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A B S T R A C T

Hydrogen peroxide is widely recognized as the most stable of the reactive oxygen species (ROS) produced by
both biotic and abiotic pathways in natural waters. Its high reactivity in mediating redox transformations may,
directly or indirectly, affect aquatic ecosystem functions, including primary productivity. However, environ-
mental interactions between photoautotrophs, particularly cyanobacteria, and hydrogen peroxide are poorly
understood. To gain a better understanding of hydrogen peroxide and cyanobacterial interactions, we de-
termined the hydrogen peroxide concentrations in the presence and absence of cyanobacterial blooms in
southwest Florida. Hydrogen peroxide concentrations were determined using a fast response amperometric
hydrogen peroxide microelectrode. Our measurements ranged from 0 to 5.3 µM in freshwater bodies (ponds,
lakes and the Caloosahatchee River) and 0 to 92.9 µM in rainwater. In general, hydrogen peroxide levels were
highly associated with cyanobacterial bloom conditions, indicating the potential role of cyanobacteria in hy-
drogen peroxide production in freshwater. To determine the potential biodegradation of hydrogen peroxide
during sample transportation in the dark condition, water samples were passed through 0.2 µm pore size filters
immediately after sampling and compared with unfiltered water samples in the laboratory. We found that fil-
tered water samples retained higher concentrations of hydrogen peroxide than unfiltered samples with a mean
biodegradation rate of 44±10.6 nmol/h. Out of a total of 26 samples, only one unfiltered sample showed a
higher hydrogen peroxide concentration than the filtered samples. Overall, our study found the microelectrode
technique could accurately measure hydrogen peroxide concentrations in the samples from various freshwater
bodies. This measurement method revealed that hydrogen peroxide concentrations vary with temporal and
spatial dynamics of cyanobacterial blooms.

1. Introduction

Hydrogen peroxide, being one of the most stable and abundant
forms of reactive oxygen species (ROS) in aquatic ecosystems, has long
been documented as an unwanted toxic byproduct produced during
normal metabolism by endogenous processes of aquatic organisms; and
by photochemical processes in natural water bodies (Cooper et al.,
1988; Scully et al., 1996; Petasne and Zika, 1997). In addition, atmo-
spheric wet deposition has also been found to be a source of hydrogen
peroxide to aquatic ecosystems (Cooper et al., 1987; Kang et al., 2002).
ROS including hydrogen peroxide and superoxide (O2−) are highly
reactive and are produced as intermediates during the sequential one-
electron reduction of oxygen to water. ROS have the ability to interact
with biologically pivotal metals such as iron, copper, and manganese

(Nico et al., 2002; Rose et al., 2008). This high reactivity in mediating
redox transformations may, directly and indirectly, affect aquatic biota
and ecosystems. This is particularly important for cyanobacteria since
recent studies emphasize the implications of iron and cyanobacterial
blooms in the open ocean (Bowie et al., 2009) as well as nutrient-rich
freshwater bodies (Xing et al., 2014). The photosynthetic production of
hydrogen peroxide from cyanobacteria has been reported under la-
boratory conditions (Patterson and Myers, 1973; Roncel et al., 1989).
However, knowledge about the environmental interaction between
cyanobacteria and naturally-occurring levels of hydrogen peroxide is
limited (Mostofa et al., 2013; Pflaumer, 2016).

To understand hydrogen peroxide dynamics and the interaction of
hydrogen peroxide with cyanobacterial blooms, we aimed to determine
the hydrogen peroxide levels present in the freshwater environments in
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the presence and absence of cyanobacterial blooms in southwest Florida
during the wet season and assessed abiotic factors that potentially
contribute to the generation and degradation of hydrogen peroxide.

2. Materials and methods

2.1. Hydrogen peroxide quantification using a microelectrode

We used a recently developed fast response amperometric 250 µm
diameter tip hydrogen peroxide microelectrode with a built-in re-
ference electrode (HP-250, Innovative Instruments, Inc., Tampa, FL,
USA) featuring a lower detection limit of 50 nM (Fig. 1). The sensor was
connected to an inNO-T meter operated by the inNO-T data acquisition
system software (Innovative Instruments, Tampa, FL, USA) on a per-
sonal computer. Hydrogen peroxide (3% w/v) was purchased from
Sigma-Aldrich (St. Louis, MO, USA) and used in the preparation of
standard curves. Before calibration, the condition of the sensor was
monitored via readings in the air and in high-performance liquid
chromatography (HPLC) grade water. The sensor system was run for at
least 20min in HPLC grade water before measurements to establish a
stable background baseline. At least six replicate readings were re-
corded and used to calculate the mean and standard error of each
measurement.

2.2. Hydrogen peroxide quantification using ferrous oxidation/xylenol
orange method

Hydrogen peroxide concentrations were also determined using a
method of ferrous oxidation in the presence of xylenol orange (Pierce
Quantitative Peroxide Assays, Pierce Biotechnology, Rockford, IL,
USA). A fresh working solution was prepared for each experiment, and
each working solution was <30min old when it was used. Reagents
together with samples were incubated for 15–20min before reading on
a microtiter plate at 590 nm using a TECAN Genios Pro 96 multi-
function microplate reader (MTX Lab Systems, Bradenton, FL, USA).

