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Hydrogen peroxide (H2O2) has been suggested to influence cyanobacterial community structure and toxicity. However, no study has investigated H2O2 concentrations in freshwaters relative to cyanobacterial blooms when sources and sinks of H2O2 may be highly variable. For example, photochemical production of H2O2 from chromophoric dissolved organic matter (CDOM) may vary over the course of the bloom with changing CDOM and UV light in the water column, while microbial sources and sinks of H2O2 may change with community biomass and composition. To assess relationships between H2O2 and harmful algal blooms dominated by toxic cyanobacteria in the western basin of Lake Erie, we measured H2O2 weekly at six stations from June to November, 2014 and 2015, with supporting physical, chemical, and biological water quality data. Nine additional stations across the western, eastern, and central basins of Lake Erie were sampled during August and October, 2015. CDOM sources were quantified from the fluorescence fraction of CDOM using parallel factor analysis (PARAFAC). CDOM concentration and source were significantly correlated with specific conductivity, demonstrating that discharge of terrestrially-derived CDOM from rivers can be tracked in the lake. Autochthonous sources of CDOM in the lake increased over the course of the blooms. Concentrations of H2O2 in Lake Erie ranged from 47 ± 16 nM to 1570 ± 16 nM (average of 371 ± 17 nM; n = 225), and were not correlated to CDOM concentration or source, UV light, or estimates of photochemical production of H2O2 by CDOM. Temporal patterns in H2O2 were more closely aligned with bloom dynamics in the lake. In 2014 and 2015, maximum concentrations of H2O2 were observed prior to peak water column respiration and chlorophyll a, coinciding with the onset of the widespread Microcystis blooms in late July. The spatial and temporal patterns in H2O2 concentrations suggested that production and decay of H2O2 from aquatic microorganisms can be greater than photochemical production of H2O2 from CDOM and abiotic decay pathways. Our study measured H2O2 concentrations in the range where physiological impacts on cyanobacteria have been reported, suggesting that H2O2 could influence the structure and function of cyanobacterial communities in Lake Erie.
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INTRODUCTION

Hydrogen peroxide (H2O2) is an oxidative stressor to aquatic microorganisms (Lesser, 2006; Drábková et al., 2007), and its ubiquitous presence in surface waters (Petasne and Zika, 1987; Cooper et al., 1989, 1994) has been proposed to influence the community composition and toxicity of cyanobacterial harmful algal blooms (CHABs; Qian et al., 2010, 2012; Dziallas and Grossart, 2011; Paerl and Otten, 2013). In experimental work on whole bloom communities, addition of H2O2 (60 μM) resulted in selective killing of cyanobacteria as eukaryotic phytoplankton, zooplankton and macrofauna did not seem to be affected (Matthijs et al., 2012). The toxin microcystin, produced by some strains of M. aeruginosa and many other cyanobacterial species (O'Neil et al., 2012), has been hypothesized to protect against H2O2 (Paerl and Otten, 2013). For example, in lab cultures it was found that a microcystin-producing strain of M. aeruginosa better tolerated high H2O2concentrations than a non-microcystin-producing mutant of the same strain (Zilliges et al., 2011). Leunert et al. (2014) showed that a non-toxic strain of M.aeruginosa exhibited a physiological response to H2O2 concentrations as low as 50 nM, within the range of concentrations reported in surface waters (Cooper et al., 1994; Burns et al., 2012), while the toxic strain tolerated 10 times more H2O2. However, others have shown a more variable response of M. aeruginosa to H2O2 by strain and by H2O2 concentration, with responses varying between toxic and non-toxic strains of M. aeruginosa and by H2O2 concentration (Dziallas and Grossart, 2011).

While evidence from laboratory culture studies suggests that H2O2 has an effect on toxicity of M. aeruginosa, it is difficult to relate these findings to natural surface waters due to lack of information on the concentration of H2O2 that cyanobacteria may be exposed to during the course of a bloom. Predicting H2O2 concentrations during a bloom is not currently possible because sources and sinks of H2O2 are broader and more dynamic than previously recognized (Cooper et al., 1994; Vermilyea et al., 2010; Diaz et al., 2013; Marsico et al., 2015). Until recently, the dominant source of H2O2 in surface waters was thought to be from dissolved organic matter (DOM) interacting with UV light. Specifically, H2O2 is produced in all sunlit surface waters upon UV-light absorption by the chromophoric fraction of DOM (CDOM) (Petasne and Zika, 1987; Cooper et al., 1989). Variability in CDOM concentration and source affects the rate of UV light absorption and the depth of light penetration in the water column, which in turn control the photochemical production of H2O2 (Miller, 1998). Thus, knowing the concentration of CDOM and the apparent quantum yield for photochemical formation of H2O2 by CDOM, production of H2O2 in surface waters can be modeled as a function of depth, date, or latitude (Jerome and Bukata, 1998; Andrews et al., 2000; Kieber et al., 2014). Given strong gradients in CDOM in lakes or coastal waters related to riverine loading of terrestrially-derived CDOM (Minor and Stephens, 2008; Murphy et al., 2008; Abdulla et al., 2010; Stephens and Minor, 2010), variability in photochemical production of H2O2 in surface waters has also been suggested to be related to riverine discharge of CDOM (Andrews et al., 2000; O'Sullivan et al., 2005). Predicting H2O2 concentrations is more difficult in CHABs-impacted waters compared with coastal or open seawater due to high biological activity, which may decrease the total amount and the fraction of UV light absorption by CDOM in the water column, and possibly more importantly, due to increased biological production and decay of H2O2 (Dixon et al., 2013).

