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Abstract Public concerns regarding the use of copper-
based algaecide for controlling problematic algae may
arise due to the risks it creates to non-target algae. To
examine this concern, a series of comparative algal
toxicity experiments were conducted to study effects
of prokaryotic and eukaryotic algal cell densities on
their responses to exposures of copper sulfate and
copper-ethanolamine (Cu-EA). Microcystis aeruginosa
and Pseudokirchneriella subcapitata were cultured sep-
arately in BG 11 medium to three initial cell densities
(5 × 104, 5 × 105, and 5 × 106 cells/mL). The 96-h EC50

values of copper sulfate for M. aeruginosa at the three
cell densities were 9, 63, and 112 μg Cu/L, respectively;
and were 192, 1873, and 4619 μg Cu/L for
P. subcapitata. The 96-h EC50 values of Cu-EA were
101 and 2579 μg Cu/L for M. aeruginosa and
P. subcapitata at 106 cells/mL. The margin of safety
(MOS) for P. subcapitata at 104 cells/mL was 1.3, 0.9,
and 0.8 when M. aeruginosa cell density was 104, 105,

and 106 cells/mL. This laboratory study suggests that
applying copper-based algaecides to control problemat-
ic algae at a relatively low cell density would inhibit
their growthwithminimum impacts on non-target algae;
risks to non-target algae would increase with increases
of problematic algal cell density.
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1 Introduction

Excessive growth of blue-green algae or green algae can
interfere with the uses of water resources (Chislock
et al., 2013). Toxin-producing blue-green algae, partic-
ularly prokaryotic cyanobacteria Microcystis
aeruginosa, in freshwater could grow up to a cell den-
sity of 109 cells/mL (Zohary and Pais-Madeira 1990)
and often produce cyanotoxins (e.g., microcystin),
which cause death in aquatic and terrestrial animals as
well as creating problems for public drinking waters
(Svrcek and Smith, 2004, Otten and Paerl, 2015). A
provisional drinking water guideline of 1 μg/L (as total
microcystin-LR, L: leucine, R: arginine) has been
adopted by the World Health Organization (World
Health Organization, 2011). Green algae, for example
eukaryotic alga Pseudokirchneriella subcapitata, are
usually relatively preferable to blue-green algae in water
bodies since they are not commonly associated with
toxin production problems and are a better base for
aquatic food chains than blue-green algae (Paeri and
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Tucker 1995; Schrader et al., 1998). However, over-
growth of green algae can hamper or prevent usages of
infested water resources such as discoloration and clog-
ging of filters. When utilization of critical water re-
sources is interfered by those problematic algae, imme-
diate actions must be taken to control the growth of
those algae in order to restore critical water resources.

Options for controlling problematic algae include
mechanical, physical, biological, and chemical ap-
proaches (Timmons, 2005, Armellina et al., 1996,
Gumbo et al., 2008; Calomeni et al., 2015a).
Chemicals or algaecide applications are usually used
to manage algal densities because of their effectiveness
(Whitaker et al., 1978; Lam et al., 1995; Schrader and
Dennis, 2005; Hoko and Makado, 2011). Copper is an
active ingredient of many algaecides widely used to
mitigate risks of toxin-producing cyanobacteria and
problematic green algae in aquatic environments
(Gibson, 1972; McKnight et al., 1983; Schrader and
Dennis, 2005; Hoko and Makado, 2011). Toxicity of
copper compounds to algae can be due to several forms,
such as cupric ion hydroxy- or carbonate-Cu (Flemming
and Trevors, 1989). Several studies have shown that
exposures of different forms of copper-based algaecides
cause different responses in target algal species
(Murray-Gulde et al., 2002; Rodgers et al., 2010;
Bishop and Rodgers, 2012). When copper compounds
are used as aquatic algaecides, the cupric ion is usually
bound by chelators (e.g., ethanolamine or citrate) to
prevent precipitation or complexation from ions in wa-
ter, which could have influences on the algaecide effec-
tiveness for controlling algal growth.

