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Single and multispecies algal bioassays were assessed using copper toxicity with three green algae (Scenedesmus
subspicatus, Scenedesmus quadricauda and Ankistrodesmus angustus) and one blue-green algae species (Oscillatoria
prolifera). Single and multispecies toxicity tests were conducted based on cell density as per standard toxicity
testing, and on equivalent surface area. A higher copper sulfate toxicity was registered for O. prolifera, followed
by S. subspicatus, S. quadricauda, and A. angustus in single-species toxicity tests based on cell density. Single
species toxicity tests based on surface area showed increased copper toxicity with increasing algal surface area
except for A. angustus. In multispecies control bioassays, the growth of A. angustus was inhibited in the presence
of other species in surface area-based tests. As compared to single species bioassays, O. prolifera, and S. quad-
ricauda showed a decreased sensitivity to copper sulfate in both cell density and surface area based multispecies
tests. However, for the algae species with the smallest surface area, S. subspicatus, 96h-ECs, value decreased in
multispecies bioassays based on surface area as compared to the single species test, while it increased in mul-
tispecies bioassays based on cell density. The difference in S. subspicatus sensitivity to copper between tests based
on cell density and surface area supports the need to adopt multispecies toxicity testing based on surface area to
avoid the confounding effect on copper toxicity of increased biomass for metal binding. 96h-ECs, values for all
species combined in the multispecies test based on cell density and on surface area were significantly different
from 96h-ECso values obtained in single species bioassays. These results demonstrate that single-species
bioassays may over- or underestimate metal toxicity in natural waters.

1. Introduction

To assess the risk of pollutants in aquatic ecosystems, numerous
laboratory scale toxicity tests have been developed. Algae inhibition
toxicity tests, characterized by four-day static tests, are used to de-
termine the effects of contaminants on the growth of a unicellular
green-algal species after exposing algae population to a series of al-
gaecidal concentrations (OECD, 1984; Beelen and Fleuren-Kemila,
1999; EPA, 2002). In different studies, most metal toxicity testing in-
cluded single-species laboratory bioassays based on cell density to
evaluate the concentration at which the chemical is deemed en-
vironmentally unsafe (Petersen, 1982; Swartzman et al., 1990; Wagner
and Lokke, 1991; Beelen and Fleuren-Kemila, 1999; Sanderson et al.,
2004). However, toxicity tests on the basis of algae surface area have
seen little investigation.

The surface area of organisms proved to be highly significant as it
provides a new approach in the analysis of microalgae. The initial
toxicant loading can be determined by assessing the adsorption of metal
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ions to algal surfaces. It is both dependent on the cell surface area and
on the nature of metal binding sites (Dahl, 1973; Franklin et al., 2004).
As algal cell surface is composed of complex and heterogeneous binding
sites for metals and protons, it is capable of absorbing nutrients and bio-
accumulating heavy metals, such as copper (Xia et al., 2016). Further,
agitation and mixing rate of nutrients is affected by the size and shape
of microalgae. In this context, cell size is linked to several processes,
including “nutrient uptake, light affinity, photosynthesis, respiration,
settling rates, physical transport and plant-herbivore interactions”
(Vadrucci et al., 2013).

In algae inhibition toxicity tests, individual species are evaluated for
their sensitivity to a specific algaecide under controlled laboratory
setup (temperature, light, nutrients, and water quality). However, these
tests do not represent the interactions among organisms as part of
complex communities in real scenarios. The resulting effect of these
single species toxicity tests reflects the sensitivity of the monitored
species to direct algaecidal effects only and excludes potential effects of
other coexisting algal organisms (Franklin et al., 2004; De Laender
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et al.,, 2009). Some microalgae can produce secondary metabolites
when under chemical stress and influence the growth and toxicants
induced sensitivity of other algae species present in the aquatic en-
vironment. These effects are hard to simulate in isolated tests (Metaxas
and Lewis, 1991; Gross, 2003; Legrand et al., 2003; Granéli et al.,
2008). Hence, multispecies toxicity tests provide a means to identify the
combined effect of algal-algal interactions and the influence of tox-
icants, which are difficult to determine in isolated algae toxicity
bioassays (Swartzman et al., 1990; Franklin et al., 2004; Yu et al., 2007;
Picone et al., 2016). Aside from affecting the activity of the test che-
mical, algal-algal interactions provide more realistic judgment on al-
gaecide treatment dosages in natural waters. Thus, conducting multi-
species toxicity tests could present an efficient way to assess precise
metal toxicity mechanisms in complex systems (Suter, 1983; Franklin
et al., 2004; Yu et al., 2007; De Laender et al., 2009; Bautista-Chamizo
et al., 2019).

For many years, copper was used as a reference toxicant to control
algae in ponds (Bartley, 1976) and to reduce the abundance of algae
that causes off-flavor in catfish (Haughey et al., 2000). Copper is an
essential micronutrient for algae metabolism at very low levels. It
functions as an enzyme co-factor and plays a role in electron transport
in the photosynthetic process (Bossuyt and Janssen, 2004; Garlich et al.,
2016; Wang et al., 2017). Lack of copper interferes with photosynthesis,
respiration, protein synthesis, and decreases algal resistance and re-
production (Bossuyt and Janssen, 2004). However, at high concentra-
tions, copper becomes toxic to algae and may be potentially detrimental
to recipient aquatic ecosystems, with the cupric ion (Cu®™) being the
primary toxic form. Cupric ion affects the efficiency of photosynthesis,
chloroplast structure and lipid biosynthesis (Lobban et al., 1985; Cooke
et al., 1993; Sunda and Huntsman, 1983; Andrade et al., 2004; Garcia-
Villada et al., 2004; Dewez et al., 2005; Jancula and Marsalek, 2011). It
also causes disarrangement of the plasma membrane (Ferreira et al.,
2018), the destruction of the chloroplast membrane of green plants
(Tiecher et al., 2017) and interferes with cell permeability on the
binding of essential metals (Gardea-Torresdey et al., 2004). Hence, it is
of outmost importance to determine the effective lethal copper con-
centration to algal communities in eutrophicated waters (DeFilipis,
1979; Stauber and Florence, 1987; Bossuyt and Janssen, 2004; Garlich
et al., 2016; Wang et al., 2017). On the other hand, copper toxicity is
species specific. Studies demonstrated that blue-green algae are highly
sensitive to copper, whereas green algae have wide range of resistance
to the metal toxicant (Illinois state water survey, 1989; Zhang et al.,
2016). It is therefore critical to determine the minimal dose of copper
algaecide necessary to effectively treat algae while minimizing the
drawbacks of excessive unneeded algaecide levels.