Research on the biological production of H2O2 has increased with the recognition that aerobic metabolism generates H2O2 and other reactive oxygen species (ROS) (Apel and Hirt, 2004). Biological sources of H2O2 have now been recognized as ubiquitous in the dark and sunlit water columns of streams, lakes, and coastal waters (Vermilyea et al., 2010; Diaz et al., 2013; Dixon et al., 2013; Winterbourn, 2013; Marsico et al., 2015). In addition, comparisons of photochemical to biological production rates of H2O2 have demonstrated that production of H2O2 by bacteria and algae may constitute a substantial fraction of the total H2O2 present in fresh and marine waters (Vermilyea et al., 2010; Dixon et al., 2013). Although the controls on biological production and decay of H2O2 in natural waters remain poorly understood, in general they have been proposed to depend on light and the abundance of microbial biomass (Zepp et al., 1987; Marsico et al., 2015). Thus, biological production may dominate over photochemical production of H2O2 by CDOM especially in particle-rich eutrophic waters characterized by high rates of respiration and potentially low rates of UV light absorption by CDOM.

While biological production of H2O2 could be high during a bloom, biological decay, the main sink for H2O2 in fresh and marine waters (Moffett and Zafiriou, 1990; Cooper et al., 1994), may also increase over the course of a bloom because rates of biological decay have been positively correlated with measures of microbial biomass (e.g., bacterial, algal, and total cell abundance; Marsico et al., 2015). The relationship between biological decay of H2O2 and biomass is consistent with the notion that many organisms have similar enzymatic capacity to break down H2O2 (i.e., catalase and peroxidase) (Moffett and Zafiriou, 1990; Cooper et al., 1994). Given the evidence that heterotrophic bacteria may be primarily responsible for H2O2 decay (Cooper et al., 1994), rates of biological decay may also depend on the availability of labile carbon (i.e., DOM) for bacteria. Therefore, DOM may influence H2O2 in natural waters both through photochemical production by CDOM, and also by fueling bacterial respiration and production (Wetzel, 1992).

Both the light-absorbing properties of CDOM and lability of DOM to bacteria depend on its sources and chemical composition (Cory and McKnight, 2005; Cory and Kaplan, 2012; Sleighter et al., 2014). These properties of DOM may vary in space and time in relation to proximity of riverine sources that deliver terrestrially-derived DOM rich in light-absorbing CDOM to lakes (Abdulla et al., 2010; Peterson et al., 2012), or over the course of a bloom as DOM source and composition shifts to more autochthonous carbon that is less light absorbing (Zhang et al., 2014) but likely more labile to bacteria (Cory and Kaplan, 2012; Hosen et al., 2014).

Understanding the potential influence of H2O2 on CHAB events is important given that these events in lakes and coastal waters are expected to worsen with climate or land-use change (O'Neil et al., 2012; Michalak et al., 2013; Paerl and Otten, 2013). Yet no study has examined the potential interactions between CDOM and H2O2 over the course of a bloom. To address this knowledge gap, we studied the spatial and temporal variability in H2O2 and CDOM concentration and sources approximately weekly across the western basin of Lake Erie from June to October and throughout Lake Erie in 2014 and 2015. Lake Erie is the most susceptible of the Laurentian Great Lakes to eutrophication and CHABs due to extensive anthropogenic nutrient inputs, warm summer temperatures, and shallow depth (Steffen et al., 2014). Within Lake Erie, CHABs have occurred annually since the mid-1990s, with blooms most frequently observed in the western basin (Brittain et al., 2000; Ouellette et al., 2006; Rinta-Kanto et al., 2009) that appear to be increasing in severity (Obenour et al., 2014). In the last 5 years Lake Erie has experienced two of the largest recorded blooms in its history (in 2011; Michalak et al., 2013; and in 2015), and in 2014, elevated concentrations of microcystins, shut down the drinking water supply to nearly a half million people in and around Toledo, OH for just over 2 days.

In this study, we measured H2O2 concentrations in Lake Erie and in field experiments, and combined these data with information from the literature to estimate photochemical and biological production and decay of H2O2. We concurrently measured CDOM and characterized its sources and composition using optical proxies including excitation emission matrices (EEMs) and parallel factor analysis (PARAFAC; Stedmon et al., 2003), which provide information on at least three types of carbon varying in source and lability to bacteria (Cory and McKnight, 2005; Cory and Kaplan, 2012). Biological activity over the course of the bloom in Lake Erie was characterized using whole water respiration rates, chlorophyll a, and particulate microcystins along with a suite of supporting water quality measurements. We present several lines of evidence for the importance of biological controls and responses to the H2O2 concentrations in Lake Erie.