Although copper-based algaecides have been used
for decades, public concerns regarding their negative
impacts on non-targeted species still persist. Target
algae management in water resources is an adaptive
technique to proactively inhibit problematic algal
growth and minimize adverse effects on non-target
algae. In order to effectively manage target algae in
water through using copper-based algaecide, under-
standing the relative sensitivity of target and non-target
algae at different densities to copper exposures is
critical. Algal population sensitivity to chemical expo-
sures depends on algal species. Given different algal
species exposed to copper, the variation in algal sensi-
tivity to the copper exposure could be as great as five
orders of magnitude (Blanck et al., 1984; Kasai et al.,
1993; Rojíčková and Maršálek, 1999; Ma, 2005).
Cyanobacteria were found to be the most copper-

sensitive phytoplanktonic to the application of copper
sulfate (Le Jeune et al., 2006). Gregor et al. (2008) also
observed that the cyanobacteria Aphanothece clathrata
were more sensitive to copper sulfate than the green
algae P. subcapitata.

Both target and non-target algal species may have
broad ranges of cell densities in water bodies.
Freshwater algal sensitivity to copper exposure de-
creases when algal cell density increases because greater
adsorption by algal cells results in depletion of the
equilibrium concentration of dissolved copper in the
solution and provides a greater surface area which ef-
fectively dilutes the concentration of copper per algae
cell (Franklin et al., 2002; Moreno-Garrido et al., 2000).
In addition, the release of algal exudates into the solu-
tion could be responsible for reducing copper bioavail-
ability in solutions (Franklin et al., 2002). Therefore,
algal population with higher cell density may result in a
higher exudate concentration in the solution compared
to the situation of lower cell density, causing an increase
in the complexation of copper in solution. Murray-
Gulde et al. (2002) also found the amount of copper
bound by each algal cell was related to the initial algal
cell density; which indicates that as algal density in-
creases, a concomitant decrease in the efficacy of algae-
cide in controlling algal growth would be expected at
the same concentration of copper.

For target algal management with treatment of
copper-based algaecide, it is essential to maximize ef-
fectiveness of algaecide and minimize risks for non-
target algal species. Comprehensive knowledge regard-
ing target and non-target algal species’ responses to
copper exposures is needed to understand how to effi-
ciently use copper-based algaecide. Predictions in re-
sponses of different algal species at different cell densi-
ties to copper formulations in laboratory experiments
can provide useful information for selective control of
algae using copper-based algaecides applied in site wa-
ters. Without initial laboratory experiments to guide the
field algaecide application, excessive amounts of an
effective algaecide or a less effective algaecide may be
applied (Bishop and Rodgers, 2011). The specific ob-
jectives of this study were as follows: (1) to measure
responses ofM. aeruginosa and P. subcapitata cultured
in BG11 medium to 96-h exposures of non-chelated
copper compound (copper sulfate) and chelated copper
compound (copper-ethanolamine) at three different ini-
tial cell densities; (2) to compare the sensitivity of
M. aeruginosa and P. subcapitata to the exposures of
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copper sulfate and copper-ethanolamine; (3) to compare
the effects of copper sulfate and copper-ethanolamine
on M. aeruginosa and P. subcapitata; and (4) to assess
potent ia l r isks for non-target algal species
(P. subcapitata) when copper sulfate and copper-
ethanolamine were used to control M. aeruginosa at
different cell densities.

2 Materials and Methods

2.1 Algal Culture

M. aeruginosa UTEX 2385 and P. subcapitata UTEX
1648 (University of Texas at Austin, Austin, TX) were
cultured in BG11 medium (Stanier et al., 1971) sepa-
rately and maintained at a temperature of 24 ± 2 °C and
a 12:12-h light-dark photoperiod illuminated by cool
white fluorescent lighting at an intensity of 2100 lux.
The three different init ial cell densities for
M. aeruginosa and P. subcapitata used in this study
were 5 × 104, 5 × 105, and 5 × 106 cells/mL, which were
represented as low, medium, and high initial cell density,
respectively. At the initiation of experiment, water char-
acteristics of the algal growth solution (BG11 medium)
were as follows: temperature = 24 ± 2 °C; dissolved ox-
ygen = 8.7-9.5 mg/L; pH = 7.8–8.0; conductivity =
1710–1730 μS/cm; alkalinity = 40 mg/L as CaCO3;
hardness = 40 mg/L as CaCO3.