2.3. Lake water sample collections

From March 2017 to July 2018, surface water samples were col-
lected from various oligotrophic to hypertrophic water bodies in
southwest Florida (Fig. 2). Physiochemical parameters such as water
temperature, pH, dissolved oxygen (DO), and electrical conductivity
were measured using a YSI sonde (Yellow Springs, OH, USA). To
measure the chlorophyll a concentration, the water samples (50mL)
were filtered using a GF/F filter (0.7 µm pore size, 25mm diameter,

Whatman), extracted with 90% acetone and quantified using a Trilogy
Laboratory Fluorometer (Turner Designs, San Jose, CA, USA) with
chlorophyll acid module CHL-A-ACID (Model 7200–040). Phaeophytin
concentrations were determined after the acidification of samples with
1 N HCl (Holm-Hansen et al., 1965). Colored dissolved organic matter
(CDOM) and turbidity were measured in a 3.5mL cuvette as triplicates
on the same fluorometer with different modules, CDOM/NH4 (Model
7200–041) and TURBIDITY (Model 7200–060), respectively.

2.4. Hydrogen peroxide in rainwater

Rainwater samples were collected during the rainy seasons in 2017
to 2018 on the Florida Gulf Coast University (FGCU) campus using a
10% HCl acid-washed plastic funnel in a 1 L polypropylene bottle
placed on open ground 20m away from building and vegetation
(Fig. 2). The samples were analyzed using the hydrogen peroxide mi-
croelectrode within 24 h of sample collection. Catalase of Aspergillus
niger (100 U/mL as final concentration, Merck Millipore, Billerica, MA,
USA) was used to confirm if detected high sensor signals in rainwater
samples were true responses to hydrogen peroxide, using a similar
approach to that of Eberhardt et al. (2004).

2.5. Hydrogen peroxide decay measurements

Filtered and unfiltered water samples were used to assess the po-
tential degradation of hydrogen peroxide during the transportation of
samples to the laboratory from the field (a trip of approximately two
hours). Water samples were collected using a clean 50mL graduated
polypropylene screw-capped centrifuge tube followed by filtering
through a 25mm diameter 0.2 µm pore size polycarbonate filter (GTTP,
Millipore Sigma, St. Louis, MO, USA). All water samples were placed on
blue ice and transported to the laboratory and analyzed within 6 h.

2.6. Iron measurements in water samples and cyanobacterial biomass

Total iron, both particulate and dissolved species, was determined
from the fresh and frozen samples. Ten-milliliter aliquots of water
samples were transferred into acid-washed 15mL graduated poly-
propylene screw-capped centrifuge tubes. Total iron was quantified
using the United States Environmental Protection Agency (US EPA)
approved 1, 10 phenanthroline method (FerroVer Iron Reagent Powder
Pillows, HACH, Loveland, CO, USA). Total iron concentrations were
determined for unfiltered water samples. Intracellular iron concentra-
tions in cyanobacterial biomass were determined by subtraction of the
concentration of the filtered fraction from the total iron concentration.

Fig. 1. Performance evaluation of a hydrogen peroxide microelectrode. (a) 250 µm tip diameter hydrogen peroxide microelectrode with a built-in reference elec-
trode. (b) The microelectrode linearly reacted with the repetitive addition (x4) of 50 nM of hydrogen peroxide.
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Water samples including cyanobacterial scums were gently filtered with
a 25 mm Whatman GF/F filter and a hand-held vacuum pump to avoid
mechanical disruption of cyanobacterial cells. The iron concentrations
were colorimetrically determined using a HACH DR/2400
Spectrophotometer (Loveland, CO, USA) at a wavelength of 590 nm.

2.7. Nutrient analyses

Water samples were prepared by filtering 50mL of the sample
through a 45mm diameter Whatman GF/F glass fiber filter and stored
at −20 °C until analysis. All nutrient analyses were performed using a
Seal Analytical Discrete Analyzer Model AQ2 (SEAL Analytical,
Mequon, WI, USA) following US EPA Standard Methods protocols. Total
phosphorus (TP) and total nitrogen (TN) were determined after diges-
tion (20min at 120 °C) using an autoclave. Nutrients were determined
as follows: orthophosphate (ascorbic acid method 4500-PE), ammonia
(phenate method 4500-NH3-G), nitrite (diazotizing with sulfanilamide
and NED dihydrochloride method 4500-NO2-B) and NOx (cadmium
reduction method 4500-NO3-E). Nitrate was determined by subtracting
nitrite from NOx.