MATERIALS AND METHODS

Site Description

The western basin of Lake Erie is about one-fifth of the total lake surface area, the fourth largest lake in North America. The mean water depth of stations sampled in the western basin was 6 m, ranging from ~2–3 m at station 6 to 7–9 m at stations 4 and 13 (Figure 1), representative of the average depth of the western basin (7.4 m; O'Donnell et al., 2010). The waters of the western basin are more sediment and nutrient rich than other basins in the lake (and compared to other Great Lakes), due to the large loads from the Detroit and Maumee Rivers and due to re-suspension (Michalak et al., 2013). For example, the agricultural-dominated Maumee River system delivers nitrogen and phosphorus from farmland fertilizer that has been implicated in the increasing prevalence of CHABS. CHABs in western Lake Erie develop during summer months (Rinta-Kanto et al., 2005; Bridgeman et al., 2012) and in the open waters are generally dominated by the cyanobacterium, Microcystis (Rinta-Kanto et al., 2005). However, tributaries into Sandusky Bay, and the Maumee River, are dominated by the cyanobacterium Planktothrix (Conroy et al., 2007; Kutovaya et al., 2012; Davis et al., 2015). Both cyanobacteria are the primary toxin producers in the open waters and tributaries, respectively (Rinta-Kanto et al., 2009; Kutovaya et al., 2012; Davis et al., 2014).
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FIGURE 1. Stations sampled in Lake Erie during 2014 and 2015 identified by site ID number, with “main” corresponding the stations sampled weekly during summer 2014 and 2015, and “limnos” corresponding to the stations sampled on the CCGS Limnos cruises during August and September 2014 and August and October, 2015.



Sample Collection and Supporting Water Quality Analysis

In 2014 and 2015, samples were collected weekly from six sites in the western basin of Lake Erie (Figure 1) from June through October. In 2014, water samples were also collected from several of these sites in May. Water samples were collected using a peristaltic pump and tygon tubing deployed from the ship deck to collect a surface integrated water sample (over the top 2–3 m of the water column for sites in the western basin). On two dates (25 August and 18 September 2014), waters samples were collected in the western basin at Stations 2, 4, and 12 from two depths in the water column: “surface” (0.1 m), and “deep” (4–7 m, depending on the station). In August and October 2015, water samples were collected during the Lake Erie CCGS Limnos cruises from nine sites in the western basin, three in the central basin, and two in the eastern basin (Figure 1). Water samples for the Limnos cruises were collected using a rosette from a depth of 1 m, and at selected sites also from one meter above the bottom (with bottom depths ranging from 10 – 61 m depending on the site). Temperature, specific conductivity, turbidity, and photosynthetically active radiation (PAR) were measured using a CTD deck-board profiler. Water column pH was measured on the ship deck from unfiltered, whole water immediately after sample collection using a standard lab probe calibrated the morning of the cruise with standard buffer solutions (pH 4.0, 7.0, and 10.0, Fisher Scientific).

CDOM Characterization

Absorption coefficients of CDOM and optical proxies for CDOM source and composition were analyzed on GF/F-filtered water using an Aqualog (Horiba Scientific) using 1-cm quartz cuvettes. For lake water samples with relatively low CDOM concentrations, CDOM spectra were analyzed using a 5 or 10-cm quartz cuvette on a UV-Vis spectrophotometer (Cary Varian 300). The spectral slope (SR) ratio of CDOM, a proxy for the average molecular weight of DOM, was calculated from the absorbance spectrum of each sample (Helms et al., 2008). Naperian absorption coefficients of CDOM (aCDOMλ) were calculated as follows:
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where A is the absorbance reading and l is the path length in meters. SUVA254 was calculated following (Weishaar et al., 2003) where absorbance readings at 254 nm were divided by the cuvette pathlength (m) and then divided by the DOC concentration (mg C L−1; Table 1).

Table 1. Physical, chemical, biological water quality of the western basin in Lake Erie.
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Fluorescence spectra of CDOM were measured from excitation-emission matrices (EEMs) analyzed on water samples with an Aqualog following (Cory et al., 2010b). EEMs were corrected for inner-filter effects and for instrument-specific excitation and emission corrections in Matlab (version 7.7) following Cory et al. (2010b). The fluorescence index (FI; McKnight et al., 2001) was calculated from each corrected EEM as the ratio of emission intensity at 470 nm over the emission intensity at 520 nm at an excitation wavelength of 370 nm (Cory et al., 2010b).

PARAFAC was employed to separate the dataset of 260 Lake Erie EEMs into mathematically and chemically-independent components (each representing a single fluorophore or a group of strongly co-varying fluorophores) multiplied by their excitation and emission spectra (representing either pure or combined spectra). The result is a reduction of the 3-dimensional EEM data into 2-dimensional spectra representing chemically independent components (Stedmon et al., 2003; Stedmon and Bro, 2008). A PARAFAC model allows identification of the underlying structure of a dataset of EEMs, but the components identified likely do not correspond to pure spectra. In a complex mixture such as CDOM, components represent spectra of chemically similar fluorophores or groups of fluorophores that strongly co-vary under the experimental conditions (Stedmon et al., 2003; Stedmon and Bro, 2008). The PARAFAC model was generated and validated following the procedures in Stedmon and Bro (2008) using the DrEEM Toolbox in Matlab V 7.7 (Murphy et al., 2013).