2.2 Preparation of Copper Compounds

Two copper compounds were used in this study: a
copper salt (copper sulfate pentahydrate) (Sigma
Chemical Co., St. Louis, MO, USA) and an
ethanolamine-chelated copper compound (Cutrine®-
Plus) (Lonza Inc., Germantown, WI, USA). The char-
acteristics of copper sulfate and copper-ethanolamine
(Cu-EA) are showed in Table 1. A stock solution
(1000 mg Cu/L) was prepared 1 h prior to experiment
initiation for each algaecide using NANOpureTM water
(Thermo Fisher Scientific Inc., Waltham, MA). Algal
toxicity experiments in this study were conducted using
three replicates of treatment concentrations ranged from
5 to 20,000 μg Cu/L as copper sulfate, Cu-EA, and an
untreated control. Experimental chambers consisted of
static, nonrenewal 200 ml volumes of treated and un-
treated algae in culture solution contained in Erlenmeyer
flasks. A 96-h exposure time was used in this study

because statistically different temporal changes in cell
densities were observed on the fourth day in preliminary
experiments. The experimental conditions were the
same for the algal cultures. Copper concentrations were
measured as acid-soluble copper using a graphite fur-
nace atomic absorption spectrometer (AA280FS,
Agilent Technologies) (Method 3010-B; APHA,
2005). Water characteristics (pH, dissolved oxygen,
conductivity, total alkalinity, total hardness, and temper-
ature) were measured according to APHA (2005)
methods.

2.3 Measurements of Responses of M. aeruginosa
and P. subcapitata to Copper Compounds

Responses ofM. aeruginosa and P. subcapitata to 96-h
exposures of copper sulfate and Cu-EAwere measured
everyday by cell density and chlorophyll a concentra-
tion. Cell densities were measured using light micros-
copy with a Leitz Dialux 20 microscope (Leitz USA
Scopes, Paramount, CA, USA) at ×400 magnification
and an Improved Neubauer hemocytometer.
Chlorophyll a concentrations were analyzed using a
SpectraMax® 190 Gemini 96-well plate spectrofluo-
rometer (Molecular Devices Corporation, Sunnyvale,
CA) according to standard methods (APHA, 2005).
The inhibition of chlorophyll a concentration and cell
density after 96-h exposures of copper sulfate and Cu-
EAwas calculated as follows:

Inhibition of chlorophyll a

¼ initial chlorophyll a−chlorophyll a at 96‐h after treatment

initial chlorophyll a

ð1Þ

Inhibition of cell density

¼ initial cell density−cell density at 96‐h after treatment

initial cell density

ð2Þ

2.4 Assessment of Risks for P. subcapitata Exposed
to Copper Required for Controlling M. aeruginosa
at Different Cell Densities

For target algal management using copper-based algae-
cide, in addition to effectively control target algae, it is
important to consider the margin of safety (MOS) for
non-target algae, especially when they have different
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cell densities. Effective copper concentrations for con-
trolling target algae (M. aeruginosa) were compared to
toxicity data of non-target alga (P. subcapitata) to cal-
culate margin of safety. The MOS was calculated as
follows:

MOS ¼ effective concentration for adverse effects on P: subcapitata

effective concentration for controllingM : aeruginosa

ð3Þ
In this equation, the effective concentration for ad-

verse effects on P. subcapitata was represented by the
EC50 value (effective concentration for 50 % of the
population), and the effective concentration for control-
lingM. aeruginosa was represented by the EC100 value
(effective concentration for 100 % of the population). A
MOS ≤ 1 indicates potential risks for P. subcapitata,
while a MOS > 1 indicates less potential for adverse
effects to P. subcapitata.

2.5 Statistical Analysis

A one-way analysis of variance (ANOVA) was used to
determine differences in cell densities and chlorophyll a
concentrations between the treatments and the untreated
control. Differences were further discerned using
Tukey’s test. The results were considered to be

significantly different if the p value was less than 0.05.
Ninety-six-hour EC50 and EC100 values were calculated
using SAS 9.3 for probit analyses.