2.8. Quantification of microcystins using ELISA test kit

Surface water samples containing scum of cyanobacteria were col-
lected from Lake San Carlos (Oct 31, Nov 8 and Dec 6, 2017), Devitt
Lake (Sep 28, 2017) and the Caloosahatchee River (Jun 28, 2018) and
were used to evaluate cyanotoxin concentrations (Fig. 2). The water
samples were treated with three freeze–thaw cycles to induce cell lysis
(US EPA method 546). After cell lysis, samples were centrifuged at
4000×g for 1min, and the resulting supernatants were transferred to
new centrifuge tubes for microcystin analysis. The total concentration
of microcystin-LR was determined using an ELISA test kit (Beacon Mi-
crocystin Tube Kit, Beacon Analytical Systems, ME, USA) according to
the manufacturer’s instructions. The test kit uses a polyclonal antibody
(anti-rabbit IgG) to bind both microcystins and a microcystin-enzyme
conjugate. The ELISA assay induced color changes from dark to pale
blue in relation to the different concentrations of microcystin, and was
measured using a spectrophotometer at a wavelength of 450 nm
(Genesys 20 Thermo Scientific, Waltham, MA). It should be noted that
the ELISA test kit used is approved in US EPA method 546 and opti-
mized to detect microcystin-LR but cannot completely discriminate
different types of microcystins (e.g., LA, YR or RR).

2.9. Data analysis

General statistics were calculated for biotic and abiotic data sets
using the Data Analysis Tools in Microsoft Excel. The majority of data
were presented as mean± one standard error unless denoted.
Regression analyses were performed between two variables of interest.
Pearson’s correlation was calculated to determine significant relation-
ships between biotic and abiotic parameters.

3. Results

3.1. Hydrogen peroxide concentration in aquatic systems in southwest
Florida

The hydrogen peroxide measurements obtained via microelectrode
and xylenol orange methods were highly correlated with each other
(R=0.99, P<0.001), but the microelectrode provided a higher sen-
sitivity (down to 50 nM of hydrogen peroxide), which is more suitable
to quantify hydrogen peroxide concentrations in field samples (Fig. 1).
The mean concentration of hydrogen peroxide in rainwater was
16.8±4.0 µM (mean±SE, n=24), with a range of 0 to 92.9 µM,
which was similar to the previous reports (Table 1). Hydrogen peroxide
in rainwater samples was decomposed to a level below limits of de-
tection after catalase treatment, indicating that the sensor was truly
responding to hydrogen peroxide in rainwater. Our hydrogen peroxide
measurements of lake water varied in the range of 0 and 5.31 µM
(Table 1). We found a lower range of hydrogen peroxide concentrations
of 0.42±0.07 µM (n=5) in FGCU main campus ponds, which had
lower nutrient levels (oligotrophic/mesotrophic) than the other field
sites (Table 2). High levels of hydrogen peroxide were detected in the
lakes and ponds in Six Mile Cypress Slough Preserve, a cypress wetland
system that receives sheet flow groundwater and is normally low in
nutrient concentrations (oligotrophic) except for Gator Lake (meso-
trophic) where cyanobacterial blooms are occasionally documented
(Urakawa and Bernhard, 2017). When we collected water samples in
May 2016, southwest Florida had experienced extremely dry conditions
due to an El Niño event (Yeoman et al., 2017). The water level was
extremely low (<30 cm), and a high chlorophyll a concentration was
detected along with high hydrogen peroxide concentrations (Table 2).
A high level of hydrogen peroxide was detected in Gator Lake in which
a cyanobacterial bloom had developed (Fig. 3a). Negative correlations
were found between hydrogen peroxide concentrations (filtered and
non-filtered) and water temperature (Table 3).

Fig. 2. Southwest Florida map showing the locations where the samples were collected in 2017 and 2018.
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3.2. Biodegradation of hydrogen peroxide during sample transportation

We found that the filtered water samples retained higher con-
centrations of hydrogen peroxide than non-filtered samples (Fig. 3a).
Out of 26 samples, only one non-filtered sample showed a higher hy-
drogen peroxide concentration than filtered samples (Fig. 3a). The
mean biodegradation rate of hydrogen peroxide was 44.7±2.2 nmol/
h, which was calculated based on the difference between filtered and
non-filtered samples (Häkkinen et al., 2004; Richard et al., 2007).

3.3. Iron measurement in water samples and cyanobacterial biomass

Total iron concentrations in the southwest Florida lakes ranged from
0.02 to 4.56mg/L (median=0.29mg/L). In both eutrophic and oli-
gotrophic sites, we found a positive correlation between chlorophyll a
and total iron concentrations (R=0.60, P=0.001, n=26) (Fig. 4).
Analysis of filtered and non-filtered samples that had high total chlor-
ophyll concentrations (i.e., cyanobacterial blooms) showed that over
half of the iron was in the cyanobacterial cells (65.2± 5.0%,
mean± SE, n=3). No correlation was found between the filtered hy-
drogen peroxide samples and total iron concentrations (R=0.07,
P=0.73, n=26) (Table 3).