This study aims at determining growth interactions in single and
multi-species bioassays of Scenedesmus subspicatus, Scenedesmus quad-
ricauda, Ankistrodesmus angustus, and Oscillatoria prolifera under control
and copper toxicity conditions. The test species were selected for their
previous appearance in irrigation channels in Lebanon and common
occurrence in lakes and ponds (BAMAS, 2005; Fawaz et al., 2018).
Their different representation of shape and size render them ideal and
well-aligned with the study objectives. The effect of copper on in-
dividual species and algal mixtures was determined to identify whether
the interaction between different species affects contaminant toxicity.
Copper sulfate was used as an inhibitory agent on the four algal species.
The difference between cell density and surface area considerations in
both single and multi-species bioassays was assessed.

2. Materials and methods
2.1. Algae culturing medium
Scenedesmus quadricauda (UTEX B 76 strain), Scenedesmus sub-

spicatus (UTEX 2532 strain), Ankistrodesmus angustus (UTEX 189 strain),
and Oscillatoria prolifera (UTEX B 1270 strain) were selected for this
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study (Fig. S1 in SI). Algae species were provided on solid culture media
and were transferred aseptically to BG-11 and EPA autoclaved aqueous
culture media. Algal growth was then monitored in both media to de-
termine the most suitable culture medium for each algal species. BG-11
was selected as the culture medium in which a starter culture of at least
10° cells/mL of healthy, reproducible growing algal cultures was
achieved for all species over a period of six weeks (EPA, 1994). The
cultures were incubated in a controlled environmental chamber at
25 *= 1°C under continuous illumination provided by cool white-type
fluorescent lamps (Orsam daylight L36W/765, 120 cm, 76 Hz) allowing
an energy level output varying between 380 and 440 cd. Transfers of
stock algal cultures to fresh nutritive medium was performed once per
week under sterile conditions, to maintain a supply of cells in the
logarithmic growth phase.

2.2. Determination of algae cell surface area

A ZEISS inverted fluorescence microscope (Axiovert 200) was used
to determine the mean surface area (SA) of each algae species by image
analysis. Cell dimensions (diameter, width, and length) were measured
for 65 cells of each species and the surface area was determined as the
corresponding mean value. Approximated geometrical shapes were
assumed for each species such as an oval for S. subspicatus
(SA=4*n*R; *Ry; where R; and R, are the corresponding radiuses), a
rectangle for S. quadricauda (SA =2 *L*W; where L is the length and W
is the width), a crescent for A. angustus (SA =area of a crescent*2), and
a filamentous shape for O. prolifera (SA =area of a filament*2). For the
latter two species, more accurate average areas were modeled (Fig. S2
in SI). Cells thickness was considered negligible. The calculated mean
surface area per cell were 47, 108, 742 and 2348 um? for S. subspicatus,
S. quadricauda, A. angustus and O. prolifera respectively.

2.3. Experimental setup

Algae growth inhibition bioassays were carried out in 250 mL
Erlenmeyer glass flasks which were thoroughly rinsed with acetone and
a 10% solution of reagent grade hydrochloric acid, followed by two
times rinsing with MILLI-Q water according to the EPA 96-h static
chronic algal toxicity test (EPA, 1994). Two sets of experiments were
carried out. In the first set, individual algae species were tested in single
species toxicity bioassays and in the second set of experiments, algae
were combined and tested in multispecies cultures. In each case, two
treatments were performed based on cell density and on equivalent
surface area.

In toxicity bioassays based on cell density, single species bioassays
were composed of 10,000 cells/mL for each species separately (EPA,
1994). In the case of multispecies toxicity tests, the initial density was
10,000 cells/mL for all combined species, whereby 2500 cells/mL of
each species were cultured in the test flask.

In toxicity bioassays based on surface area, the equivalent surface
area of 10,000 cells/mL of the species with the largest measured cell
surface area was determined and used for single species testing. In this
case, the initial cell density of the smaller species were correspondingly
increased to match the surface area of the largest species in the single
species tests. As such, and knowing that O. prolifera has the largest
average area/cell of 2348 um?, the total algal surface area adopted in
the toxicity testing was computed to 23,480,000 pm?. Thus, mono-algal
toxicity tests conducted with S. quadricauda, S. subspicatus, A. angustus
and O. prolifera, were performed with an initial cell density equivalent
to 23,480,000 umz in each case (Table 1). The required culture starter
for each algae species (cells/mL) was calculated using Eq. (1).

23,480,000

Initial Starter (cells/mL) =

(€8]

In the case of multispecies toxicity test based on algal surface area,
the initial density used for each of the four algal species was equivalent

Aspecies
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Table 1
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Initial inoculum of each algae species in single-species (SS) and multi-species (MS) toxicity bioassays based on surface area (SA) and cell density (CD).

Initial cell inoculum (cells/mL)

Bioassays S. subspicatus S. quadricauda A. angustus 0. prolifera” Surface area (um?) of a species in 1 mL Total surface area (um?)
SS/SA! 499.60 x 10° 217.40 x 10° 31.60 x 10° 10.00 x 10° 23.48 x 10° 23.48 x 10°

MS/SA 122.30 x 10° 53.20 x 10° 7.70 x 10° 2.50 x 10° 5.87 x 10° 23.48 x 10°

SS/CD 10.00 x 10° 10.00 x 10° 10.00 x 10° 10.00 x 10° - -

MS/CD 2.50 x 10° 2.50 x 10° 2.50 x 10° 2.50 x 10% - -

1 Initial inoculum for each species in tests based on surface area was computed based on a total surface area of 23,480,000 pm?>.
2 0. prolifera bioassays were conducted once as the initial inoculum for tests based on CD and SA was the same.

to 25% of the total defined surface area of the starting inoculum
(23,480,000 x 25%=5.87 x 10° um?). Table 1 indicates the initial cell
count in the test flasks for each species in mono and multi-species
toxicity testing based on surface area and cell density.

Control flasks with no added copper were prepared in triplicates for
each set of toxicity bioassays. In the case of multispecies tests, two types
of controls were prepared. The first type consisted of the combined
species, and the second type consisted of separate species with an initial
cell density equal to the corresponding species’ density in the algal
mixtures. The two types of controls were necessary to allow a direct
comparison of control growth rates in the presence and absence of other
species, accounting thus for the effect of algal-algal interactions on
individual species growth.

2.3.1. Algae inhibition tests

For each treatment, eight copper concentrations (50, 100, 200, 350,
500, 1000, 1500, and 2000 png/L as CuSO4) were tested in triplicate
cultures for 96 h. The test concentrations were in accordance with EPA
(2002) algal growth inhibition test and selected in the recommended
range by Cook et al. (1993) and based on previous toxicity results on
similar algal groups (Fawaz et al., 2018). The test cultures were asep-
tically prepared by adding algal inoculum to 40 mL copper test solu-
tions to provide the corresponding cell densities in the flasks depending
on the type of test. Test flasks were incubated under continuous illu-
mination (55.48-64.24 umol.photons.mz/s) at 25 = 1°C, and were
shaken twice daily to keep the algae in suspension and facilitate the
transfer of CO,. Flasks positions in the incubator were randomly rotated
to minimize potential spatial differences in illumination and tempera-
ture on algal growth rate. Algae growth was measured at the end of 24,
48, 72, and 96 h of incubation, by performing algae cell counts using
direct microscopic observation and Improved Neubauer counting
chamber (0.1 mm depth, 1.8 ul volume). An ultrasonic bath was used to
detach algal cells from the culture flasks’ walls and to disperse cell
clumps in the solutions. pH was measured at the beginning and at the
end of the single and multispecies bioassays (Tables S1 and S2 in SI).