3 Results and Discussion

3.1 Sensitivity of Algae to Exposures of Copper
Compounds at Different Cell Densities

Nominal copper concentrations of copper sulfate and
Cu-EA for M. aeruginosa toxicity experiments ranged
from 5 to 40, 40 to 120, and 80 to 160 μg Cu/L for the
low, medium, and high initial cell density, respectively,
and it ranged from 60 to 750, 500 to 10,000, and 2500 to
20,000 μg Cu/L, respectively, for the P. subcapitata tox-
icity experiments. There were no significant differences in
nominal and measured copper concentrations; therefore,
all results are reported as nominal concentrations.

Cell densities consistently increased with time
throughout the entire experiment in untreated controls,
and cell densities were significantly higher than initial
cell densities in the end of both algal toxicity experiments
(Fig. 1). For untreated control in the end of experiment,
cell density of M. aeruginosa was 1.8 × 105, 2.2 × 106,
and 2.2 × 107 cells/mL for low, medium, and high initial

Table 1 Characteristics of copper sulfate and Cu-EA (Cutrine®-Plus)

Copper sulfate Cu-EA (Cutrine
®

-Plus)

Formulation
a

CuSO4 5HaO Copper-ethanolamine complex

Active ingredient Copper Copper

Copper form Non-chelated Mono-chelated and Tri-chelated

Structure

% Active ingredient
a

25.4 9.0

Max. label concentration
a

2000 µg Cu/L 1000 µg Cu/L

Appearance Blue crystalline Blue viscous liquid

Water solubility
b,c

316 g/L Miscible with water

pH (1% solution) 4.5 9.6

Specific gravity (1% solution) 1.05 g/cm
3

1.08 g/cm
3

a Applied Biochemists product label
b Applied Biochemists MSDS
cKamrin (1997)
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cell density, respectively (Fig. 1a); and cell density of
P. subcapitatawas 7 × 105, 8 × 106, and 5 × 107 cells/mL,
which was an order of magnitude higher than their
respective initial cell density (Fig. 1b). M. aeruginosa
cells usually occur at a low cell density (<102 cells/mL) in
most surface water. Yen et al. (2012) found that
M. aeruginosa cells in the reservoir could grow rapidly
with doubling time of 2.38 days. Therefore, it is expected
that formation ofM. aeruginosa scum could (>106 cells/
mL) occur in favorable environmental conditions if
treatment for its growth inhibition is not involved.

Based on the Eqs. (1) and (2), inhibitions of algal cell
density and chlorophyll a concentration after 96-h ex-
posures of copper were calculated, and relationships in
copper exposure concentration and inhibitions of chlo-
rophyll a and cell density of M. aeruginosa and
P. subcapitata were illustrated in Fig. 2. It showed that
copper exposures caused different degrees of inhibition
in algal chlorophyll a concentration and population.
Noticeably, regardless of algal species in this study, the
copper concentrations required to elicit the same algal
responses increased with increases of initial cell density.
For example, after 96-h exposures of copper sulfate,
estimated EC50 values forM. aeruginosa as determined
by chlorophyll a concentration increased from 9 to
112 μg Cu/L as cell density increased from low to high
(Table 2). Similar results were also observed in the
P. subcapitata toxicity experiment. These results imply
that algal cell density could alter the distribution of
copper to algal cells, and the minimum amount of cop-
per required to achieve control of algae should be pro-
portional to cell density (Murray-Gulde et al., 2002).

The World Health Organization (WHO) guidance
values for the relative probability of acute health effects

during recreational exposures to cyanobacteria and
microcystin are based on cyanobacterial cell densities
(Chorus and Bartram, 1999). According to the WHO
guidance, cyanobacterial cell densities of 2 × 104 and
107 cells/mL represent guidelines for low and high
health risk level in recreational waters, respectively.
Tsai (2015) showed that if no treatment is implemented
to reduce cell density of microcystin-producing
M. aeruginosa, total microcystin concentration would
increase with growing ofM. aeruginosa population and
potentially enhance the risks associated with exposures
of microcystin (Pilotto et al., 1997). Since the minimum
amount of copper required for controlling problematic
algae is density-dependent, early treatments for control-
ling toxin-producing cyanobacteria at relatively low cell
density with copper-based algaecide can not only min-
imize the amount of copper applied, but it would also
reduce the risks related to exposures of cyanotoxins.
However, if the treatment is not implemented at an early
stage when algal cell density is low, as the algal popu-
lation increases, the amount of copper required for con-
trolling problematic algae may exceed the maximum
label concentration of copper. This study showed that
as cell density increased from low to high, the EC50