3.4. Cyanobacterial bloom and hydrogen peroxide

During the 2017 and 2018 Microcystis bloom event (June to
November), we measured hydrogen peroxide and microcystin along
with environmental parameters (Table 4). We found no correlation
between hydrogen peroxide and microcystin concentrations (R=0.39,
P=0.38, n=7). The range of microcystin concentrations in the Ca-
loosahatchee River was 0.04 – 451 µg/L with a mean of
112.96± 26.67 µg/L (n=7), while the hydrogen peroxide ranged
from 0.20 − 5.07 µM with a mean of 2.78± 0.26 µM (n=7).

3.5. Cyanobacterial bloom events in Lake Okeechobee and the
Caloosahatchee River in summer 2018

During the 2018 bloom, we tested microcystin concentrations in
water samples from the Caloosahatchee River. We found microcystin
concentrations of 450.5 µg/L at Fort Denaud Bridge and 308.1 µg/L at

Alva Bridge (Table 4). Combined with microcystin data provided by the
Florida Department of Environmental Protection (Florida Algal Bloom
Sample Collection View), microcystin concentrations in the Caloosa-
hatchee River ranged from 0 to 463.3 µg/L with a mean of 14.0± 3.6
(n=180) (Fig. 5). The highest concentrations of microcystin (greater
than 100 µg/L) were found from five locations, where the concentra-
tions were well above the World Health Organization (WHO) health
advisory level of< 20 µg/L for recreational waters (WHO, 2003)
and< 1 µg/L for drinking water (WHO, 2004).

4. Discussion

Hydrogen peroxide is one of the most stable and abundant forms of
reactive oxygen in aquatic ecosystems (Kieber et al., 2003; Diaz and
Plummer, 2018). For decades, a variety of methods have been em-
ployed to quantify hydrogen peroxide concentrations in pharmaceu-
tical, biological, clinical and environmental settings (Mostofa et al.,
2013).

The classical hydrogen peroxide detection method is a colorimetric
method used to determine concentrations in plant tissues. In this
method, hydrogen peroxide is reacted with 4-aminoantipyrine and
phenol to produce a stable red product in the presence of peroxidase
(Patterson et al., 1984; Zhou et al., 2006). In freshwater lakes, hydrogen
peroxide is determined using a spectrofluorometric method where the
enzyme-catalyzed reaction between N-acetyl-3,7- dihydroxyphenox-
azine (APOXA) and hydrogen peroxide forms a fluorescent product
(Häkkinen et al., 2004; García et al., 2019). In rainwater, p-hydro-
xyphenylacetic acid (PHPA) has been used in a spectrophotometric
method to determine hydrogen peroxide concentrations (Tanner and
Wong, 1998; Shariati-Rad et al., 2015). Electrochemistry can determine
small amounts of hydrogen peroxide utilizing o-dianisidine (ODA) as a
substrate and hemoglobin as a catalyst (Sun et al., 2005). The electro-
chemical method used in the medical field has been shown to work for
measuring hydrogen peroxide in rainwater (Sun et al., 2005). In surface
waters, the presence of other ROS (superoxides, hydroxyl ions, free
radicals, and singlet oxygen) has led to the development of a chroma-
tography method that is capable of identifying peroxide separately from
other ROS (Takahashi et al., 1999; Steinberg, 2013; Gimeno et al.,
2015). A majority of these methods have had limited success due to
their poor selectivity and sensitivity, long analysis time, and lack of
long-term reliability and reproducibility.

The development of the hydrogen peroxide sensor has made hy-
drogen peroxide quantification easier because of the sensor’s simplicity,
rapidity, selectivity, high sensitivity and capability of providing real-
time results (Urban et al., 2018). In this study, we applied hydrogen
peroxide sensors both on-site and in the laboratory. To confirm the
accuracy of our hydrogen peroxide measurements, we used two
methods, a hydrogen peroxide microelectrode technique, and a ferrous
oxidation/xylenol orange assay. Both methods correlated well with
each other (R=0.99, P<0.001) but the sensor was more sensitive in
the lower detection range and suitable for quantifying hydrogen per-
oxide concentration in both lake water and rainwater samples.

Hydrogen peroxide is ubiquitously found in both freshwater and
marine environments with higher concentrations in freshwater (Kieber
and Helz, 1995; Mostofa et al., 2013). Our hydrogen peroxide mea-
surements of the lake, pond, and river water samples showed a broad
concentration range (Table 1). Actually, the highest concentrations of
hydrogen peroxide in pond water were found in Summit Church
(12.95 µM at the non-bloom site and 16.50 µM at the bloom site)
(Table 2). However, it should be noted that these pond water samples
were collected after copper sulfate treatment conducted by the land-
owner. Further research is required to understand the interactions be-
tween hydrogen peroxide and algaecide treatments. Therefore, these
high values were removed from the comparison of hydrogen peroxide
concentrations in aquatic systems (Table 1).

Water temperature is indirectly dependent on solar irradiation and

Table 1
The typical range of hydrogen peroxide concentrations in aquatic systems.

