.20×1012±1.40×1012

B+As 24.67±1.53 0.98±0.15 0.31±0.05 70.67×106±21.57×106 84.43±15.17 1.15×1012±0.70×1012

One-way
ANOVA

F 7.563 2.580 1.246 0.025 42.724 1.349

p 0.051 0.183 0.327 0.882 0.003 0.310

Data are represented by the mean±standard deviation. Three replicate samples were used for each datum (n=3). One-way ANOVAwas performed to
analyze statistical differences between treatments (B vs. B+A; df=1) at p≤0.05

Fig. 6 Boxplots representing changes in a average diatom cell size (μm3) and b total diatom species biovolume (μm3 cm−2), of significant and some
marginal significant species. Y-axis is log transformed
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resulted in growth inhibition. The lower photosynthetic effi-
ciency in P-limited conditions leading to lower algal growth
has also been observed previously (Rodriguez Castro et al.
2015). During biofilm formation, algal succession usually be-
gins with the emergence of diatoms, followed by
cyanobacteria and finally filamentous green algae (Romaní
2010; Bonet 2013). However, arsenic impeded filamentous
green algae growth and caused diatoms to dominate by the
end of the experiment, leading to lower temporal variability
(Fig. 4). Changes in Ymax at the end of the experiment indi-
cated that important structural changes in photosystem II
(PSII) occurred in biofilm exposed to arsenic (Fig. 5).
Therefore, arsenic inhibits the potential maximum photosyn-
thetic activity of algal biofilm in conditions of phosphate lim-
itation, confirming the recent findings of Rodriguez Castro
et al. (2015). In addition, the measures given by the
PhytoPAM were in concordance with an increase of oxygen
concentration in the water, which indicates that the main kind
of photosynthesis in the system was an oxygenic photosyn-
thesis. Hence, arsenic caused biofilm to become less
phototrophic, what is also supported by the fact that, in con-
trast to algae, live bacterial cell densities did not decrease
(chlorophyll-a concentration halved, Table 2). Thus, the pro-
portion of biofilm consisting of algae decreased. Bacterial
resistance to arsenic has already been documented (e.g.,
Davolos and Pietrangeli 2013). A general reduction of the
Yeff parameter (Fig. 5) shows that arsenic caused a less effi-
cient photosynthesis in algae (Corcoll et al. 2012). However,
diatoms were able to recover their photosynthetic efficiency at
the end of the experiment, indicating adaptation of the diatom
community to arsenic exposure.

Diatoms are cosmopolitan algae and predominate in fluvial
biofilms. Diatom communities exposed to metals have variable
capacities to tolerate the stress caused by the toxicant, both at
the individual scale (with different levels of sensitivity among
species) and at the community scale, where the biofilm acts as a
coherent and protective matrix (Morin et al. 2012). Diatom
taxonomical identification was carried out with samples taken
on the last day of the experiment, when community structure
was mature and expected to show the accumulated effects of
13 days of As exposure. Besides the global shift in algal com-
position, the diatom community responded through a decrease
in species richness, already documented as an effect of metal
pollution (Morin et al. 2012). However, total diatom density
remained relatively unaffected. Therefore, while total algal bio-
mass was affected by arsenic, there was a delay in the expected
replacement of diatoms by filamentous green algae due to suc-
cession, leading to similar values of diatom density at the end of
the experiment. This was attributed to different processes (suc-
cession vs. selection pressure linked with arsenic exposure),
which caused clear effects on cell size and slight changes in
species composition. Achnanthidium minutissimum, a metal-
tolerant species (see review in Morin et al. 2012), was the most