values for P. subcapitata following 96-h exposure of
copper sulfate as determined by chlorophyll a concen-
tration increased from 192 and 4619 μg Cu/L, which is
higher than the maximum label concentration of
2000 μg Cu/L (Tables 1 and 2).

Inhibitions ofM. aeruginosa and P. subcapitata after
exposures of copper sulfate and Cu-EA in terms of cell
density paralleled the inhibitions of chlorophyll a con-
centration (Fig. 2). Calomeni and Rodgers (2015b) also
found that cell densities of viable M. aeruginosa and

Fig. 1 Time-course changes of cell densities in untreated control ofM. aeruginosa (a) and P. subcapitata (b) at different initial cell densities.
Error bars represent the standard deviation of three replicates
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P. subcapitata were highly correlated to chlorophyll a
concentrations with R2 of 0.99 and 0.97, respectively.
Blue-green algae and green algae may co-exist in natural
waters; in order to discern the effects of copper-based
algaecide on target and non-target algae, Calomeni and
Rodgers (2015b) suggested that chlorophyll a concen-
tration can be used as a response endpoint for algal
toxicity experiments along with microscopic observa-
tions of algal assemblages in the sample as algal dynam-
ics may change following exposures to chemicals.

Importantly, measures of algal cell density and chloro-
phyll a concentration sometimes may not be adequate
measurements to accurately determine the effectiveness
of algaecide. For example, cell density measurements
cannot reflect the cell’s morphology and physiology
such as deformed cells and changes of cell volume,
which would lead to underestimate the algaecide effec-
tiveness (Chao and Chen, 2001). Measuring chlorophyll
a concentration may have interferences by other pig-
ments (e.g., pheophytins), resulting in overestimation of

Fig. 2 Inhibition ofM. aeruginosa and P. subcapitata in terms of chlorophyll a concentration (a) and cell density (b) at different initial cell
densities after 96-h exposures of copper sulfate and Cu-EA

Table 2 Estimated 96-h EC50 values (μg Cu/L) forM. aeruginosa and P. subcapitata following exposures of copper sulfate and Cu-EA as
determined by chlorophyll a and cell density

Initial cell density
(cells/mL)

Response endpoint M. aeruginosa P. subcapitata

Copper sulfate Cu-EA Copper sulfate Cu-EA

5 × 104 Chlorophyll a 9a (6–11) 6a (4–8) 192b (148–244) 144b (104–187)

5 × 105 63c (60–66) 54d (52–57) 1873e (1679–2082) 1240f (1108–1377)

5 × 106 112g (111–114) 101h (99–103) 4619i (3867–5404) 2579j (2125–3044)

5 × 104 Cell density 14a (13–16) 10b (9–11) 289c (248–341) 208d (177–243)

5 × 105 70e (65–74) 58f (51–63) 1509g (1313–1719) 1045h (850–1246)

5 × 106 105i (101–108) 94j (88–98) 5760k (3813–8091) 2712l (1800–3679)

95 % confidence intervals are shown in the parentheses. Superscript lowercase letters after EC50 values denote statistically different groups
for each response endpoint
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algal viability (APHA, 2005). In order to better under-
stand algal responses to algaecide exposures, additional
measures such as flow cytometers, electron micro-
scopes, and fluorescent microscopes may be needed.

