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Abstract Application of copper-based algaecide formu-
lations is commonly conducted to control nuisance
cyanobacterial blooms. Most field application scenarios
have a rapid decline in external aqueous copper concen-
trations. Copper partitioned to algae can remain bound in
external state, transition into the cell, or desorb back into
solution. Understanding short-term fate of applied copper-
based algaecides is critical in risk assessment for non-target
species as well as achieving desired efficacy of target
nuisance algae. This research assessed the ability of copper
from different algaecide formulations to partition to
Lyngbya wollei and the subsequent internalization and
desorption of copper following cessation of the aqueous
exposure. Following a 6-h exposure, there were no signif-
icant differences in total partitioned copper between copper
sulfate and an ethanolamine chelated copper formulation
(Captain® XTR). Four days after cessation of the aqueous
copper exposure, all chelated copper and copper sulfate
(except 2 mg Cu/L) exposures had significantly decreased
adsorbed copper to L. wollei. However, chelated copper
had significantly more internalized copper (P < 0.05) at the
0.5, 1, and 2 mg Cu/L treatments compared with the 6-h
measurements and higher internalized copper than copper

sulfate at the 2 and 4 mg Cu/L treatments. Average
desorbed copper was lower in most chelated copper treat-
ments compared with copper sulfate, although no statisti-
cally significant differences were measured between for-
mulations. This information will allow water resource
managers to select the most efficient algaecide formulation
for desired algal control, with a better understanding of
depuration potential, offsite movement, and risks to non-
target organisms.
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1 Introduction

Reactive management of nuisance algae (including
cyanobacteria) often involves application of copper-based
algaecides to restore water resource uses (Mastin et al.
2002). Copper-based algaecides are typically only applied
to a portion of a water resource (e.g., localized band/spot,
benthic injection) or metered into a flowing canal over a
certain time period. There are often large dilution potentials
fromwhere the product is applied, whichmay decrease the
aqueous copper exposures realized by the target alga. Ad-
ditionally, algal/sediment sorption occurs rapidly (Crist
et al. 1990) and can further decrease the exposure duration.
Angel et al. (2015) found copper that adsorbed to the
diatom, Phaeodactylum tricornutum, may desorb back
into aqueous solution although some copper is still retained
in the cell. The transient nature of adsorbed copper needs
to be further understood since binding is mostly reversible
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and subject to equilibrium conditions with aqueous copper
concentrations (Knauer et al. 1997; Veglio and Beolchini
1997). The secondary transition of copper to become
internalized, remain bound in external state, or desorb is
critical in understanding fate of applied copper-based al-
gaecides, especially when the external aqueous exposure is
ceased. By measuring the short-term binding, uptake, and
desorption of copper with the target alga, potential for
adverse impacts to non-target species can be better predict-
ed. This informationwill allowwater resourcemanagers to
select the most efficient algaecide formulation for desired
algal control, while concomitantly decreasing depuration
potential, offsite movement, and risks to non-target
organisms.

Controlling algae with copper is a function of achieving
the required amount of copper at the toxic sites of action
(i.e., dose; Bishop and Rodgers 2012). Copper algaecide
formulations are designed differently and this may alter the
adsorption or transfer of copper into the algal cell. Since
control of many mat-forming algae in field scenarios is a
function of exceeding an internalized copper threshold
(i.e., critical burden; Bishop et al. 2015; Bishop 2016),
copper-based algaecide formulations that primarily adsorb
to algae may not elicit the desired level of control. Addi-
tionally, copper in an externally bound state will have
increased opportunity to desorb back into surrounding
water, especially if the copper concentration in surrounding
water is decreased due to dilution or binding (Angel et al.
2015; Bishop et al. 2017). Chelated copper is typically
designed to enhance formulation stability, decrease water
chemistry interferences, promote the interaction of copper
with algae, and ultimately increase efficiency of control
(Straus and Tucker 1993; Mastin and Rodgers 2000).
Chelated copper has also been shown to be innately less
toxic to non-target freshwater fish (e.g., Salvelinus
fontinalis and Pimephales promelas) in toxicity testing
(Wagner et al. 2017) likely due to decreased interactivity
of the cupric ion with gill-binding sites that impact ion
transfer (Playle et al. 1993). Copper ions from copper
sulfate, as a charged polar species, have lesser ability to
penetrate the algal cell membrane as they are restricted to
active transport (Sunda and Huntsman 1998). Whereas,
organic chelating agents (e.g., monoethanolamine,
triethanolamine, and ethylenediamine) are incorporated
into copper algaecide formulations to alter the cupric ion
properties allowing passive transport across biological
membranes (Stauber and Florence 1987; Straus and
Tucker 1993; Mastin and Rodgers 2000) and increased
control of target nuisance algae (Calomeni et al. 2014;