Aquatic system Reference Detected range of hydrogen peroxide
(µM)

Low High

River Cooper and Zika (1983) 0.09 0.80
Sinel’nikov (1971) 1.30 3.20

Lake Cooper and Lean (1992) 0.01 0.80
Häkkinen et al. (2004) 0.03 1.04
Cooper and Lean (1989) 0.01 0.80
Cory et al. (2016) 0.05 1.57
This Study* 0.00 5.31

Estuary Fujiwara et al. (1995) 0.06 0.14
Kieber and Helz (1995) 0.01 0.35
Amouroux and Donard
(1995)

0.02 0.26

Miller et al. (2005) 0.06 0.28
Open ocean Olasehinde et al. (2008) 0.14 0.35

Fujiwara et al. (1993) 0.06 0.45
Rain Hellpointner and Gäb

(1989)
2.30 110.6

Cooper and Lean (1992) 8.40 82.0
Sakugawa et al. (1990) 0.00 199.0
This study 0.00 92.9

* Data from Summit Church were collected during a chemical treatment of
pond for algal control and were not included.
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the production of hydrogen peroxide in aquatic environments largely
depends on the amount of dissolved organic matter and solar radiation
(Mostofa et al., 2013). Therefore, global warming with the associated
water temperature rise would enhance the production of hydrogen
peroxide through the photodegradation of dissolved organic matter and
photosynthesis activities (Mostofa et al., 2013). However, in the present
study, negative correlations were found between hydrogen peroxide
concentrations (filtered and non-filtered) and water temperature, in-
dicating a potential effect of water temperature on hydrogen peroxide
concentrations (Table 3). Water temperature influences both microbial
activity and hydrogen peroxide degradation rates. However, these

correlations were lost when data sets from Six Mile Cypress Slough
Preserve, which have low water temperatures and high hydrogen per-
oxide levels, were removed. Thus, a further seasonal study is required
to conclude the relationship between hydrogen peroxide concentrations
and water temperatures.

Rainwater normally contains much higher concentrations of hy-
drogen peroxide than any other water source (Mostofa et al., 2013).
Rainwater samples in southwest Florida had a mean hydrogen peroxide
concentration of 16.8±4.0 µM (mean± SE, n=24), within the re-
ported range of rainwater (Sakugawa et al., 1990; Claiborn and Aneja,
1991; Kieber et al., 2001a,b) and this was greater than typical lake and

Table 2
Hydrogen peroxide concentrations in filtered and non-filtered water samples and physicochemical parameters of water samples collected in southwest Florida.

Location Coordinates Date Hydrogen peroxide (µM) Temp pH Chl a Pheo DO EC Iron Turb CDOM

m/d/y filtered non-filtered (°C) (µg/L) (µg/L) (mg/L) (µS/cm) (mg/L) (NTU) (mg/L)