Briefly, the dataset of 260 EEMs from Lake Erie was normalized to unit intensity during the model tests to reduce the concentration-related collinearity of the components and to allow low concentration samples to influence the model (Murphy et al., 2013). Excitation wavelengths were 252–450 nm in 2-nm increments, while emission wavelengths ranged from 305 to 500 nm in 1-nm increments. During the exploratory analysis, model runs were evaluated for three to six components. Modeled, measured, and residual EEMs were visually examined for model fit and outliers, with five samples removed as outliers. A four component model was validated (Figure 2) using a multi-split analysis: 255 EEMs were split by alternating split style into six different datasets that were modeled independently from one another (Murphy et al., 2013). All three validation tests passed from the six-way-split validation. The model explained 99.8% of the variation within the dataset, with variation explained by each component decreasing in order from component one to component four (C1 through C4). Fmax values were used to quantify relative concentration of each component in a water sample (Stedmon et al., 2003; Murphy et al., 2013), which is the fluorescence of each component at the respective excitation and emission maximum (Table 2).
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FIGURE 2. Contour plots of the fluorescent spectra of the four CDOM components (Comp 1 through Comp 4) identified by PARAFAC analysis of Lake Erie EEMs. The model explained 99.8% of the variation within the dataset, with variation explained by each component decreasing in order from component one to component four. Component descriptions and likely sources are in Table 2.



Table 2. Fluorescence characteristics of Lake Erie water.
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UV Absorbance and Attenuation in Lake Erie

To determine the fraction of UV light absorbed by CDOM relative to all UV light-absorbing constituents in Lake Erie, the absorbance of unfiltered whole water was measured from each station visited during the weekly cruises between 25 August and 3 November 2014. Whole water samples were analyzed using a diffuse-reflectance accessory (Cary 5000, Varian Inc.). The absorption spectrum of the whole water (atot, λ) was determined by subtracting the reflectance from the transmittance of the suspension; this method corrects for the influence of light scattering on the absorption properties of suspended particles (Tassan and Ferrari, 2003).

UV light attenuation was measured in-situ in Lake Erie as a function of depth at several stations in June, August, and September 2014 using a compact optical profiling system for UV light in natural waters (UV C-OPS; Biospherical Instruments Inc.) as previously described (Cory et al., 2013, 2014). The C-OPS measured downwelling cosine-corrected irradiance at seven wavebands (305, 313, 320, 340, 380, 395, and 412 nm) and PAR (400–700 nm). Attenuation coefficients (Kd, λ) were calculated from the down-welling irradiance (Eλ) as a function of depth (z) at each waveband:
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From multiple casts, (n = 2–4), the coefficient of variation of Kd, λ ranged from 1 to 3% in the UV and 9% for PAR.

Biological Activity

Chlorophyll-a concentration (Chl a) was measured by concentrating lake water on a glass fiber filter (Whatman GF/F, 47 mm diameter) using low vacuum pressure. Samples were extracted with N, N-dimethylformamide under low light levels and analyzed with a 10AU fluorometer (Turner Designs; Speziale et al., 1984). Particulate microcystins (MCs) were collected onto a 1.2 μm polycarbonate membrane and kept at −20°C until analysis. Particulate MCs were extracted from samples using a combination of physical and chemical lysis techniques. All samples were resuspended in 1 mL molecular grade water (pH 7; Sigma- Aldrich, St. Louis, MO) and subjected to three freeze/thaw cycles before the addition of the QuikLyse reagents (Abraxis LLC; Warminster, PA) as per the manufacturer' s instructions. The samples were then centrifuged for 5 min at 2 × 103g to pellet cellular debris. The concentrations of microcystins (reported as microcystin-LR equivalents) were measured using an enhanced sensitivity microcystin enzyme-linked immunosorbent assay (Abraxis LLC) following the methodologies of (Fischer et al., 2001). This assay is congener-independent as it detects the ADDA moiety, which is found in almost all MCs. These analyses yielded a detection limit of 0.04 μg L−1.

Whole water respiration was measured from unfiltered water at three of the six main stations collected weekly in the western basin in summer 2014. Each water sample was incubated for 3–5 days in the dark at room temperature (25°C, similar to summer lake temperature) alongside killed controls (1% HgCl2) in air-tight, pre-combusted 12-mL borosilicate exetainer vials (Labco, Inc). Respiration was measured as dissolved oxygen (O2) consumption relative to killed controls using a membrane inlet mass spec (MIMS; Cory et al., 2014). There were four independent replicates from each water sample for every analysis type and treatment, and all values are presented as average ± standard error.