Copper toxicity on the different tested species was measured as %
growth reduction of each species at the end of each exposure day. The
average specific growth rates of the exponentially growing cultures in
the different test media were calculated at 96 h as follows:

1I1N4 - ll'lN()
d4 - do

Growth Rate =

Where by, Ny is the nominal number of cells/mL at day 0, Ny is the
measured number of cells/mL at day 4, d, is the time of measurement
before beginning of test, and d, is the time of measurement at 96 h.
Residual free copper in test solutions was measured for each species
alone in tests based on cell density and surface area, as well as in
multispecies tests using atomic absorption spectrophotometry.

2.4. Statistical analysis

Copper toxicity was expressed as 96h-ECs, value, which represents
the concentration of copper that is required to inhibit algal growth by
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50% after 96 h compared to the controls. A total of nine independent
experiments were conducted to determine copper toxicity to algae in
single and multispecies tests using cell density and surface area. Algae
count data from triplicate bioassays were pooled and a combined
concentration-response curve was plotted using weighted linear re-
gression analysis on Probit transformed data. 96h-EC10 (the con-
centration of copper that is required to inhibit algal growth by 10%
after 96-h compared to the controls) was obtained using the same
method. The effect of copper dosage and the potential changes in
growth rates at 96 h were assessed for each of the treatments. In each
case, growth rates were found to follow a normal distribution using the
Shapiro-Wilks’ test. Student's t-test was then used to evaluate statisti-
cally significant differences. The R software (R Core team, 2015) was
used to conduct the statistical analysis. A significance level of 5% was
used in all tests. Significant difference between 96h-ECs, values in the
different treatments was determined depending on confidence interval
(CD overlap. ECsos were considered significantly different when their
respective CIs were not overlapping. However, ECs¢s with overlapping
confidence intervals were considered not significantly different only
when the following condition was satisfied:
(EC50, — EC50,)—(1.96+/SE,?> + SE,?)<0, where 1.96 is the critical t-
value (Knezevic, 2008).

3. Results
3.1. Single species tests

3.1.1. Tests based on cell density

In tests based on cell density, controls of algae species achieved at
least 10° cells/mL for each species (Fig. S3a in SI) which confirms
healthy growth of algae.

96h-ECs( values obtained for O. prolifera, S. subspicatus, S. quad-
ricauda and A. angustus were respectively 126 ng/L, 198 ug/L, 359 pug/L
and 1809 pg/L as copper sulfate, and were significantly different (p-
value < 0.05) (Table 2).

O. prolifera was the most sensitive to copper (96 h-ECsy =126 pg/L)
among all species in single toxicity tests. At copper sulfate concentra-
tions of only 100 ng/L, more than 60% growth inhibition occurred at
96 h relatively to the control. Almost complete inhibition was observed
at the highest copper sulfate dosages of 1500 and 2000 pg/L and ex-
ceeded 97% (Fig. 1). S. subspicatus reached a 96h-ECsq value of 198 pg/
L. While showing no significant effect (p-values > 0.05) at dosages of
50 and 100 ug/L, as compared to the control, copper sulfate proved to
be effective in inhibiting S. subspicatus at higher dosages (p-value <
0.05). Growth inhibition of S. subspicatus reached around 88% at
350 ug/L and exceeded 96% at higher dosages. Compared to S. sub-
spicatus, copper sulfate proved to be a less toxic algaecide to S. quad-
ricauda (96h-ECso =359 ug/L). The maximum attained growth inhibi-
tion of S. quadricauda was 82% after 96 h at the highest copper sulfate
concentration. Among all single species, A. angustus was the most re-
sistant to copper sulfate in tests based on cell density (96h-ECsq
=1809 nug/L). At the lowest copper sulfate dosage (50 pg/L), cell den-
sity of A. angustus was statistically not different from the control (p-
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Table 2
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ECso and EC;q values of algal species after 96 h of copper sulfate exposure, across treatments.

96h-ECsp (ug/L)

Tests based on cell density

Tests based on surface area

Algal species Single species

Multispecies

Single species Multispecies

S. subspicatus
S. quadricauda
A. angustus

O. prolifera
Mixed species

198 (152-259) ag
359 (214-604) ci
1809 (979-3342) ek
126 (79-202) x

Tests based on cell density

Algal species Single species

321 (224-461) hs
1695 (729-3939) jt
235 (160-345) 1v
454 (205-1002) y
389 (263-577) z

Multispecies

S. subspicatus 93 (72-122) ag 80 (55-114) hr
S. quadricauda 38 (23-64) ci 44 (19-101) it
A. angustus 156 (84-288) ej 53 (36-77) kv
O. prolifera 20 (13-33) x 13 (6-28) y

Mixed species

80 (54-119) z

1123 (708-1781) bm
692 (389-1230) do
190 (188-391) fq
126 (79-202) x

462 (370-563) ns
1011 (667-1531) pu
60 (15-232) rw
471 (209-1064) y
462 (288-741) Q
96h-ECy¢ (ug/L)

Tests based on surface area

Single species

178 (112-283) bl

57 (32-101) dn

41 (28-61) fp

20 (13-33) x

Multispecies

28 (16-49) ms
200 (132-302) ou
0.1 (0.04-0.5) qw
12 (5-27) y

63 (39-100) Q

*

difference (p > 0.05).
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Fig. 1. Induced percent growth inhibition of S. subspicatus, S. quadricauda, A.
angustus and O. prolifera exposed to copper sulfate after 96 h in single-species
bioassays based on cell density.

value=0.69). At the highest copper sulfate dosage of 2000 pg/L, density
of A. angustus cells was statistically lower than the control after 96 h of
treatment, but only reached 57.6% inhibition.

3.1.2. Tests based on surface area

the respective 96h-ECsq of S. subspicatus, S. quadricauda, A. angustus
and O. prolifera were 1123, 692, 190 and 126 pg/L as copper sulfate
(Table 2). A trend between cell surface area of each species and its
corresponding 96h-ECsy could be deduced in this case. For the same
total surface area, as algae species single cell area increases, 96h-ECsq
decreases. Thus, the higher the algae cell surface area, the more the
species is sensitive to copper.