Using chlorophyll a concentration as a response end-
point of algal toxicity experiments for low initial cell
density, 96-h estimated EC50 value for M. aeruginosa
exposed to copper sulfate (9 μg Cu/L) was 20 times
lower than the value for P. subcapitata (192 μg Cu/L)
(Table 2). Likewise, regardless of copper compounds in
this s tudy, 96-h est imated EC50 values for
M. aeruginosa were significantly lower than the values
for P. subcapitatawhen their cell densities were medium
or high. Similar results were also observed when cell
density was used as a response endpoint (Table 2).
These results showed that M. aeruginosa was an order
of magnitude more sensitive to copper compounds than
P. subcapitata when they had the same cell density.
These significant differences could be due to the cell’s
weight and size. In this study the initial average cell
mass of M. aeruginosa and P. subcapitata was 15 and
32 pg/cell, and cell volume was 255 and 416 μm3/cell,
respectively. Previous studies have showed that algal
cells with larger weight and volume would result in
lower loading of toxicant per unit of biomass and vol-
ume (Stratton and Gilles, 1990; Chao and Chen, 2000;
Lin et al., 2007). Additionally, since algal cell walls are
the most outer contact site for its interaction with copper,
characteristics of algal cell wall surface could influence
algal sensitivity to copper exposures. It was assumed
that copper bounds more strongly to the mucopolysac-
charide cell wall of cyanobacteria (e.g.,M. aeruginosa)
than to the cellulose cell wall of eukaryotic algae (e.g.,
P. subcapitata), resulting in stronger interference with
cell surface properties and functions of cyanobacteria
compared to eukaryotic algae (Brand et al., 1986).
Furthermore, Hadjoudja et al. (2009) found that
cyanobacteria Microcystis aeruginosa was more sensi-
tive to copper than the green algae Chlorella vulgaris,
which was likely due to a lower hydrophobic character
and more carboxyl groups on the M. aeruginosa cell
surface, which resulted in higher copper binding ability
on M. aeruginosa than on C. vulgaris.

3.2 Comparative Toxicity of Copper Compounds
to Algae

Comparative 96-h toxicity of copper sulfate and Cu-EA
to M. aeruginosa and P. subcapitata at different cell

densities was determined by EC50 values. Except for
the EC50 values determined by chlorophyll a concentra-
tion at low initial cell density, Cu-EA showed signifi-
cantly lower EC50 values to M. aeruginosa and
P. subcapitata compared to copper sulfate (Table 2).
For example, EC50 values of Cu-EA and copper sulfate
as determined by chlorophyll a concentration for
M. aeruginosa were 54 and 63 μg Cu/L at medium
initial cell density, respectively. The results suggested
that the 96-h toxicities of Cu-EA to both algae were
generally greater than copper sulfate.

Toxicity of copper to algae occurs through several
mechanisms, such as formation of stable complexes
with non-copper proteins, interference with electron
transport, and oxidative stress. Those mechanisms can
result in different algal cell dysfunctions such as inhibi-
tion of photosynthesis and suppression of cell division
(Stauber and Florence, 1987; Gledhill et al., 1997).
Copper-based algaecides vary in their potency for a
given algal species. Comparing the effectiveness of
copper salt and chelated copper for the control of algae,
chelated copper formulations can be uptaken by passive
transport, resulting inmore copper entering internal sites
of action and achieving control with lower amounts of
copper than copper sulfate (Stauber and Florence,
1987).

In addition to this study, Rodgers et al. (2010) also
found that copper-ethanolamine complex was more ef-
fective for controlling the problematic alga Prymnesium
parvum at 103–104 cells/mL than copper sulfate in lab-
oratory studies. Importantly, copper concentration and
formulation play important roles for controlling prob-
lematic algae. According to the study by Murray-Gulde
et al. (2002), chelated copper-based algaecides could
provide a higher concentration of copper in the water
column for a longer period of time and loss to the
sediment is slower than for a non-chelated copper-based
algaecide such as copper sulfate. Currently, Calomeni
et al. (2014) showed that the potency slope of chelated
copper-based algaecide was roughly twice as potent as
copper sulfate for P. subcapitata and Planktothrix
agardhii (both cell densities were approximately
106 cells/mL). Although those results suggested that less
copper could be applied as a chelated form to elicit the
same results as copper sulfate, this study showed that
relative effectiveness of copper compounds to algae
could be cell density-dependent. When cell densities
were low, the toxicity of Cu-EA to chlorophyll a con-
centration was not significantly higher than copper
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sulfate; but when cell densities were medium or high,
the toxicity of Cu-EA to chlorophyll a concentration
was significantly higher than copper sulfate.