H2O2 Concentrations

During the weekly sampling in the western basin in 2014, 0.2 μm filtered water was prepared for H2O2 analysis below deck on the ship within 30 min of sample collection. In 2015, 0.2 μm filtered water samples were transported on ice in the dark back to the laboratory for H2O2 analysis (hold time 2–8 h). All samples collected onboard CCGS Limnos were immediately filtered through 0.2 μm membrane filters and placed in the dark at 4°C until batches of 3–4 samples were ready for H2O2 analysis (hold time <12 h). H2O2 concentrations were measured using the Amplex Red method on a UPLC (Waters Technology Corporation) due to its sensitivity and selectivity for H2O2 (Burns et al., 2012). Standard additions of H2O2 (40–500 nM) were performed on every sample with four replicates per concentration of added H2O2. H2O2 concentrations were determined from the x-intercept and slope of the linear regression of the standard additions (R2 typically >0.98). Uncertainty in each H2O2 measurement was quantified as the standard error of the concentration, calculated from the variance in the x-intercept of the standard addition. DI water, reagent blanks, and H2O2 check standards prepared in DI water were analyzed before, during, and after each cruise to identify contamination from “background” H2O2 present in the reagents and changes in H2O2 standards during the cruise. H2O2 in stock solutions used for the standard additions on the cruises generally decreased during the day by ~5–10%, and this decrease was taken into account for samples prepared in 2014 during the cruises.

Photochemical Production of H2O2 by CDOM

Photochemical production of H2O2 by CDOM in the water column over depth z is the product of three spectra: the apparent quantum yield (AQY) for H2O2 formation by CDOM (Φλ;mol H2O2 mol−1 photons absorbed), the spectrum of the UV photon flux absorbed by CDOM (Qa, λ;mol photons m−2s−1), and the spectrum of the ratio of absorption by CDOM to the total absorption (i.e., aCDOM, λ/ atot, λ):
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Where λmin and λmax are the minimum and maximum wavelengths of light contributing to the photochemical formation of H2O2 by CDOM (280 and 420 nm, respectively), atot, λ is the total absorption in the water column (CDOM, particles, and water), and Qa, λ is the light absorbed by CDOM in the water column calculated as:
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where E0, λ is the incident photon flux reaching the surface of Lake Erie. Here we provide information on how we quantified (a) the apparent quantum yield spectra (Φλ), (b) the photon flux spectra used to calculate photons absorbed by CDOM in the water column (Qa, λ), and (c) spectrum of the ratio of absorption by CDOM to the total absorption (i.e., aCDOM,λ/ atot,λ). A spectrum of aCDOM,λ/ atot,λ was obtained by dividing the absorption spectrum of CDOM by the absorption spectrum of whole water.

Several studies have reported little variation in the spectrum of the apparent quantum yield (Φλ) for H2O2 production from different sources of CDOM (Kieber et al., 2014; Powers and Miller, 2014), and thus average Φλ, pooled from multiple marine and freshwaters measurements, are often used to estimate photochemical production of H2O2 by CDOM (Vermilyea et al., 2010; Powers and Miller, 2014). To evaluate whether use of a previously reported, pooled apparent quantum yield is realistic for Lake Erie, we compared calculated vs. observed photochemical H2O2 production rates from laboratory experiments where filtered Lake Erie water was exposed to simulated sunlight in borosilicate tubes using a Suntest XLS solar simulator (Atlas) alongside foil-wrapped dark controls. Water temperature ranged from 20 to 23°C over the 40-min photo-exposures. For Lake Erie water, the photo-exposure experiments fit the criteria for optically thin conditions, and thus can be characterized as near-surface photo-production rates:
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Where E0, λ is the incident light from the solar simulator reaching the water sample in the photo-tubes, corrected for transmission spectrum of the borosilicate glass (Cory et al., 2014). Exposure of river water and Lake Erie water collected in May 2014 resulted in production of H2O2 with no detectable dark loss of H2O2 from the filtered water over the experiment (Figure 3), consistent with biological decay as the main sink for H2O2 (Moffett and Zafiriou, 1990, 1993; Cooper et al., 1994). For each sample, the calculated photochemical production rate of H2O2 using previously reported Φλ was about three-fold lower than observed (at 310 or 350 nm). Thus, we used an Φλ spectrum approximately three times the pooled mean value spectrum reported from Powers and Miller (2014) to generate estimates of photochemical production of H2O2 in Lake Erie; this results in a bias toward higher estimated rates of photochemical production (see Discussion).
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FIGURE 3. Photochemical production of H2O2 from 0.2 μm filtered water collected in May 2014 for (A) river that drains into Lake Erie, (B) Lake Erie site 2 collected on 22 May, and (C) Lake Erie site 2 collected on 27 May. All waters were exposed to simulated sunlight in the laboratory alongside foil-wrapped dark controls; water temperatures were between 20 and 23°C for light-exposed and dark samples.



To estimate the photon flux reaching the surface of Lake Erie (E0, λ), we used direct and indirect irradiance values corresponding to the time of the sample collection during each cruise (NCAR TUV calculator1 with latitude and longitude coordinates set at a station in the western basin of Lake Erie. This estimate of photon flux reaching the water surface of Lake Erie is likely a maximum, because it neglects the effects of clouds or reflection from the water surface.