In tests based on cell density, controls of algae species achieved cell
count ranging between 10°-1.4 * 10° cells/ mL (Fig. S3a in SI), while a
much higher growth was attained in control bioassays based on surface
area where cell counts of S. subspicatus, S. quadricauda and A. angustus
reached respectively 4855*10° cells/mL,1811*10° cells/mL and
6716 * 10° cells/mL after 96 h (Fig. S3b in SI). This is due to the in-
creased initial cell density in the case of bioassays based on surface area
and highlights the effect of cells starting density in toxicity results.

In toxicity test flasks, S. subspicatus was the most tolerant species to
copper sulfate in single species-tests based on surface area with a 96h-
ECso value of 1123 pg/L as copper sulfate. Growth inhibition of only
38% was reached at copper sulfate concentration of 1000 ug/L (Fig. 2).
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a to Q denote whether ECsos or ECy¢s of the different algae species are significantly different (p < 0.05) across treatments. Same letter means no significant

100
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Growth inhibition (%)
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—O— S. quadricauda
—v— A. angustus
—4&— 0. prolifera

0 T T T
0 500 1000 1500

20 1

2000

Copper sulfate concentration (ug/L)

Fig. 2. Induced percent growth inhibition of S. subspicatus, S. quadricauda, A.
angustus and O. prolifera exposed to copper sulfate after 96 h in single-species
bioassays based on surface area.

S. quadricauda was more sensitive to copper sulfate than S. subspicatus
and reached a 96h-ECsq value of 692 ug/L. However, S. quadricauda
reduction of only 68% was observed at 96h at the highest applied
copper sulfate dose (2000 pug/L). A. angustus registered a 96h-ECsq
value of 190 ug/L. Copper sulfate showed to be efficient through all
dosages at 96h in tests of A. angustus which reached an inhibition
percentage of around 96% at 2000 pg/L. As mentioned previously, one
test was conducted for O. prolifera, being the reference species with the
largest cell surface area. A measured ECso value of 126 ug/L was
reached after 96 h. Thus, O. prolifera with the largest cell surface area,
showed the highest sensitivity to copper sulfate.

3.2. Multispecies tests

3.2.1. Controls of multispecies tests

In multispecies tests, the initial inoculum of all species together was
equal to 10,000 cells/mL in tests based on cell density (2500 cells/mL/
algae species), whereas in tests based on surface area, the total surface
area was equivalent to 23,480,000 um? (5,870,000 um?/algae species).
To identify possible interactions between O. prolifera, S. subspicatus, S.
quadricauda, and A. angustus, control growth (in the absence of copper
sulfate) were compared for each species alone and in the presence of the
other species and are presented in Table 3.

In multispecies controls based on cell density, S. subspicatus, S.
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Table 3
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Average control growth rate of each species alone and when mixed with other species at 96 h.

Treatments Initial inoculum (cells/mL)  Average growth rate of species in single species control (cells/  Average growth rate of species in mixed species control (cells/
mL/day) mL/day)
S. subspicatus CD' 250 x 10° 1.27 + 0.01 a° 1.27 = 0.0l a
S. subspicatus SA”  122.34 x 10° 0.54 + 0.01b 0.51 + 0.02b
S. quadricauda CD ~ 2.50 x 10° 0.96 = 0.01c 0.95 = 0.01c
S. quadricauda SA  53.24 x 10° 0.59 + 0.01d 0.61 + 0.01d
A. angustus CD 2.50 x 10° 1.03 + 0.0l e 1.01 + 0.0l e
A. angustus SA 7.75 x 10° 1.28 + 0.01f 1.11 £ 0.01g
O. prolifera CD 2.50 x 10° 1.09 = 0.01h 1.09 = 0.02h
O. prolifera SA 2.50 x 10° 1.10 = 0.011i 1.09 + 0.011i

1 CD=Cell density.

2 SA=Surface area.
3

significantly [p > 0.05] different).

quadricauda, A. angustus and O. prolifera did not show significantly
different growth compared to single species control tests. However, in
multispecies controls based on surface area, only A. angustus control
growth was reduced significantly at 96h in the presence of S. sub-
spicatus, S. quadricauda, and O. prolifera compared to single species
control tests. Growth rate at 96 h dropped from 1.28 = 0.01cells/mL/d
in single species control tests to 1.11 = 0.009 cells/mL/d in the pre-
sence of other species. For S. subspicatus, S. quadricauda, and O. pro-
lifera, similar growth rates were obtained in the presence and absence
of other algal species in tests based on surface area (p-values > 0.05).

3.2.2. Multispecies test samples

In both multispecies copper sulfate toxicity tests based on cell
density and surface area, A. angustus was the most sensitive to copper
sulfate in the presence of other species in comparison to single species
tests (Table 2). In tests based on cell density, 96h-ECs, value dropped
from 1809 pg/L in single species tests to 235 ug/L in multispecies tests
and from 190 nug/L to 60 pg/L in tests based on surface area. Copper was
significantly less toxic to S. quadricauda in the presence of other species
compared to single species bioassays in both cell density and surface
area based-tests (p-value < 0.05). The ECs, value after 96 h increased
from 359 ng/L and 692 pg/L in single species bioassays based on cell
density and surface area respectively, to 1694 ug/L and 1010 ug/L in
the corresponding multispecies bioassays. For O. prolifera, 96h-ECs,
significantly increased from 126 pg/L in single species bioassays, to 454
and 472 pg/L in multispecies bioassays based on cell density and sur-
face area, respectively. Copper was significantly less toxic to S. sub-
spicatus in the presence of other species compared to single species
bioassays based on cell density. The 96h-ECs, value significantly in-
creased from 198 ug/L in single species bioassays based on cell density
to 321 pg/L in the corresponding multispecies bioassays. However, in
toxicity tests based on surface area, 96h-ECso values of S. subspicatus
decreased from 1123 pg/L in single species bioassays to 461.6 ug/L in
the multispecies bioassays. Fig. S4 in SI shows multispecies algae
growth curves of the two conducted bioassays in the presence of
copper.

For all species combined in the multispecies test based on cell
density and surface area, respective 96h-ECs, were 389 ug/L and
462 pg/L.

4. Discussion
4.1. Single species tests

O. prolifera was the most sensitive to copper (ECso =126 nug/L)
among all species in toxicity tests. It is a common knowledge that blue-
green algae are more sensitive to the effects of copper than other algae
groups, and consequently this type of algae is the most easily controlled
by copper sulfate applications (McGuire et al., 1984; Illinois state water

588

a to i denote whether growth rates single species controls are significantly (p < 0.05) different from rates in mixed species controls (same letter means not

survey, 1989; Saikia et al., 2011).