Bishop et al. 2015). Surfactants are often added to formu-
lations to further enhance interactivity of these formula-
tions with algae and penetration of the copper into the algal
cell (Closson and Paul 2014). Since internalized copper
correlates to control of nuisance algae (Bishop 2016) and is
less likely to desorb than externally adsorbed (Kuyucak
and Volesky 1989; Knauer et al. 1997; Kaduková and
Virčíková 2005), this provides an avenue to assess the
efficiency of copper algaecide formulations.

Non-target organism toxicity is primarily manifested
from dissolved aqueous copper exposures in aquatic
systems (Playle et al. 1993; Meyer et al. 1999). Sorption
to organic matter (including algae) has been found to
decrease copper toxicity to non-target organisms (Ma
et al. 1999; Bishop 2016). Important factors in assessing
effectiveness and toxicity of copper formulations in-
clude (1) efficiency of sorption to algal cells, (2) inter-
nalization to achieve control, and (3) ability to desorb
and add to the available copper to non-target species.
Sorption to algae often occurs rapidly, although there are
numerous inert binding sites on the cell surface that may
not lead to internalization as well as sites that lead to
internalization (Xue and Sigg 1990; Veglio and
Beolchini 1997). Much of copper bound in pulsed ex-
posures may rapidly desorb back into solution especial-
ly under high concentrations that saturate binding sites
or transport proteins (Angel et al. 2015). Loosely
adsorbed copper is more likely to be desorbed than
copper that transfers into the cell (Knauer et al. 1997;
Kaduková and Virčíková 2005). Since desorbed copper
poses increased risks to non-target organisms, under-
standing short-term sorption and desorption potential
is critical in predicting algaecidal efficacy and potential
unintended impacts.

Lyngbya wollei (Farlow ex Gomont) Speziale and
Dyck is a freshwater, filamentous cyanobacterium com-
mon throughout the southeastern USA (Speziale and
Dyck 1992) and spreading in range distribution across
the USA including the Laurentian Great Lakes basin
(Bridgeman and Penamon 2010). L. wollei can have sig-
nificant negative economic and ecological impacts to wa-
ter resources through production of thick mats (habitat
destruction, impede recreation, and property values), toxin
and taste/odor compounds (off flavor, irrigation integrity,
and human safety), and housing fecal bacteria (Lagos
1998; Bridgeman and Penamon 2010; Mihali et al. 2011;
Manganelli et al. 2012; Vijayavel et al. 2013). Large
infestations are often very difficult and expensive to con-
trol withmanymanagement options showing limited to no
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efficacy. Select USEPA-registered algaecides have shown
potential for control in large water resources (Bishop et al.
2015), though a better understanding of their activity is
needed. L. wollei possesses a thick extracellular mucilag-
inous sheath primarily composed of fibrils, made from a
cellulose-like homoglucan polymer, cross linked with
multiple monosaccharides (Hoiczyk 1998; Hoiczyk and
Hansel 2000). The sheath of L. wollei can comprise over
55% of dry biomass and provides numerous advantages,
in part, including predation deterrence, UV protection,
nutrient acquisition, mobility, and desiccation avoidance
(Hoiczyk and Hansel 2000; Camacho and Thacker 2006).
Another function of the mucilage is to decrease metal
toxicity to allow for growth in polluted environments
(Reynolds 2007), though also applicable to tolerance of
applied copper from algaecides. Li et al. (2001) observed a
strong affinity of copper for mucilaginous sheaths and
Tien et al. (2005) estimated that the surface mucilage
accounted for 40%of total adsorbed copper. An infestation
of L. wollei in Lake Gaston, on the NC/VA border, pro-
vided an opportunity to assess formulation ability to pen-
etrate or depurate from this nuisance cyanobacterium. In
this research, we tested a copper salt and chelated copper
with added surfactants in order to assess efficiencies of
formulations at transferring to toxic sites of action and
conversely the ability of copper to desorb from ligands
in/on L. wollei. A constant mass of L. wollei was tested
with a range of copper concentrations as a scaled repre-
sentation of the field site. Increased biomass of Lyngbya is
predicted to proportionately alter the amount of copper
needed for control (Franklin et al. 2002; Bishop and
Rodgers 2012; Tsai 2016).