Biological Production and Decay of H2O2

We estimated the net rate of biological production or decay of H2O2 in western Lake Erie from three microcosm experiments conducted during late August and early September 2014 onboard the CCGS Limnos. To initiate experiments, triplicate 2-L transparent, polycarbonate bottles were filled with whole surface water and either left unamended to serve as controls or spiked with nitrogen (ammonium nitrate; 20 μM final concentration) and orthophosphate (2 μM final concentration). Within an hour after sample collection, the experimental bottles were placed in flow-through incubators under natural light and temperature conditions for 48 h with nutrients replenished at 50% of initial spike concentrations every 12 h. The incubators were covered in neutral density screen (Lee Filters) that reduced UV and visible light by ~80–50% (as provided by the manufacturer, and checked in the laboratory using the diffuse reflectance accessory as described above for whole water absorbance measurements). Conducting experiments in visible light allowed the autotrophs to function while minimizing photochemical sources of H2O2, which depend on UV light (Andrews et al., 2000). Photochemical production of H2O2 by CDOM could range from ~1 nM h−1 to an upper limit of 36 nM h−1 during the microcosm experiments, with the most likely rate around 1–10 nM h−1. The values included in the calculation are well-constrained by measured values of CDOM in the water used in the microcosm experiments, by the transmission spectra of the filters used to screen the light, and by the apparent quantum yields of CDOM (Φλ) in the literature. While visible light has been reported to account for some photochemical production of H2O2 in freshwaters (Richard et al., 2007), the CDOM absorption coefficients and AQYs are likely too low to result in substantial H2O2 during these experiments (see Results and Discussion), and thus photochemical formation of H2O2 by CDOM during the microcosm experiments was probably on the low end of the calculated production rates (i.e., 1–10 nM h−1). Thus, the design of the microcosm experiments isolated the biological contribution of H2O2 from photochemical sources of H2O2.

RESULTS

Spatial and Temporal Patterns in CDOM Concentration

CDOM absorption coefficients at 305 nm (a305) ranged from 1 to 37 m−1 and were significantly, positively correlated with dissolved organic carbon (DOC) as expected (Figure 4). Thus, spatial and temporal patterns of CDOM represent concentrations of bulk DOC and of the light-absorbing fraction of the DOC pool. CDOM was significantly, positively correlated with specific conductivity (Figure 5A). Specific conductivity is a proxy for water masses associated with the Detroit or Maumee Rivers in the western basin of Lake Erie given that these rivers have different average conductivities and deliver substantial loads of total dissolved solids to the lake (Richards et al., 2010; Larson et al., 2013; Scavia et al., 2014). Because specific conductivity generally decreases with distance from the river mouths as water masses are mixed within the lake, the correlation between a305 and specific conductivity also reflected the observation that CDOM increased with proximity to the rivers in both 2014 and 2015 (Figure 5).
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FIGURE 4. CDOM concentration was positively correlated with DOC concentrations in Lake Erie in 2014 as shown for CDOM absorption coefficient at 305 nm (a305) (R2 = 0.4; p < 0.01). Similar results were obtained using CDOM absorption coefficients at other wavelengths (not shown).
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FIGURE 5. CDOM concentration and composition vs. specific conductivity in Lake Erie. (A) CDOM absorption coefficient at 305 nm (a305) vs. specific conductivity in 2014 and 2015. (B) Specific UV absorbance at 254 nm (SUVA254) vs. conductivity in 2014 (DOC data not available for 2015). Lake water with higher specific conductivity is more influenced by river water, whereas lake water with lower specific conductivity is less influenced by river water. Lines show linear regression fit for slopes significantly different than zero (p < 0.01).



Like the spatial gradients in CDOM in Lake Erie, year to year differences in CDOM also appeared to be related to river discharge. There was greater CDOM per unit specific conductivity in 2015 compared with 2014 (Figure 5A) concurrent with high Maumee River discharge associated with frequent storms in the region that led to the wettest June on record2. During both summers in 2014 and 2015, CDOM was generally higher at each station in June compared with October-November (Figure 6), consistent with high river discharge from spring runoff or storms that increase specific conductivity and CDOM in the lake. The seasonal decrease in CDOM was greater in 2015 compared with 2014 (Figure 6A), and at stations closest to the river (data not shown).
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FIGURE 6. CDOM concentration and source vs. day of the year in 2014 and 2015 at site 2 (a near-shore station closest to the Maumee River) in Lake Erie. (A) CDOM concentration as measured by the absorption coefficient at 305 nm (a305). (B) CDOM source given by the ratio of CDOM fluorescence components: amino acid component C4 divided by terrestrial component C2 (C4/C2). Lines show linear regression fit for slopes significantly different than zero (p < 0.01).



Spatial and Temporal Patterns in CDOM Source

On average, CDOM in Lake Erie had low UV absorbance at 254 nm (SUVA254), high spectral slope ratio (SR), and a high fluorescence index (FI; Table 1). The values of these optical proxies for CDOM source (Tables 1, 2) demonstrated that CDOM has relatively low aromatic C content (SUVA254 and FI; McKnight et al., 2001; Weishaar et al., 2003), and was comprised of relatively low molecular weight compounds (SR; Helms et al., 2008), consistent with a strong contribution of microbially-derived organic matter to the CDOM pool in the lake (FI) (McKnight et al., 2001; Cory and McKnight, 2005).