In tests based on cell density, S. subspicatus, S. quadricauda and A.
angustus were less sensitive to copper sulfate than O. prolifera.
Scenedesmus sp. have the ability to avoid metal toxicity by excreting
biotic factors (Levy et al., 2007; Magdaleno et al., 2014). In particular,
S. subspicatus produces glutathione, a peptide of high metal binding
capacity which might have contributed to the complexation of copper
ions, reducing its toxicity to the test species (Hullebusch et al., 2002;
Kalinowska and Pawlik-Skowronska, 2010; Le Faucheur et al., 2006).
Similarly, S. quadricauda produces and accumulates intracellular and
extracellular metal-chelating exudates. These include carbohydrates
and proteins among which proline and are produced by S. quadricauda
as a self-protective mechanism against copper toxicity stress (Marsalek
and Rojickova, 1996). Ankistrodesmus sp. excrete high molecular weight
nitrogenated and oxygenated compounds which complex copper as
suggested by Henriques Vieira and Nascimento (1988). This might have
led to the reduced metal toxicity to Ankistrodesmus in this study.

In tests based on surface area, S. subspicatus, S. quadricauda and A.
angustus were more resistant to copper sulfate toxicity than O. prolifera
owing to their metal binding ability. Compared to single species tests
based on cell density, significantly (p < 0.05) higher 96h-ECs, values
were measured for S. subspicatus and S. quadricauda in tests based on
surface area (ECsg values of 1123 and 692 ug/L for S. subspicatus and S.
quadricauda, respectively, as compared to 198 and 359 ug/L). S. sub-
spicatus and S. quadricauda initial density varied from 10,000 cells/mL in
tests based on cell density to 499.6 * 10° and 217.4 * 10° cells/mL re-
spectively in tests based on surface area. The significantly higher initial
inoculum density of the two tested Scenedesmus species in surface area-
based toxicity bioassays in comparison with tests based on cell density
may have contributed to the reduction of copper toxicity. For the same
concentrations of copper sulfate present in both tests, higher initial in-
oculum densities of S. subpicatus and S. quadricauda led to an increased
production of metal chelating exudates which contributed to an in-
creased copper complexation (Hullebusch et al., 2002; Xue et al., 1988).
In addition, faster surface adsorption onto the cells binding sites by
higher biomass density, produced lower metal ion levels in solution and
positively affected algal growth (Crist et al., 1990). This was demon-
strated by the lower measured labile cupric ion concentrations (Table S3
in SI) in bioassays conducted with of S. subspicatus and S. quadricauda
with higher initial biomass density (tests based on surface area).

In contrary to S. subspicatus and S. quadricauda, A. angustus showed
a significant decrease in 96h-ECsq value from 1809 pug/L in tests based
on cell density to 190 pug/L in tests based on surface area with higher
initial cells density. This unexpected increase in copper toxicity at
higher initial cell density was associated with a pH increase of nearly
2.2 units in control samples (Table S1b in SI), rendering the test invalid
(acceptable pH increase in the control of the tests should not exceed
1.5; OECD, 2011). Therefore, the corresponding test was no further
discussed.
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4.2. Multispecies tests

Multispecies bioassays were conducted to determine the effect of
algal-algal interactions on copper toxicity to the different tested species.

4.2.1. Controls of multispecies tests

In multispecies controls based on cell density, S. subspicatus, S.
quadricauda, A. angustus, and O. prolifera showed similar control growth
in the presence and absence of other algal species. In multispecies
controls based on surface area, only A. angustus showed a reduced
growth after 96 h in the presence of other species compared to the
single species control. This growth reduction could be due to compe-
tition for nutrients which became significant in surface area based-
multispecies controls with higher initial biomass density. S. subspicatus,
S. quadricauda, and O. prolifera which showed similar control growth in
the presence and absence of other algal species, had the capability to
outcompete A. angustus for nutrients. Kayser (1979) demonstrated that
the main element controlling the growth of several species in multi-
species cultures is nutrient competition. Sakshaug and Olsen (1986)
found that Staurastrum luetkemuellerii outcompetes Microcystis aerugi-
nosa when the nutrient supply is continuous and concluded that inter-
specific nutrient competition depends on the nutrient requirement of
individual species and the mode of nutrient uptake. Franklin et al.
(2004) found that in multispecies controls, P. tricornutum and H. niei
competed successfully with M. pusilla for the nutrient uptake inducing
its growth reduction. Yu et al. (2007) found that growth inhibition may
be more influenced by algal-algal interactions than by the contaminant
effect itself. Further, Friebele et al. (1978) observed that for similar
surface areas, smaller cells (like S. Subspicatus and S. quadricauda) have
faster nutrient uptake rates which grant them a competitive advantage
over larger cells (like A. Angustus). Another potential reason which
could have significantly reduced A. angustus growth in multispecies
control flasks based on surface area is the allelopathic effect that O.
prolifera might have induced on A. Angustus. In fact, Araoz et al. (2010)
demonstrated that Oscillatoria sp. produces anatoxin-a under stress and
several studies described the effect of anatoxin-a from Oscillatoria sp. on
other algal species. Leao et al. (2009) showed that Oscillatoria sp. has
allelopathic potential on green algae such as C. Vulgaris. Also, Kearns
and Hunter (2001) reported that the green alga Chlamydomonas re-
inhardtii was paralyzed by exposure to anatoxin-a. O. Prolifera could
thus have secreted anatoxin-a which might have significantly affected
the growth of A. Angustus. Unlike A. Angustus both Scnenadesmus species
were not affected by the allelopathic signaling of O. Prolifera. Sedmak
and Kosi (1998) studied how toxins secreted by cyanobacteria (like fi-
lamentous Oscillatoria sp.) can selectively negatively affect algal species
growth. They found that algal species like C. erosa showed cell loss and
therefore growth inhibition in the presence of cyanobacterial toxins,
while other species like M. contortwn and S. quadricauda showed en-
hanced proliferation. Similarly, in this study, Scenedesmus sp. showed to
be unaffected by the toxin exudates of the cyanobacteria.

4.2.2. Effect of copper sulfate toxicity

The effect of copper on the growth of S. subspicatus, S. quadricauda,
A. angustus, and O. prolifera in multispecies bioassays based on both cell
density and surface area was measured as 96h-ECs, values reported in
Table 3. The difference in copper toxicity in single and multispecies
bioassays will be discussed to determine the effect of algal interactions
on the metal toxicity.

96h-ECs¢ of A. angustus in multispecies bioassays based on cell
density and surface area decreased in comparison with their corre-
sponding single species bioassays. In addition to copper stress, the
significant (p-value < 0.05) reduction of A. angustus growth is probably
due to the inhibitory effect which other micro-algal species could have
induced through competition for nutrients or secretion of toxins with
inhibitory effect.

Decreased toxicity of copper to S. quadricauda in the presence of

589

Ecotoxicology and Environmental Safety 174 (2019) 584-591

other species may be due to the reduction of free copper ions due to
self-production of exudates. As discussed in the single species toxicity
tests, S. quadricauda may be producing and accumulating intracellular
metabolic products that play an important role in the protection of the
algae against copper toxicity (Marsdlek and Rojickova, 1996;
Magdaleno et al., 2014). Carbohydrates and proteins that S. quad-
ricauda produced, might have contributed to the complexation of
copper and to the reduction of copper toxicity. Nonetheless, given the
higher toxicity of copper to S. quadricauda in single species bioassays, a
more eventual justification for the reduced copper toxicity on S.
quadricauda in the presence of the other species would be the produc-
tion and release of exudates by S. subspicatus.