This research compared copper algaecide formula-
tions for efficiency of adsorption and subsequent de-
sorption as well as internalization of copper. By
selecting the most efficient formulation that achieves
the internal threshold for control, with the lowest aque-
ous exposure concentration, more effective control of
nuisance algal blooms can be achieved while increasing
the margin of safety for non-target organisms. Specific
objectives were (1) to measure copper adsorbed to and
internalized in Lyngbya wollei following a 6-h exposure
of 0.5, 1, 2, and 4 mg Cu/L as copper sulfate
pentahydrate and a chelated copper ethanolamine com-
plex, (2) to measure adsorbed, internalized, and
desorbed copper 4 days after transfer to untreated water,
and (3) to compare copper mass adsorbed, internalized,
and desorbed between formulations at different expo-
sures. Exposure factors (Cu concentration times

duration) were selected to span sublethal (less than
50% control), moderate (50–75% control), and com-
plete (> 75%) control of L. wollei based on efficacy
trials in prior research (Bishop et al. 2017).

2 Methods

2.1 Culture and Testing Conditions

Lyngbya wollei accessions were collected from two lo-
cations in Lake Gaston, NC/VA: (1) 36° 29′ 36″ N; 77°
53′ 54″ W and (2) 36° 33′ 06″ N; 78° 00′ 50″ W by
dragging a thatch rake. Benthic mats were transferred on
the day of collection to the SePRO Research and Tech-
nology Campus (SRTC) in Whitakers, NC, for testing.
Replicated experiments were conducted using field sam-
ples taken at two time periods (5.26.17 from Pretty
Creek, prior to Captain XTR treatment and 7.10.17 from
Reference site). This was done to evaluate the temporal
consistency of laboratory results and reinforce predictive
capability to the field site (Lakeman et al. 2009). Samples
were cultured under and tested with a constant tempera-
ture of 23 ± 1 °C and a 16-h light/8-h dark photoperiod
with fluorescent lighting (Spectralux T5/HO 6500K blue;
3000K red) at an intensity of 67.5 ± 2.7μmol photons/m2

/s (Lewis et al. 1994). Studies were conducted using well
water which had characteristics of pH (8 ± 1.), dissolved
oxygen (8.5 ± 1 mg O2/L), temperature (22 ± 2 °C), con-
ductivity (230–390 μS/cm2), alkalinity (90–140 mg/L as
CaCO3), hardness (90–130 mg/L as CaCO3), total phos-
phorus (90–110 μ/L), and total nitrogen (3.9–4.1 mg/L).
Well water had increased alkalinity, hardness, and con-
ductivity than Lake Gaston field water. Well water was
used due to its ability to consistently support L. wollei
growth while not containing any known constituents that
may compromise testing. All analyses were measured
according to Standard Methods (American Public Health
Association [APHA] 2005).

2.2 Experimental Design

The mass of L. wollei was held at a constant 0.1 g ±
0.01 g wet weight. Six treatment replicates were ex-
posed to four aqueous copper concentrations 0.5, 1, 2,
and 4 mg Cu/L of each copper formulation (chelated
copper ethanolamine complex as Captain XTR; SePRO
Corporation Carmel, IN, and copper sulfate
pentahydrate; C489-1 Fisher Scientific, Inc.) in a
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500-mL Erlenmeyer flask with 250 mL exposure water.
Stock algaecide solutions were made within 4 h of test
initiation and serial dilutions were used to obtain target
copper concentrations. All treatments were maintained
in the treated copper solution for a 6-h duration. Three
replicates were randomly taken after the 6-h copper
exposure and measured for adsorbed and internalized
copper. The other three replicates were gently removed,
using acid-washed forceps, from the flask containing
copper and transferred to a clean flask containing
250 mL well water without any algaecide added.
Adsorbed, internalized, and desorbed copper were mea-
sured 4 days after transfer to the clean flask. Untreated
controls were also moved in a similar manner after 6 h.