3.3Margins of Safety forP. subcapitata at Different Cell
Densities

P. subcapitata is a widely distributed freshwater green
alga and commonly used for algal toxicity experiments
(Franklin et al., 2002; Tsai and Chen, 2007; Calomeni
et al. 2014); therefore, it was also chosen as an example
of non-target algal species in this study to estimate
potential risks (i.e., margins of safety) after exposures
of copper used for controllingM. aeruginosa. Results of
this study showed that chlorophyll a concentration was
a more sensitive response endpoint than cell density in
P. subcapitata toxicity experiments at low and high
initial cell densities (i.e., estimated EC50 values deter-
mined by chlorophyll a at low and high initial cell
densities were lower than by cell density) (Table 2),
Therefore, margins of safety for P. subcapitata at differ-
ent cell densities after copper exposures were deter-
mined by effective copper concentrations on chloro-
phyll a concentration (Table 3).

Regardless ofM. aeruginosa cell density, margins of
safety for P. subcapitata after 96-h exposures of copper
sulfate and Cu-EA were enhanced with increases of its
cel l densi ty (Table 3) . For example , when
M. aeruginosa cell density was high, margin of safety
for P. subcapitata exposed to copper sulfate increased
from 0.8 to 19.8 as cell density increased from low to
high. Similar results were also observed when
M. aeruginosa cell density was low or medium. In spite
of P. subcapitata cell density, the margins of safety for

P. subcapi tata decreased with increases of
M. aeruginosa cell density. For example, when exposed
to copper sulfate, margin of safety for P. subcapitata at
low cell density declined from 1.3 to 0.9 and 0.8 when
M. aeruginosa cell density increased from low to medi-
um and high. Similar results were also observed when
P. subcapitata cell density was medium or high.

According to the Eq. (3), a MOS ≤ 1 indicates poten-
tial for risks for P. subcapitata, while a MOS > 1 indi-
cates less potential for adverse effects to P. subcapitata.
When P. subcapitata cell density was equal to or higher
than M. aeruginosa cell density (bold numbers in
Table 3), there was less potential for adverse effects to
P. subcapitata, since the margins of safety for
P. subcapitata exposed to both copper compounds were
greater than 1. On the contrary, when P. subcapitata cell
density was lower thanM. aeruginosa cell density, there
could be potential for risks for P. subcapitata, since the
margins of safety were less than 1 (numbers with
underline in Table 3). The results were concomitant with
the relationships of copper exposure concentration and
growth inhibition of algae (Fig. 2), where overlapped
responses ofM. aeruginosa (at medium and high initial
cell densities) and P. subcapitata (at low initial cell
density) to copper exposures were observed.
Therefore, these results suggested that controlling
M. aeruginosa by using copper-based algaecide when
its cell density is relatively lower than non-target algae
could enhance the margin of safety for non-target
species.

In the Eq. (3), it is noted that the minimum amount of
copper required for controlling M. aeruginosa can sig-
nificantly affect margins of safety for P. subcapitata. In
this study, the minimum amount of copper as copper

Table 3 Margins of safety as determined by chlorophyll a for P. subcapitata exposed to copper sulfate and Cu-EA used to treat
M. aeruginosa at different cell densities

Copper compound M. aeruginosa cell density (cells/mL) P. subcapitata cell density (cells/mL)