Gator Lake 26°34′22″ N
81° 49′30′'W

5/8/2017 4.53 4.90 26.2 8.0 5.9 4.6 2.8 514 0.13 6.9 0.18

Wood Duck Pond 26°34′33′'N
81°49′22″ W

5/8/2017 5.07 1.33 29.3 8.3 30.3 14.8 5.8 756 0.84 23.2 0.18

Pop Ash Pond 26°34′25″ N
81°49′24″ W

5/8/2017 5.31 2.37 22.4 8.3 23.6 10.4 5.0 787 0.25 34.5 0.19

Otter Pond 26°34′20″ N
81°49′26W

5/25/2017 4.46 1.81 30.1 9.1 54.9 69.1 8.2 802 0.30 154.8 0.17

Bike Trail Lake 26°26′10″N
82⁰ 6′30″W

5/24/2017 0.77 0.00 28.8 8.2 36.9 nd 4.0 8869 0.24 24.0 0.65

Sanctuary Lake 26⁰ 29′29″N
82⁰ 10′19″W

5/31/2017 2.34 0.66 32.7 8.9 49.6 nd 17.5 2574 0.38 20.2 0.61

Dunes Lake 26⁰ 27′8″N
82⁰ 2′29″W

5/31/2017 1.72 0.32 33.9 9.2 66.1 nd 16.7 5036 0.27 38.2 0.78

Gulf Coast Lake 26⁰ 26′30″N
82⁰ 3′3″W

5/31/2017 1.11 0.22 30.8 8.4 31.6 nd 9.8 2032 0.36 20.3 0.58

Pelican Lake 26°46′11″N
82°3′11″W

6/13/2017 0.36 0.00 29.0 7.9 1.4 0.4 6.3 4823 0.03 2.5 0.60

Kingfisher Lake 26°46′28″N
82°2′33″W

6/13/2017 1.64 0.28 29.5 9.3 2.2 0.8 10.7 1957 0.15 18.2 0.65

Osprey Lake 26°46′15″N
82°2′55″W

6/13/2017 0.35 0.00 30.4 7.9 1.7 0.3 6.6 13,590 0.02 4.6 0.65

Sovi Pond 26⁰27′35″N
81⁰45′59″W

7/5/2017 0.55 0.04 32.2 8.7 0.3 0.2 5.0 1730 0.69 4.7 0.56

Library Pond 26⁰27′2″N
81⁰46′15″W

7/5/2017 0.36 0.01 31.9 8.3 0.1 0.1 4.7 2030 0.40 4.9 0.52

Welcome Center Lake 26⁰27′32″N
81⁰46′25″W

7/5/2017 0.30 0.01 32.1 7.8 0.2 0.1 4.5 2250 0.61 5.1 0.53

Food Forest Pond 26⁰27′37″N
81⁰46′48″W

7/5/2017 0.28 0.05 34.4 7.4 0.4 0.1 2.4 1710 0.27 5.2 0.58

North Lake 2627′57″N
81⁰46′8″W

7/5/2017 0.62 0.05 31.5 8.7 0.2 0.3 7.1 1890 0.08 5.5 0.59

Summit Church (no bloom site) 26⁰27′22″N
81⁰46′47″W

1/20/2018 12.95 9.46 16.7 8.1 0.4 0.1 7.6 420 0.82 11.3 0.48

Summit Church (bloom site) 26⁰27′22″N
81⁰46′47″W

1/20/2018 16.50 7.48 16.7 8.1 1.3 1.3 7.0 410 0.03 0.0 0.50

Lake San Carlos 26⁰28′45″N
81⁰49′7″W

10/31/2017 3.03 4.76 21.4 9.2 11.4 0.9 8.6 310 0.46 0.8 0.24

Punta Rassa (top) 26⁰31′3″N
82⁰ 0′40″W

7/10/2017 0.76 0.00 31.2 7.9 1.7 0.4 5.8 43,766 0.03 2.9 0.31

Punta Rassa (bottom 1.5m) 26⁰31′3″N
82⁰ 0′40″W

7/10/2017 0.81 0.11 31.1 8.0 2.1 0.7 4.6 44,096 0.08 6.9 0.30

Twin Palm Drive (top) 26⁰35′26″N
81⁰53′50″W

7/10/2017 0.97 0.29 29.7 7.6 7.0 2.4 4.5 4807 0.23 3.8 0.35

Twin Palm Drive (bottom 1.2 m) 26⁰35′26″N
81⁰53′50″W

7/10/2017 1.01 0.40 30.1 7.6 3.8 2.6 3.8 5988 0.33 6.4 0.34

Alva Bridge 26⁰42′45″N
81⁰36′35″W

6/27/2018 0.83 0.00 31.0 7.1 100.7 0 1.6 112 2.43 1.8 0.50

Fort Denaud Bridge 26⁰44′41″N
81⁰30′37″W

6/27/2018 0.27 0.00 32.4 7.7 72.5 0 3.0 116 1.32 4.6 0.50

Rosen Park Cape Coral 26⁰62′46″N
81⁰92′37″W

7/24/2018 5.07 4.61 30.4 7.9 65.4 0 5.5 116 4.56 nd nd

Abbreviations: Temp, temperature; Chl a, chlorophyll a; Pheo, pheophytin a; DO, dissolved oxygen; EC, electrical conductivity; Iron, total iron; Turb, turbidity; and
CDOM, colored dissolved organic matter. nd, no data are available. The total iron and all water quality data measured by the YSI sensor are shown as the mean of
triplicate measurements. The mean coefficient variation of total iron measurements was 16%. The mean coefficient variation of CDOMmeasurements was 8%. Hydrogen
peroxide data represent the mean of six measurements. Chl a data are from a single measurement. Data from Summit Church were collected during a chemical treatment
of pond for algal control. Punta Rassa, Twin Palm Drive, Alva Bridge, and Rosen Park in Cape Coral are sampling sites in the Caloosahatchee River.
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river water concentrations (Table 1). The majority of lakes and ponds
visited in this study were created for stormwater detention, and as this
research was conducted in the rainy season, rainwater runoff could be a
major reason why the background level of hydrogen peroxide con-
centrations of our lake and pond water samples were higher than the
other areas (Table 1). Cooper and Lean (1992) suggested that high

dissolved organic matter and strong sunlight may stimulate the for-
mation of ROS in surface waters of Florida.

The influence of biotic communities on the rate of hydrogen per-
oxide production/decomposition has been studied in freshwater
(Häkkinen et al., 2004; Richard et al., 2007) and marine environments
(Petasne and Zika, 1997). Lines of evidence suggest the contribution of

Fig. 3. The effect of filtration treatment on the hydrogen peroxide concentration of water samples. (a) The green areas represent the sites with chlorophyll a greater
than 25 µg/L, which is a mean chlorophyll a concentration in Florida lakes reported previously (Bigham et al., 2009). Letter B represents bottom water. In Summit
Church Pond, one site had a surface bloom while the other site had no bloom. Data represent mean and the standard deviation of six measurements. Note that error
bars are very small. (b) Scatter plot of hydrogen peroxide concentrations from the filtered and non-filtered samples. The blue line shows a 1:1 relationship.

Table 3
Pearson’s correlation of biotic and abiotic parameters.