Consistent with previous PARAFAC models of CDOM fluorescence (Table 2), the spectra of the CDOM components (Figure 2) suggested contributions from humic and fulvic acids associated with microbial (C1) or terrestrial precursor organic matter (C2), CDOM from recently produced microbial matter (C3), and CDOM associated with free or combined amino acids (C4). Like CDOM absorption coefficients (e.g., a305), the first three CDOM model components (C1, C2, C3; Table 2) were also significantly, positively correlated with specific conductivity (p < 0.01), providing further evidence for rivers as dominant sources of CDOM to the western basin of Lake Erie (shown for C2 in Figure 7A). Component C4 (amino-acid-like) was significantly, positively correlated with specific conductivity (p < 0.01; Figure 7B), although the relationship was weaker compared with components C1, C2, and C3; this suggests relatively greater in-lake (autochthonous) sources of C4 compared with the other CDOM components.
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FIGURE 7. CDOM fluorescence and H2O2 vs. specific conductivity in 2014 and 2015 in Lake Erie. (A) Concentration of CDOM fluorescence component C2 (terrestrial humic-like FDOM) in Raman Units (RU). Lines show fit of linear regressions for slopes significantly different than zero at p < 0.01. (B) Concentration of CDOM component C4 (amino acid-like FDOM). While the slope of C4 vs. specific conductivity was significantly different than zero (p < 0.05) for 2014 and 2015, results of the linear regression were not plotted due to R2 < 0.3. (C) CDOM source given by the ratio of amino acid component C4 divided by terrestrial component C2 (C4/C2). Lines show exponential fit. (D) H2O2 concentrations (average ± SE, n = 4).



There were spatial patterns in CDOM composition and source in Lake Erie. For example, the specific UV absorbance at 254 nm (SUVA254), a proxy for the aromatic C content of DOM, was significantly, positively correlated with specific conductivity (Figure 5B), indicating a decrease in aromatic C with distance from the river mouths in western Lake Erie. Likewise, the ratio of amino-acid to terrestrial humic CDOM (C4/C2) was significantly, inversely correlated with specific conductivity (Figure 7C), consistent with a shift in CDOM source to relatively more autochthonous organic matter offshore compared with stations closest to the rivers.

In contrast to the spatial patterns in surface waters of Lake Erie, there was little difference in CDOM amount or composition with depth for the deeper sites sampled on the Limnos cruises. For example, the amount of terrestrial humic component C2 in surface vs. bottom waters was similar under mixed conditions (i.e., surface vs. bottom values of C2 plotted on the 1:1 line in Figure 8A), and only slightly higher C2 was observed in surface vs. bottom waters under stratified conditions (Figure 8A). Surface waters were slightly enriched compared to bottom waters in amino-acid component C4 compared with terrestrial component C2 under both stratified and mixed conditions (Figure 8B), suggesting more autochthonous production of amino-acid like FDOM in surface than in bottom waters.
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FIGURE 8. CDOM fluorescence and H2O2 in surface (upper 1 m) vs. bottom waters (4–61 m) under mixed and stratified conditions in Lake Erie plotted with the 1:1 line. (A) Concentration of CDOM component C2 (terrestrial humic-like FDOM) in Raman Units (RU). (B) Ratio of amino acid to terrestrial CDOM (C4/C2). (C) H2O2 concentration (nM). Sites sampled with depths >7 m were those sampled in the central and eastern basin of Lake Erie on the Limnos cruises (see Figure 1).



There were seasonal shifts in CDOM source. At most stations, the ratio of amino-acid to terrestrial humic components (C4/C2) increased from June through October in both 2014 and 2015 (Figure 6B), demonstrating a relative increase in autochthonous sources of CDOM over the summer. The increase in C4/C2 over the summer was greater in 2015 compared with 2014 (Figure 6B). Although CDOM shifted in a manner consistent with greater autochthonous inputs over the course of the bloom in Lake Erie during both 2014 and 2015, there were no significant correlations between CDOM concentration or composition and indicators of bloom strength or toxicity (i.e., Chl a, whole water respiration, or particulate microcystins).

Light Absorption and Attenuation

The fraction of UV light absorbed by CDOM relative to all UV-absorbing constituents in the water column (i.e., aCDOMλ /atotλ) ranged from 0.72 ± 0.02 at 305 nm to 0.67 ± 0.02 at 412 nm (n = 64; Figure 9). This result shows that CDOM accounted for ~70% of the UV light absorbed in the water column of Lake Erie. Similar results were obtained by comparing the absorbance coefficients of CDOM (aCDOMλ, measured on filtered water in the laboratory), to the attenuation coefficients measured in-situ in Lake Erie (Kd, λ, corrected for solar zenith angle at the time of collection in the field). For a smaller dataset (n = 9 comparisons) than the aCDOMλ/atotλ ratios, aCDOMλ values were on average 60 ± 10% to 40 ± 10% of the Kd, λ value for the same water at 305–412 nm, respectively (data not shown). Thus, independent of the approach used to characterize the fraction of UV light absorbed by CDOM in the water column, the results showed that CDOM accounted for 60–70% of UV absorbance in the water column of Lake Erie.
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FIGURE 9. Ratio of of aCDOM, λ/aTot, λ vs. wavelength in the UV for Lake Erie water (average ± SE, n = 64 water samples collected over the summer in 2014).