2.3 Copper Analyses

The entire algal mass in each treatment was used to
assess adsorbed and internalized copper. Adsorbed cop-
per was measured by rinsing the L. wollei samples with
10 mL of 2 mM EDTA for 10 min to remove adhered
metal ions from the surface as EDTA does not penetrate
the cell (Knauer et al. 1997). Samples were then acidi-
fied (1% v/v trace metal grade nitric acid; Fisher Scien-
tific, Inc. A509) to preserve and filtered (0.22 μm pore
size Whatman GF/F glass microfiber filter) prior to
analysis. Internalized copper was subsequently mea-
sured by digesting the rinsed algae in 2 mL 70% trace-
metal-grade nitric acid, 2 mL of 30% H2O2 (Fisher
Scientific, Inc. BP2633), and 6 mL NanoPure™ water.
The mass was then sonicated for 30 s to disperse fila-
ments and then heated to 180 °C, and repeated to
achieve a clear solution (USEPA 1996; Tripathi et al.
2006). To assess copper depurated from the algae, both
total and acid-soluble copper concentrations were mea-
sured. Total copper was measured on a 15 mL subsam-
ple of water from the homogenized flask, this was
acidified (1% v/v trace metal grade nitric acid; Fisher
Scientific, Inc. A509) and filtered (0.22 μm pore size
Whatman GF/F glass microfiber filter) prior to analysis.
To ensure all depurated copper was analyzed, total cop-
per was also measured on a subset of samples by acid-
ifying the entire flask to 1% nitric acid to account for all
copper that may have adhered to the flask and particu-
lates. Soluble copper (filtered then acidified) was mea-
sured on one replicate of each experiment. To calculate
percentage of copper that desorbed, the average aqueous
copper mass measured 4 days after transfer was divided
by the average mass of copper transferred at the 6-h

measurement (adsorbed plus internalized). All copper
samples were measured using inductively coupled
plasma-optical emission spectrometry (ICPE 9000;
Shimadzu Corporation) with a matrix-matched calibra-
tion curve from serial dilution of a 1000 mg Cu/L
standard (Fisher Scientific, Inc. SC194; APHA 2005).
The limit of detection for copper was 5 μg Cu/L (0.1 μg
Cu/ g algae). Method blanks were analyzed with each
run to ensure that there was no contamination by the
materials used in sample preparation.

2.4 Statistics

Data from each experiment were pooled for analysis
since no significant treatment by experiment results
was measured. A two-tailed T test was used to assess
differences (α = 0.05) between 6 h after treatment
(HAT) and 4 days after treatment (DAT) internalized
and adsorbed copper with each treatment concentration
and copper formulation as well as between formulations
at corresponding exposures. A Shapiro-Wilk test was
used to assess normality of the data, and all data were
tested for constant variance (F test; McDonald 2014).
All data were analyzed using Microsoft Excel®
(Microsoft 2010).

3 Results

Initial aqueous copper concentrations in copper sulfate
treatments were between 94 and 105% of targeted
values and between 91 and 106% for chelated copper
exposures; therefore, nominal copper concentrations
were used in data graphs and analyses. Since results of
total flask acidification and the homogenized 15 mL
acid-soluble Cu samples were similar (< 5% variation)
in replicates for each copper chemistry, this confirms
negligible binding of copper to exposure vessels. There-
fore, the 15 mL aliquot was used for determining
desorbed copper. Acid-soluble copper analyses on
desorbed copper showed an average of 85% of mea-
sured copper in soluble form. There were increasing
amounts of copper adsorbed and internalized with in-
creasing concentration of both copper formulations. At
6 HAT, the majority of copper partitioned to L. wollei
was adsorbed (Figs. 1 and 2). There were no significant
differences in internalized or adsorbed copper between
the formulations at the 6 HATsampling point (P > 0.05).
Captain XTR had significantly decreased (P < 0.05, n =
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6) adsorbed copper in all treatments from the 6 HAT to
the 4 DATmeasurements. Captain XTR had significant-
ly increased (P < 0.05) internalized copper in the 0.5, 1,
and 2 mg Cu/L treatments from the 6 HAT to the 4 DAT
measurements (Fig. 1). Copper sulfate had significantly
decreased (P < 0.05, n = 6) adsorbed copper in the 0.5,
1, and 4 mg Cu/L treatments from the 6 HAT to the 4
DAT measurements. Copper sulfate did not have any
statistically significant differences in internalized copper
from the 6 HAT to the 4 DAT measurements (Fig. 2;
P > 0.05, n = 6).