Filtered H2O2 Non-filtered H2O2 Temp pH Chl a Pheo DO EC Iron Turb CDOM

Filtered H2O2 3.66E-10 5.46E-08 0.70155 0.69877 0.61423 0.60455 0.23876 0.72558 0.14554 0.27415
Non-filtered H2O2 0.90062 9.04E-09 0.71837 0.59374 0.94159 0.84254 0.18975 0.35093 0.13916 0.13773
Temp −0.84541 −0.86829 0.72963 0.20531 0.91209 0.86355 0.35233 0.65377 0.042749 0.10372
pH 0.078921 0.074281 −0.0712 0.94399 0.066059 1.37E-05 0.44724 0.18158 0.3715 0.70318
Chl a −0.079691 −0.10969 0.25683 −0.01449 0.18464 0.43888 0.21944 0.001167 0.91681 0.68761
Pheo 0.11375 0.016589 0.024994 0.39871 0.29369 0.25327 0.57503 0.67323 0.5134 0.022376
DO 0.10651 0.040956 0.035437 0.74306 0.15865 0.25439 0.70661 0.34667 0.089506 0.068174
EC −0.23944 −0.26558 0.19008 −0.1558 −0.24927 −0.12643 −0.07752 0.22328 0.20439 0.47879
Iron 0.072304 0.19062 0.092317 −0.27038 0.60100 −0.09527 −0.19229 −0.24727 0.1512 0.97967
Turb −0.29969 −0.30429 0.40828 −0.18671 −0.02201 −0.15104 −0.34673 −0.26279 0.29574 0.18836
CDOM −0.22747 −0.30535 0.3331 0.080189 0.084609 −0.49547 0.37063 −0.14846 −0.00537 0.27202

See the abbreviations in Table 2. P is shown in the upper right and r is shown in the lower left. Significant values (p<0.05) are shown in bold.
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bacteria and algae in hydrogen peroxide dynamics (Palenik and Morel,
1988; Marsico et al., 2015; Cory et al., 2016; Zhang et al., 2016; Diaz
and Plummer, 2018). There was indirect evidence that the degradation
of hydrogen peroxide was the prominent process occurring during the
transportation of water samples to the laboratory. The differences in
hydrogen peroxide loss in filtered versus non-filtered samples appear to
be attributed to bacteria; however, additional microbiological studies
are needed to determine if this was by cyanobacteria or other bacteria
in the samples. This result indicates the importance of removing bac-
teria with filtration on-site to avoid hydrogen peroxide loss (Richard
et al., 2007; Vermilyea et al., 2010).

Interactions of metals with ROS have been reported previously
(Nico et al., 2002; Rose et al., 2008). Among these interactions, iron has
been highlighted as a key factor in the photo-Fenton-reaction in aquatic
environments (Cooper and Zika, 1983; Fenton, 1894; Wilhelm, 1995).
The concentrations of iron in our southwest Florida lakes ranged from
0.02 to 4.56mg/L (median=0.29mg/L). These were higher than
previously reported ranges in most freshwater lakes (Dimberg and
Bryhn, 2015; Verschoor et al., 2017), but lower than concentrations
found in Lake James, Canada (Patterson and Kumar, 2000). There was a
strong positive correlation (R=0.6, P=0.001, n=26) between
chlorophyll a and total iron concentrations in the samples and over half
of the iron was in the cyanobacterial cells. These findings are in line

with other studies in which iron is a limiting factor in cyanobacterial
blooms in nutrient-rich freshwater lakes (Imai et al., 1999; Twiss et al.,
2000, Alexova et al., 2011; Xing et al., 2014). These studies also
stressed that when freshwater lakes have sufficiently high nitrogen and
phosphorus levels to support cyanobacterial blooms, no blooms occur
when iron is limited (Utkilen and Gjølme, 1995; Alexova et al., 2011;
Xing et al., 2014). During cyanobacterial growth, iron-dependent en-
zymes, regulated by intracellular photosynthetic thylakoid membranes,
are able to control iron homeostasis within the cells (Gantt, 1994; Xing
et al., 2007), and this is pivotal to facilitating photosynthetic electron
transfer in PSII (Zouni et al., 2001; Kamiya and Shen, 2003; Keren et al.,
2004).

Although the blooms of Microcystis aeruginosa have been docu-
mented in various climate zones worldwide, M. aeruginosa dominates
more in tropical and subtropical areas where this cyanobacterium can
grow rapidly with moderate temperature and strong sunlight (Bigham
et al., 2009; Paerl et al., 2011; Deng et al., 2014; Mowe et al., 2015).
Lake Okeechobee, FL, USA, is one of the primary sources of freshwater
and the largest lake in the southeastern United States (Flaig and Reddy,
1995; Aumen and Havens, 1998). For many decades, Lake Okeechobee
has been reported being subjected to intensifying M. aeruginosa bloom
events, especially during the wet season when temperatures are high
and nutrient loading is prominent (Kramer et al., 2018). The high
loading of nutrients from the watershed and the discharge of water
from Lake Okeechobee through the C-44 (St. Lucie River) and the C-43
canals has been speculated as a major cause of widespread blooms in
estuaries at both coasts (Kramer et al., 2018). The most recent bloom
event occurred in the Caloosahatchee River in 2018 and led, at one
point, to a declaration of a state of emergency in Florida due to social-
economic and health impacts (Fig. 5a and b). The Florida Department
of Environmental Protection data showed that 71% of microcystin
samples in the Caloosahatchee River exceeded the World Health Or-
ganization (WHO) recommended guideline (1998) of 1 µg/L for
drinking water (WHO, 2004). Additionally, 43% of the samples ex-
ceeded the recreational guidance value of 20 µg/L on recreational water
(WHO, 2003) (Fig. 5c and d). The level of microcystin was highest in
the locations of the middle of the river (Fig. 5c). The microcystin
concentration was found to be high in the beginning and at the end of
blooms (Fig. 5d). We did not find any correlation (R=0.39, P=0.38,
n=7) between hydrogen peroxide concentrations and microcystin
concentrations (Table 4).