Toxicity of copper was also reduced to O. prolifera in the presence of
S. subspicatus and S. quadricauda. This might be correlated to the pro-
duction and extracellular algal exudates by these latter species in re-
sponse to copper stress (Le Faucheur et al., 2006; Kalinowska and
Pawlik-Skowronska, 2010). These exudates may complex copper ions,
making them less bioavailable to O. prolifera in multispecies bioassays.

Copper was significantly less toxic to S. subspicatus in the presence
of other species compared to single species bioassays based on cell
density. Decreased toxicity of copper to S. subspicatus may be due to the
complexation of copper by the exudates produced by S. quadricauda. It
is worth mentioning that a mutually profitable interaction between S.
quadricauda and S. subspicatus may be concluded whereby, each species
releases exudates which protect itself and the other species from copper
toxicity. However, in toxicity tests based on surface area, S. subspicatus
showed to be less tolerant to copper in the presence of other species.
Quigg et al. (2006) reported that in surface area tests, small cells that
have large surface area to volume ratios are more sensitive to copper
than larger species. The difference in S. subspicatus sensitivity to copper
between tests based on cell density and tests based on surface area
could be explained by the positive effect that bigger algal cells have on
smaller ones in the form of increased protection against copper toxicity
(Franklin et al., 2002). In multispecies toxicity tests based on cell
density, the same initial inoculum was used for the different algal
species (2500 cells/mL each). The different species present in the
medium have different total surface areas each (O. prolifera, A. angustus,
S. quadricauda, and S. subspicatus present respective single cell surface
areas of 5,870,000 pum? 1,855,000 um? and 270,000 um?* and
117,500 um?). Having the same initial cell inoculum but different sur-
face areas per species, the algae with the largest cell surface area, O.
prolifera, will occupy the biggest surface area, followed by A. angustus,
and S. quadricauda. The 2500 cells/mL of S. subspicatus will occupy the
smallest surface area of the medium in the presence of the other algal
species (Fig. S5 in SI). This suggests that an increased copper uptake by
active sites present on the cell membrane of bigger cells that occupy
most of the medium area might have decreased copper uptake by the
smallest algal cells and subsequently reduced copper toxicity to S.
subspicatus in multispecies bioassays based on cell density (Dahl, 1973;
Vadrucci et al., 2013). This shielding effect of bigger cells on smaller
ones, suggests the necessity of conducting toxicity tests based on
equivalent surface area rather than on cell density to avoid the con-
founding effect on copper toxicity of increased biomass for metal
binding.

For all species combined in multispecies tests based on cell density
and on surface area, 96h-ECs, was reported to be 389 pg/L and 462 pg/
L, respectively. These results are significantly higher or lower than 96h-
ECs values recorded for each species separately in monoalgal bioassays
based on cell density and on surface area. This demonstrates that single-
species bioassays may over or underestimate metal toxicity in natural
waters.

5. Conclusion

Results from this study showed that, the growth of A. angustus was
inhibited in the presence of other species in surface area-based tests due
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to nutrients competition. Moreover, copper sulfate toxicity to algae
could increase or decrease in the presence of other species as compared
to when the species is isolated. Hence, single-species bioassays may
over or underestimate metal toxicity in natural waters. Improvements
to the environmental realism of laboratory toxicity testing is thus
gained from the development of bioassays incorporating multispecies
rather than standard individual species bioassays. Further, large algal
cells could induce shielding effects on smaller ones decreasing copper
toxicity in multispecies bioassays. To avoid the confounding effect on
copper toxicity of increased biomass for metal binding, it is thus re-
commended to conduct multispecies toxicity bioassays based on
equivalent surface area rather than based on cell density.

Acknowledgements

This research was supported by the University Research Board
(URB) at the American University of Beirut, Lebanon.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ecoenv.2019.03.032.

References

Andrade, L., Farina, M., Amado Filho, G., 2004. Effects of copper on Enteromorpha
flexuosa (Chlorophyta) in vitro. Ecotoxicol. Environ. Saf. 117-125.

Araoz, R., Molgo, J., de Marsac, N., 2010. Neurotoxic cyanobacterial toxins. Toxicon 56,
813-828.

BAMAS, 2005. Litani Basin Management Advisory Services. Canal 900 Algae Control.:
Test. Valid.

Bartley, T.R., 1976. Investigations of copper sulfate for aquatic weed control. A Water
Resources Technical Publication.

Bautista-Chamizo, E., Sendra, M., De Orte, M.R., Riba, 1., 2019. Comparative effects of
seawater acidification on microalgae: single and multispecies toxicity tests. Sci. Total
Environ. 649, 224-232.

Beelen, P., Fleuren-Kemila, A., 1999. A comparaison between toxicity tests using single
species and a microbial process. Chemosphere 3277-3290.

Bossuyt, B., Janssen, C., 2004. Long-term acclimation of Pseudokirchneriella subcapitata
(Korshikov) Hindak to different copper concentrations: changes in tolerance and
physiology. Aquat. Toxicol. 61-74.

Cooke, G., Welch, E., Peterson, S., Newroth, P., 1993. Restoration and Management of
Lakes and Reservoirs, 2nd ed. Lewis Publishers, Boca Raton.

Crist, R.H., Martin, J.R., Guptill, P.W., Eslinger, J.M., Crist, D.R., 1990. Interaction of
metals and protons with Algae. 2. Ion exchange in adsorption and metal displacement
by protons. Environ. Sci. Technol. 24, 337-342.

Dahl, A., 1973. Surface area in ecological analysis: quantification of benthic coral-reef
algae. Mar. Biol. 23, 239-249.

DeFilipis, L., 1979. The effect of heavy metal compounds. Z. fur Pflanzenphysiol. 39-49.

De Laender, F., De Schamphelaere, K., Vanrolleghem, P., Janssen, C., 2009. Comparing
ecotoxicological effect concentrations of chemicals established in multi-species vs.
single-species toxicity test systems. Ecotoxicol. Environ. Saf. 310-315.

Dewez, D., Geoffroy, L., Vernet, G., Popovic, R., 2005. Determination of photosynthetic
and enzymatic biomarkers sensitivity used to evaluate toxic effects of copper and
fludioxonil in alga Scenedesmus obliquus. Aquat. Toxicol. 150-159.

Environmental Protection Agency, 1994. Short-term methods for estimating the chronic
toxicity of effluents and receiving water to freshwater organisms, Third edition.
Research and development.

Environmental Protection Agency, 2002. Methods for Measuring the Acute Toxicity of
Effluents and Receiving Waters to Freshwater and MArine Organisms, fifth edition.
Washington, DC.