Following transfer to clean water for 4 days, Captain
XTR had significantly more copper adsorbed to
L. wollei at the 0.5 mg Cu/L treatment, whereas copper
sulfate had significantly more adsorbed copper at the
2 mg Cu/L treatment. Captain XTR had significantly
more internalized copper at both the 2 and 4 mg Cu/L
treatments compared with copper sulfate. Although av-
erage desorbed copper was lower in most Captain XTR
treatments compared with copper sulfate, no statistically
significant differences were measured for desorbed cop-
per (Fig. 3). Total partitioned copper (internalized plus
adsorbed) was significantly higher in the 4 mg Cu/L as
Captain XTR treatment than copper sulfate, though not
different at any other treatment concentration.

Depurated copper following transfer to clean water
was 22.1, 21.9, 22.3, and 20.0% of the transferred
copper amount following the 6-h exposure duration in
Captain XTR treatments of 0.5, 1, 2, and 4 mg/L,

respectively. Copper that depurated following transfer
to clean water was 16.8, 19.6, 30.6, and 28.2% of the
transferred copper amount in copper sulfate treatments
of 0.5, 1, 2, and 4 mg/L, respectively. Amount of initial
copper amended to exposure vessels that depurated was
6.9, 5.0, 4.9, and 3.8% in Captain XTR treatments of
0.5, 1, 2, and 4 mg/L, respectively. Amount of initial
copper amended to exposure vessels that depurated was
6.5, 5.2, 6.2, and 4.5% in copper sulfate treatments of
0.5, 1, 2, and 4 mg/L, respectively.

4 Discussion

Copper is an essential micronutrient at low levels (e.g.,
components of many enzymes and proteins; Sunda 1989)
and can increase algal growth in low, pulsed exposures
(Angel et al. 2017). Copper has many modes of action but
most are internal to the cell and exceeding a toxic threshold
(in excess of depuration or amelioration) is needed to
cause toxicity to target algae (Knauer et al. 1997;
Campbell et al. 2002; Angel et al. 2015; Bishop et al.
2015). Typical field applications of copper algaecides
often elicit short aqueous exposure durations (< 1 day)
due to rapid binding and removal of copper from thewater.
We found similar initial binding of copper to algae with
both copper formulations tested in this research. Other
research has confirmed this rapid interaction of copper
with the cell (Crist et al. 1990; Levy et al. 2007; Bishop
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et al. 2017). However, initial interaction is not necessarily
correlated with effectiveness. With other algal species,
exclusion of copper from the cell was the primary mech-
anism of copper tolerance. For example, Yan and Pan
(2002) found exclusion of copper in the green alga,
Closterium lunula, to provide less internal copper and
increase in tolerance. Twiss et al. (1993) also found a
copper tolerant strain of Scenedesmus acutus to exclude
copper. Whereas, Butler et al. (1980) reported a sensitive
strain ofChlorella vulgaris to accumulate over seven times
more copper than a tolerant strain. Higher adsorption at the
cell surface may not directly lead to internalization nor
have a significant algaecidal impact. The thick mucilagi-
nous sheath of L.wolleimay further increase inert, external
binding sites and render copper non-bioavailable to the
cell (Li et al. 2001; Yee et al. 2004; Tien et al. 2005).
Following initial binding, understanding the subsequent
transfer of copper is critical to assess formulation effec-
tiveness as well as desorption ability.