abundant species found, representing almost the 77 % of the
total abundance of diatoms. Achnanthidium minutissimum is
also considered tolerant to nutrient limitation, and its small cell
size is a key feature that allows maintenance of larger popula-
tions and broader regional distributions than larger species
(Passy 2008). In addition, the shift toward its higher abun-
dances in arsenic-exposed communities (from 75 % in the B
treatment to almost 79 % in B+As), highlighted its tolerance to
arsenic. For other species found, 30 % increased in cell num-
bers. In particular U. ulna, a species known for its resistance to
metals (McFarland et al. 1997; Blanck et al. 2003; Tien 2004;
Duong et al. 2008; Ferreira da Silva et al. 2009), achieved larger
populations in the As treatment. In addition, arsenic clearly
caused a global decrease in the average diatom cell size or cell
biovolume (Table 4 and Fig. 6a), a phenomenon also observed
in some individual species, such as N. fonticola. According to
Morin et al. (2012), community size may be affected in several
complementary ways: as a reduction of cell number and/or a
diminution of cell size within a given species. Reduction of cell
size within taxa with metal exposure can be linked to the pecu-
liar mitotic division during vegetative reproduction in diatoms,
which is different to that of other algae. Each division results in
two daughter cells, one of which is the same size as the mother
cell, with the other being smaller. As a consequence, average
cell size at the population level is reduced with each successive
round of mitosis (Drebes 1977). Vegetative reproduction is the
dominant mode of multiplication in diatoms (Chepurnov et al.
2008), so this decrease in size could be a result of a higher cell
division rate in organisms that live in stressed ecosystems
(Gensemer et al. 1995; Potapova and Snoeijs 1997). The de-
crease in size of many taxa in metal-contaminated environ-
ments has already been observed (Cattaneo et al. 1998, 2004;
Morin and Coste 2006; Luís et al. 2011). Moreover, it is known
that in algae, there is a positive richness-body size relationship
(Passy 2012), which agrees with our results. Total diatom sam-
ple biovolume, a parameter dependant on both diatom abun-
dances and cell size, decreased in several cases, such as
A. pellucida, N. dissipata spp. dissipata, and N. fonticola, and
increased in others including F. mesolepta (Fig. 6b), highlight-
ing the different strategies used to cope with As contamination.
An increase in cell volume in a diatom species, Cylindrotheca
fusiformis, with copper exposure has also been attributed to a
tolerance mechanism (Pistocchi et al. 1997). Summarizing,
both higher A. minutissimum relative abundances and greater
abundance of smaller cell size diatoms were the two main
changes favored under arsenic exposure. This supports the idea
that large organisms are more sensitive to stress than short-lived
and fast-reproducing small ones. This size-dependent sensitiv-
ity holds many implications for community functions: systems
under stress would be dominated by smaller organisms with
faster metabolism and flux rates. Thus, body size is a funda-
mental measured property of single organisms and whole com-
munities. In addition, our results highlight the importance of
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taking cell biovolume real measures in water quality assess-
ments or ecotoxicology studies based on diatoms.

The direct effects observed on biofilm function, structure,
and their dynamics (succession) could cause indirect effects
on water chemistry. For example, a resultant increase in water
conductivity may cause a decrease in the capacity of algae to
take and hold solutes, which are necessary for photosynthesis;
while a decrease in dissolved oxygen concentration reflects
oxygen consumption by bacteria and the strong decrease in
oxygenic photosynthesis activity (Table 1). A lower ability of
biofilm to oxygenate the system could be therefore expected
as an indirect effect of arsenic exposure.

Finally, it is necessary to highlight that this experiment
with As was very short (only 13 days), but still resulted in
strong effects on biofilm and specially in diatoms.
Furthermore, this experiment was a dynamic system with
fish, making it more realistic than the classic short-term
effect test with algae. Therefore, it is important to be aware
that the long-term impact in a real polluted ecosystem
would be different and probably much higher. In addition,
the recovery would be more difficult since structural changes
were also observed.

Conclusions

Knowing that chronic arsenic exposure to 130 μg L−1 is a
concentration commonly found in fluvial systems naturally
enriched with arsenic (Rosso et al. 2011), we conclude and
highlight that short-term biofilm exposure to arsenic at envi-
ronmentally realistic concentrations (130 μg L−1 during
13 days) under P-limited conditions was sufficient to cause
direct effects on algae. Using chlorophyll-a as a measure of
algal biomass, and live bacteria number as an approximation
of bacterial biomass, we conclude that a less phototrophic
biofilm was developed, as algal growth and productivity were
reduced. Moreover, arsenic impeded the algal succession pro-
cess, causing changes in the algal community and specifically
in diatoms: a loss of diatom species sensitive to As and a
significant decrease in cell size may allow diatoms to become
more tolerant to the toxicant. On the other hand, biofilm ex-
posed to arsenic aggravated the effects of arsenic exposure in
fish (Magellan et al. 2014). Therefore, an important function
of the system was lost, regarding the decrease of primary
production and the loss of biodiversity. All these changes
have obvious ecological implications for freshwater
environments, especially rivers. Considering how low
arsenic concentration and exposure time were in this
experiment compared with reality, the results call into
question the limits of arsenic concentration established by
the USEPA (2014) in freshwater based on acute arsenic expo-
sure (340 μg L−1).

The protection role of phosphate for algae exposed to arse-
nic was not fully achieved. Further experiments are needed to
disentangle and better understand the complex set of processes
contributing to arsenic and phosphate cycling by decom-
posers, primary producers, and consumers.

Finally, we strongly support the use of biofilm and a multi-
endpoint approach to measure effects of toxicants in freshwa-
ter ecosystems. This study also brings new arguments for the
use of real measurements in the estimation of diatom
biovolume (cell size), as well as for the use of multi-trophic
studies to elucidate the real effects of toxicants.
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