Fawaz, E.G., Salam, D.A., Kamareddine, L., 2018. Evaluation of copper toxicity using site
specific algae and water chemistry: field validation of laboratory bioassays.
Ecotoxicol. Environ. Saf. 155, 59-65.

Ferreira, P.A.A., Lourenzi, C.R., Tiecher, T., Tiecher, T.L., Ricachenevsky, F.K., Brunetto,
G., Soares, C.R.F.S., 2018. Physiological, Biochemical Changes, and Phytotoxicity
Remediation in Agricultural Plant Species Cultivated in Soils Contaminated with
Copper and Zinc (In Plants Under Metal and Metalloid Stress). Springer, Singapore,
pp. 29-76 (In Plants Under Metal and Metalloid Stress).

Franklin, N.M., Stauber, J.L., Apte, S.C., Lim, R.P., 2002. Effect of initial cell density on
the bioavailability and toxicity of copper in microalgal bioassays. Environ. Toxicol.
Chem.: Int. J. 21 (4), 742-751.

Franklin, N., Stauber, J., Lim, R., 2004. Development of multispecies algal bioassays using
flow cytometry. Environ. Toxicol. Chem. 1452-1462.

Friebele, E.S., Correll, D.L., Faust, M.A., 1978. Relationship between phytoplankton cell
size and the rate of orthophosphate uptake: in situ observations of an estuarine po-
pulation. Mar. Biol. 45 (1), 39-52.

Garcia-Villada, L., Rico, M., Altamirano, M., Sanchez-Martin, L., Lopez-Rodas, V., Costas,

590

Ecotoxicology and Environmental Safety 174 (2019) 584-591

E., 2004. Occurrence of copper resistant mutants in the toxic cyanobacteria
Microcystis aeruginosa: characterisation and future implications in the use of copper
sulphate as algaecide. Water Res. 2207-2213.

Gardea-Torresdey, J.L., Peralta-Videa, J.R., Montes, M., De la Rosa, G., Corral-Diaz, B.,
2004. Bioaccumulation of cadmium, chromium and copper by Convolvulus arvensis
L.: impact on plant growth and uptake of nutritional elements. Bioresour. Technol. 92
(3), 229-235.

Garlich, N., Da Cruz, C., Da Silva, A., Carraschi, S., Malaspina, ., Pitelli, R., Bianco, S.,
2016. Diquat associated with copper sources for algae. J. Environ. Sci. Health, Part B
215-221.

Granéli, E., Weberg, M., Salomon, P., 2008. Harmful algal blooms of allelopathic mi-
croalgal species: the role of eutrophication. Harmful Algae 94-102.

Gross, E., 2003. Allelopathy of aquatic autotrophs. Crit. Rev. Plant Sci. 313-339.

Henriques Vieira, A.A., Nascimento, O.R., 1988. An EPR determination of copper com-
plexation by excreted high molecular weight compounds of Ankistrodesmus densus
(Chlorophyceae). J. Plankton Res. 10 (6), 1313-1315.

Haughey, M., Anderson, M., Whitney, R., Taylor, W., Losee, R., 2000. Forms and fate of
Cu in a source drinking water reservoir following CuSO4 treatment. Water Ressour.
3440-3452.

Hullebusch, E., Deluchat, V., Chazal, P., Baudau, M., 2002. Environmental impact of two
successive chemical treatments in a small shallow eutrophied lake: part II. Case of
copper sulfate. Environ. Pollut. 627-634.

Illinois state water survey, Uo-C., 1989. Using copper sulfate to control algae in water
supply impoundments. Miscellaneous Publisher 111, Illinois.

Jancula, D., Marsélek, B., 2011. Critical review of actually available chemical compounds
for prevention and management of cyanobacterial blooms. Chemosphere 1415-1422.

Kalinowska, R., Pawlik-Skowronska, B., 2010. Response of two terrestrial green micro-
algae (Chlorophyta, Trebouxiophyceae) isolated from Cu-rich and unpolluted soils to
copper stress. Environ. Pollut. 2278-2785.

Kayser, H., 1979. Growth interactions between marine dinoflagellates in multispecies
culture experiments. Mar. Biol. 357-369.

Kearns, K., Hunter, M., 2001. Toxin-producing Anabaena flos-aquae induces settling of
Chlamydomonas reinhardtii, a competing motile alga. Microb. Ecol. 42, 80-86.

Knezevic, A., 2008. Overlapping Confidence Intervals and Statistical Significance, 73.
Cornell University Statistical Consulting Unit.

Leao, P., Vasconcelos, M., Vasconcelos, V., 2009. Allelopathic activity of cyanobacteria on
green microalgae at low cell densities. Eur. J. Phycol. 347-355.

Le Faucheur, S., Schildknecht, F., Behra, R., Sigg, L., 2006. Thiols in Scenedesmus va-
cuolatus upon exposure to metals and metalloids. Aquat. Toxicol. 355-361.

Legrand, C., Rengefors, K., Fistarol, G., Graneli, E., 2003. Allelopathy in phytoplankton —
biochemical, ecological and evolutionary aspects. Phycologia 406-419.

Levy, J., Stauber, J.L., Jolley, D.F., 2007. Sensitivity of marine microalgae to copper: the
effect of biotic factors on copper adsorption and toxicity. Sci. Total Environ. 387,
141-154.

Lobban, C., Harrison, P., Duncan, M., 1985. The Physiological. Cambridge University
Press, New York.

Magdaleno, A., Velez, C., Wenzel, M.T., Tell, G., 2014. Effects of Cadmium, Copper and
Zinc on growth of four isolated algae from a highly polluted argentina river. Bull.
Environ. Contam. Toxicol. 202-207.

Marsalek, B., Roji¢kova, R., 1996. Stress Factors Enhancing Production of Algal Exudates:
A Potential Self-Protective Mechanism? Czech Academy of Sciences, Kvetnd 8:
Department of Experimental Phycology and Ecotoxicology, Institute of Botany.

McGuire, M., Jones, R., Means, E., Izaguirre, G., Preston, A., 1984. Controlling attached
blue-green algae with copper sulfate. Am. Water Works Assoc. 60-65.

Metaxas, A., Lewis, A., 1991. Interactions between two species of marine diatoms: effects
on their individual copper tolerance. Mar. Biol. 407-415.

Organization for Economic Co-operation and Development, 1984. OECD Guideline For
Testing of Chemicals: Alga, Growth Inhibition Test. Adopted 7 June 1984. OECD,
201, Paris.

Organisation for Economic Co-operation and Development, 2011. Test No. 201: fresh-
water alga and cyanobacteria, growth inhibition test. OECD Publishing.

Petersen, R., 1982. Influence of copper and zinc on the growth of a freshwater alga,
Seenedesmus quaereicauda and the significance of chemical speciation. Environ. Sci.
Tech. 16, 443-447.