5 × 104 5 × 105 5 × 106

Copper sulfate 5 × 104 1.3 12.3 30.4

5 × 105 0.9 8.9 22.0

5 × 106 0.8 8.0 19.8

Cu-EA 5 × 104 1.3 11.4 23.7

5 × 105 1.1 9.8 20.5

5 × 106 0.8 6.8 14.1

Numbers in italics represent margin of safety < 1. Bold numbers indicate that P. subcapitata cell densities are equal to or higher than
M. aeruginosa cell densities
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sulfate used for controlling M. aeruginosa at low cell
density was 152 μg Cu/L, and the copper concentration
causing 50 % inhibition of P. subcapitata at low cell
density was 192 μg Cu/L as copper sulfate. In this case,
the MOS for P. subcapitata was 1.3 (i.e., 192/152).
Although M. aeruginosa can be controlled by any cop-
per concentration greater than 152 μg Cu/L as copper
sulfate, the MOS for P. subcapitata will decrease when
M. aeruginosa is treated by any copper concentrations
greater than 152 μg Cu/L. Furthermore, an excessive
amount of copper applied for control of noxious algae in
the field could also exacerbate adverse effects on non-
target species. Tsai (2015) showed that applying an
excessive amount copper for controlling microcystin-
producing M. aeruginosa could result in the release of
relatively more microcystin compared to applying a
minimum amount of copper. Microcystin released from
M. aeruginosa could have allelopathic effects on aquatic
phytoplankton and creatures (Pflugmacher, 2002;
LeBlanc et al., 2005; Ma et al., 2015).

The ultimate goal of target algal management
through the use of copper-based algaecide is to
effectively control problematic algae and at the same
time maximize margins of safety for non-target spe-
cies. Since P. subcapitata is less sensitive than
M. aeruginosa to copper exposures, this study
showed that the risks for P. subcapitata (i.e., margins
of safety < 1) exposed to copper concentration re-
quired for controlling M. aeruginosa were only ob-
served when its cell density was low. In the field,
algal species in aquatic systems may have a wide
range of sensitivity to copper exposures (Blanck
et al., 1984). Besides, margins of safety for non-
target species differ by forms of copper as well as
species. Murray-Gulde et al. (2002) reported that
Cutrine-Plus had a greater margin of safety for
freshwater fish Pimephales promelas than copper
sulfate. In some cases, non-target species may be
more sensitive than target algae to copper exposures,
resulting in a margin of safety that is less than 1.
For example, noxious algae P. parvum has been
related with fish kills in brackish inland waters
(Lindholm et al., 1999; Roelke et al., 2010; Brooks
et al., 2011; Umphres et al., 2012). Rodgers et al.
(2010) reported that the margin of safety
for P. promelas and freshwater invertebrate
Ceriodaphnia dubia after 96-h exposure to Cutrine-
Plus required for controlling P. parvum was 4.3 and
0.6, respectively. Under this circumstance, authorities

considering applications of copper formulations for
controlling problematic algae will have to consider
the relative risks of controlling problematic algae.

An appropriate formulation and concentration of
copper applied for controlling problematic algae
differ from site to site and therefore need to be
carefully determined, because it depends on several
factors such as target algal cell density, target and
non-target species sensitivity to copper, site water
characteristics, and copper-based algaecide applica-
tion history (Bishop and Rodgers, 2012; Calomeni
et al., 2015a).

4 Conclusions

This bench-scale study demonstrates a conceptual mod-
el contrasting the responses of prokaryotic and eukary-
otic algae at different cell densities to two copper com-
pounds. At the same cell density, M. aeruginosa was
more sensitive than P. subcapitata to copper exposures.
Estimated 96-h EC50 values for M. aeruginosa and
P. subcapitata after copper exposures are dependent on
cell density, which suggests that the amount of copper
required for controlling algae is positively related to cell
density. Consequently, the minimum amount of copper
required for controlling algae at high cell density such as
algal scum may exceed maximum label copper concen-
tration. Themargin of safety forP. subcapitata decreases
with the increase of M. aeruginosa cell density.
Applying a minimum amount of copper required for
controlling problematic algae can maximize margins
of safety for non-target species. When problematic
algal cell density is lower than non-target algal cell
density, treatment with an appropriate amount of
copper can maximize the efficacy for target species
while minimize risks to non-target species. Under
these experimental conditions, 96-h toxicities of Cu-
EA to M. aeruginosa and P. subcapitata at medium
and high cell densities are greater than copper sul-
fate, indicating that less copper could be applied as a
chelated algaecide to elicit the same effect as a
copper salt and potentially protect non-target species.
Overall, this study suggests that applying copper-
based algaecides to control problematic algae at a
relatively low cell density would inhibit their growth
with minimum impacts on non-target algae; risks to
non-target algae would increase with increases of
problematic algal cell density.
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