Overall, our study demonstrated the effectiveness of the micro-
electrode approach in the study of hydrogen peroxide dynamics in
subtropical freshwater ecosystems. Our study also showed a strong as-
sociation of cyanobacterial blooms to hydrogen peroxide dynamics. The

Fig. 4. Correlation between total iron and chlorophyll a concentration found in
collected water samples (n=26).

Table 4
Microcystin and hydrogen peroxide concentrations in water collected from two lakes and five different sites along the Caloosahatchee River.

Location Coordinates Date (m/d/y) Time Hydrogen peroxideb (µM) Microcystin (µg/L) Chl a (µg/L) Iron (mg/L) Temp (°C) DO (mg/L) pH

Lake San Carlos 26°28′44′'N
81°48′59′'W

11/8/2017 9:10AM 2.78 2.60 90.5 7.71 24.6 1.2 8.5

Devitt Lake 26°26′39″N
82°2′57′'W

8/27/2017 12:00PM 1.28 0.04 8.3 0.31 30.3 9.0 8.5

Alva Bridgea 26°42′50′'N
81°36′36′'W

6/27/2018 2:00PM 0.83 308.07 100.7 2.43 31.0 1.6 7.1

Fort Denaud Bridgea 26°44′40′'N
81°30′37′'W

6/27/2018 10:00AM 0.27 450.51 72.5 1.32 32.4 3.0 7.7

Rosen Parka 26°37′26′'N
81°55′21′'W

7/24/2018 2:00PM 5.07 24.00 65.4 4.56 30.4 5.5 7.9

Alva Bridge 26⁰42′45″N
81⁰36′35″W

11/12/2018 12:00PM 0.24 0.04 1.5 0.13 26.5 5.1 7.5

Hickey Creek 26°42′55′'N
81°40′21′'W

11/12/2018 2:00PM 0.85 5.45 17.2 2.35 29.0 7.5 6.1

a Some water analysis data are adapted from Table 2. bHydrogen peroxide data are from filtered surface water samples. Total iron and all water quality data
measured by the YSI sensor are shown as the mean of triplicate measurements. Hydrogen peroxide data represent the mean of six measurements. Microcystin and
chlorophyll a data are a single measurement of each sample.
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Fig. 5. 2018 harmful algal bloom events in Lake Okeechobee and the Caloosahatchee River. (a) Microscopic image ofMicrocystis aeruginosa and diatoms of the genus
Navicula found in the Caloosahatchee River, (b) aerial image of the bloom in Cape Coral, FL, (c) microcystin concentrations shown as means and standard errors
(n=243) from sites starting from Lake Okeechobee to the downstream of the Caloosahatchee River (i.e. San Carlos Bay), and (d) the monthly changes of microcystin
concentrations. Microcystin data are from Florida Algal Bloom Sample Collection View operated by the Florida Department of Environmental Protection.
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use of hydrogen peroxide for algal control was tested for the first time
in Netherlands waters (Matthijs et al., 2012) and is a promising algal
control approach because hydrogen peroxide does not last long in
aquatic environments and is degraded into water and oxygen (i.e. no
harmful byproducts are produced). Well-managed hydrogen peroxide
treatment is not thought to harm aquatic life (e.g. zooplankton, insects
and fish) because cyanobacteria are more sensitive to hydrogen per-
oxide than eukaryotic phytoplankton (Drábková et al., 2007;
Barrington and Ghadouani, 2008; Matthijs et al., 2012; Barrington
et al., 2013). Hydrogen peroxide mitigation strategies can, therefore,
stimulate the rapid succession of phytoplankton populations from HAB
species to non-harmful species, which are readily consumed in classic/
microbial food chains. Routine measurement of hydrogen peroxide may
have a value of cyanobacterial bloom prediction. Cory and colleagues
(2016) documented that hydrogen peroxide concentrations of surface
water in Lake Erie reached the highest level right before a large bloom
was formed. Therefore, measurements of hydrogen peroxide along with
seasonal and spatial dynamics of cyanobacterial blooms and under-
standing of the biological and chemical process of production and de-
gradation of hydrogen peroxide may provide a valuable framework for
future water management.
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