Picone, M., Bergamin, M., Losso, C., Delaney, E., Novelli, A., Ghirardini, A., 2016.
Assessment of sediment toxicity in the Lagoon of Venice (Italy) using a multi-species
set of bioassays. Ecotoxicol. Environ. Saf. 32-44.

Quigg, A., Reinfelder, J., Fisher, N., 2006. Copper uptake kinetics in diverse marine
phytoplankton. Limnol. Oceanogr. 51, 893-899.

R Core team, 2015. R: A Language and Environment for Statistical Computing. Retrieved
from Vienna, Austria:. Retrieved from <https://www.r-project.org/>.

Saikia, M.A., Kalita, S., Sarma, G.C., 2011. An experimental investigation on growth
stimulation (+) and Inhibition (-) of Algae (Oscillatoria Chlorina and Scenedesmus
Quadricauda) treated with pulp and paper mill effluents. Int. J. Appl. Biol. Pharm.
Technol. 2 (4), 87-94.

Sakshaug, E., Olsen, Y., 1986. Nutrient status of phytoplankton blooms in Norwegian
waters and algal strategies for nutrient competition. Can. J. Fish. Aquat. Sci. 43 (2),
389-396.

Sanderson, H., Boudreau, T.M., Mabury, S.A., Solomon, K.R., 2004. Effects of per-
fluorooctane sulfonate and perfluorooctanoic acid on the zooplanktonic community.
Ecotoxicol. Environ. Saf. 58, 68-76.

Sedmak, B., Kosi, G., 1998. The role of microcystins in heavy cyanobacterial bloom for-
mation. J. Plankton Res. 20 (4), 691-708.

Stauber, J., Florence, T., 1987. Mechanism of toxicity of ionic copper and copper com-
plexes to algae. Mar. Biol. 94, 511-519.

Sunda, W.G., Huntsman, S., 1983. Effect of competitive interactions between manganese


https://doi.org/10.1016/j.ecoenv.2019.03.032
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref1
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref1
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref2
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref2
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref3
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref3
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref4
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref4
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref5
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref5
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref5
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref6
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref6
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref7
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref7
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref7
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref8
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref8
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref9
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref9
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref9
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref10
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref10
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref11
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref12
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref12
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref12
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref13
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref13
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref13
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref14
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref14
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref14
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref15
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref15
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref15
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref16
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref16
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref16
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref16
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref16
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref17
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref17
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref17
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref18
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref18
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref19
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref19
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref19
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref20
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref20
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref20
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref20
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref21
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref21
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref21
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref21
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref22
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref22
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref22
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref23
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref23
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref24
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref25
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref25
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref25
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref26
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref26
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref26
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref27
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref27
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref27
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref28
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref28
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref29
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref29
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref30
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref30
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref30
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref31
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref31
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref32
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref32
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref33
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref33
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref34
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref34
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref35
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref35
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref36
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref36
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref37
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref37
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref37
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref38
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref38
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref39
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref39
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref39
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref40
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref40
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref40
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref41
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref41
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref42
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref42
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref43
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref43
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref43
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref44
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref44
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref45
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref45
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref45
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref46
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref46
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref46
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref47
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref47
https://www.r-project.org/
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref48
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref48
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref48
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref48
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref49
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref49
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref49
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref50
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref50
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref50
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref51
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref51
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref52
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref52
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref53

E.G. Fawaz, et al.

and copper on cellular manganese and growth in estuarine and oceanic species of the
diatom Thalassiosira. Limnol. Oceanogr. 924-934.

Suter, G., 1983. Multispecies tests for environmental toxicology. Environ. Int. 157-160.

Swartzman, G., Taub, F., Meador, J., Huang, C., Kindig, A., 1990. Modeling the effect of
algal biomass on multispecies aquatic microcosms response to copper toxicity. Aquat.
Toxicol. 93-118.

Tiecher, T.L., Tiecher, T., Ceretta, C.A., Ferreira, P.A., Nicoloso, F.T., Soriani, H.H.,
Brunetto, G., 2017. Tolerance and translocation of heavy metals in young grapevine
(Vitis vinifera) grown in sandy acidic soil with interaction of high doses of copper and
zinc. Sci. Hortic. 222, 203-212.

Vadrucci, M., Mazziotti, C., Fiocca, A., 2013. Cell biovolume and surface area in phyto-
plankton of Mediterranean transitional water ecosystems: methodological aspects.
Transit. Waters Bull. 100-123.

591

Ecotoxicology and Environmental Safety 174 (2019) 584-591

Wagner, C., Lokke, H., 1991. Estimation of ecotoxicological protection levels from NOEC
toxicity data. Water Res. 1237-1242.

Wang, D., Xia, W., Kumar, K., Gao, K., 2017. Increasing copper alters cellular elemental
composition (Mo and P) of marine diatom. Ecol. Evol. 3362-3371.

Xia, L., Li, H., Song, S., 2016. Cell surface characterization of some oleaginous green
algae. J. Appl. Phycol. 2323-2332.

Xue, H., Stumm, W., Sigg, L., 1988. The binding of heavy metals to algal surfaces. Water
Res. 22 (7), 917-926.

Yu, Y., Kong, F., Wang, M., Qian, L., Shi, X., 2007. Determination of short-term copper
toxicity in a multispecies microalgal population using flow cytometry. Ecotoxicol.
Environ. Saf. 49-56.

Zhang, W., Zhao, Y., Cui, B., Wang, H., Liu, T., 2016. Evaluation of filamentous green
algae as feedstocks for biofuel production. Bioresour. Technol. 407-413.


http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref53
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref53
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref54
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref55
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref55
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref55
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref56
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref56
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref56
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref56
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref57
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref57
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref57
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref58
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref58
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref59
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref59
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref60
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref60
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref61
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref61
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref62
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref62
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref62
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref63
http://refhub.elsevier.com/S0147-6513(19)30294-5/sbref63

	Effect of algal surface area and species interactions in toxicity testing bioassays
	Introduction
	Materials and methods
	Algae culturing medium
	Determination of algae cell surface area
	Experimental setup
	Algae inhibition tests

	Statistical analysis

	Results
	Single species tests
	Tests based on cell density
	Tests based on surface area

	Multispecies tests
	Controls of multispecies tests
	Multispecies test samples


	Discussion
	Single species tests
	Multispecies tests
	Controls of multispecies tests
	Effect of copper sulfate toxicity


	Conclusion
	Acknowledgements
	Supplementary material
	References