Similar desorption was measured between copper for-
mulations tested in this work, and both had decreased
adsorbed copper after transfer to untreated water. This
suggests that some inert, external binding sites that had
interacted with both formulations were able to be trans-
ferred back into surrounding water. However, Captain
XTR had significantly increased internalized copper at
multiple treatment concentrations tested compared with
copper sulfate following the 4-day depuration period,
whereas copper sulfate did not significantly change. Even

with rapid cessation of the aqueous external copper con-
centrations, there was still an influx of copper from Cap-
tain XTR into the cells. Copper sulfate maintained the
same level of internal copper supporting prior research
on decreased ability of internalized copper to desorb
(Knauer et al. 1997; Kaduková and Virčíková 2005).
The greatest change in copper partitioning was removal
of adsorbed copper back into solution. This suggests dif-
ferent uptake mechanisms between the chelated formula-
tions and copper sulfate. The free cupric ion, as primarily
results from copper sulfate exposures, may be restricted to
active transport across the cellular membrane due to its
charge characteristics (Sunda 1989; Knauer et al. 1997).
Passive diffusion is another route of copper internalization
(Khummongkol et al. 1982), and chelated metals have
shown increased ability to passively move across biolog-
ical membranes (Stauber and Florence 1987).

Copper sulfate and chelated copper exposures have
resulted in similar adsorbed copper amounts, though not
resulted in the same degree of control (Bishop andRodgers
2012; Bishop et al. 2017). Internalized copper often differs
by formulation and has shown to be significantly correlat-
ed with control (Bishop 2016). In general, chelated formu-
lations have more routes of entry, other than active trans-
port alone, to achieve internal copper thresholds (Stauber
and Florence 1987). Results of prior works also showed
increased effectiveness with chelated formulations over
copper sulfate (Bishop and Rodgers 2012; Calomeni
et al. 2014; Iwinski et al. 2016). Although we did not
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directly measure effectiveness in this work, since internal-
ized copper correlates with control and Captain XTR
exposures continued to increase in internalized levels and
were significantly higher in the highest treatments tested,
we would hypothesize increased efficacy. Enhanced con-
trol with chelated copper over copper sulfate with L. wollei
has been shown in other works with static exposures
(Bishop and Rodgers 2012; Bishop 2016) and pulsed

exposures at similar internalized levels (Bishop et al.
2017).

Since the internalized copper remained unchanged or
increased, this aligns with prior research showing the
enhanced transient nature of adsorbed copper (Gonzalez-
Davila et al. 1995; Knauer et al. 1997) as opposed to
internalized copper that is not readily released (Yan and
Pan 2002; Kaduková and Virčíková 2005). With many
field applications of copper algaecides, a pulsed exposure
scenario is realized due to label restrictions on a small
portion of water volume that can be treated as well as
localized area (e.g., band, benthic injection) or flowing
water applications. It is predicted the reversible binding
nature of adsorbed copper would be accentuated by pulse
exposures as this provides less contact time with the algal
surface and rapid decrease in external aqueous
concentrations. Angel et al. (2015) did find rapid
desorption/release back into solution following a pulse
copper sulfate exposure. With increased inert binding sites
due to the large externalmucilaginous sheath inL. wollei, a
greater amount of adsorbed copper and potentially
desorbed copper is predictedwith this species. Futurework
will further assess the form and bioavailability of desorbed
copper, especially since chelated copper, if maintained in
this state following sorption, may still be innately less toxic
to many non-target species (Wagner et al. 2017). Despite
similar desorption from both copper formulations, the
continued internalization with Captain XTR is more likely
to attain the internal threshold for desired control, thereby
decreasing need for subsequent treatments. Selecting ap-
propriate copper formulations can better achieve desired
management objectives for a site-specific algal infestation.

5 Conclusion

Similar initial copper sorption was measured between
two copper algaecide formulations on L. wollei with a
thick mucilaginous sheath. Desorption of copper fol-
lowing transfer to clean water was also similar between
the formulations, although significant increases in inter-
nalized copper were measured with the chelated copper
algaecide. Internalized copper was less transient and did
not desorb to the same extent as adsorbed copper. In-
creasing internalized amounts are also needed to achieve
the threshold for control of target nuisance algal species,
and the chelated copper algaecide provided an increased
movement of copper into cells. This research provides a
better understanding of short-term copper fate following
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copper-based algaecide applications. With increased
regulatory scrutiny regarding copper use, these data
can allow water resource managers to make more in-
formed decisions on effectiveness and risks associated
with copper formulations.
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