However, there were some spatial and temporal differences in the fraction of total UV light absorbed by CDOM in Lake Erie. Maximum ratios of aCDOMλ/atotλ (~1) were most often observed at the most offshore stations (sites 4 and13; Figure 1), indicating that at these stations CDOM was the dominant UV light absorbing constituent in the water column with little contribution from algae or other particles. The lowest ratio of aCDOMλ/atotλ (0.14 ± 0.02 at 412 nm) was observed when the water was turbid likely from resuspension of bottom sediments following a storm in November 2014.

H2O2 Concentrations in Lake Erie

H2O2 concentrations in the surface waters of Lake Erie varied by over an order of magnitude during the study period, from 47 ± 16 nM to 1570 ± 60 nM (average ± SE from triplicate measurements of each water sample), with an overall average of 371 ± 17 nM (average ± SE, n = 225; Figure 10D). H2O2 concentrations were not correlated with any chemical or physical parameter in Lake Erie (e.g., DOC, CDOM concentration or sources, date, time, water temperature, PAR, pH, specific conductivity, wave height, or any other parameter measured concurrently with H2O2 concentrations; data not shown).
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FIGURE 10. Temporal patterns in biological activity and H2O2 in Lake Erie. (A) Chlorophyll a (Chl a) concentrations. (B) Whole water respiration rates (average ± SE, n = 3). (C) Concentration of particulate microcystins. (D) H2O2 concentrations (average ± SE, n = 4). The shaded bar indicates the time of peak Chl a, whole water respiration, and particulate microcystins, while the open bar indicates the earlier peak in H2O2 concentrations.



Temporal patterns of variation in H2O2 concentrations were generally larger than spatial variation in H2O2 in the lake. In both 2014 and 2015, maximum H2O2 concentrations were observed at all stations in mid to late July, just prior to peak Chl a, whole water respiration rates, and particulate microcystins at all stations (Figure 10). In addition, fairly similar concentrations of H2O2 were observed between stations on a given date except when H2O2 concentrations were highest (Figure 11). For example, comparing H2O2 at the station closest to the river with the most offshore station, usually there was no detectable difference in H2O2 between stations (Figure 11) despite large differences in water chemistry or biology. In contrast, there were large differences in H2O2 concentrations between the near-river and offshore stations when H2O2 concentrations peaked in mid to late July 2014 (Figure 11)
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FIGURE 11. H2O2 concentrations (nM) at nearshore (site 12) and offshore (site 4) stations plotted vs. day of year in 2014 (average ± SE, n = 4).



H2O2 concentrations were generally similar between surface and bottom waters, despite a wide range in water depth (from 4 to 61 m, depending on the site sampled) and degree of stratification at the time of sample collection at each station (Figure 8C). The largest difference in H2O2 concentration between surface water and depth was observed when H2O2 at 21 m was nearly double the surface concentration at the same site under mixed conditions (471 ± 65 nM vs. 277 ± 49 nM H2O2 in bottom vs. surface, respectively at site 949 in the central basin; Figure 8C).

Calculated Photochemical Production of H2O2 by CDOM

UV light reaching the lake surface and CDOM concentrations peaked in June and then decreased over the summer season (Figure 12A). It follows that the calculated photochemical production of H2O2 in the water column by CDOM decreased from ~150 nM h−1 in waters with high light and high CDOM in May and June to <10 nM h−1 in waters with low light and low CDOM in October [assuming a constant apparent quantum yield for H2O2 production from CDOM; Equation (3)].
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FIGURE 12. Photochemical production of H2O2 by CDOM in Lake Erie during summer 2014. (A) Modeled UV reaching the surface of Lake Erie at noon on each date that water samples were collected in 2014. (B) CDOM absorption coefficient at 305 nm vs. date (average CDOM absorption coefficient across all sites for each date). (C) Calculated photochemical production of H2O2 in Lake Erie (average H2O2 production across all sites for each date) calculated as described in Equation (3) using the modeled UV for the time of sample collection, the CDOM spectrum of the water sample, and a single, best fit apparent quantum spectrum (Φλ) for H2O2 production.



Biological Production of H2O2

There was a net increase in H2O2 production during the day (from ~09:00 h through 17:00 h) in the microcosm experiments conducted with Lake Erie waters, followed by little to no change in H2O2 concentrations overnight (Figure 13). Interpreting the increase in H2O2 concentrations over the first 8 h of the experiments as an estimate of the net rate of biological production (i.e., assuming both production and decay of H2O2 are occurring in the microcosms), then the net rate of biological production of H2O2 was 30 ± 14 nM h−1 (Figure 13). While addition of N and P had no statistically significant effect on the net rate of biological production of H2O2 compared to controls with no added nutrients (36 ± 17 nM h−1; Figure 13), addition of these nutrients did increase algal production as indicated by significantly higher Chl a concentrations at the end of the experiment (48 h) compared to the un-amended waters (Figure 14).
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FIGURE 13. H2O2 concentrations vs. incubation time during microcosm experiments using Lake Erie water from three sites in the western basin of Lake Erie: (A) site 973 collected on 19 August 2014, (B) site 974 collected on 20 August 2014, and (C) site 973 collected on 3 September 2014. Water samples were incubated under natural sunlight and temperature on deck of the CCGS Limnos starting at 09:00 h and ending 48 h later. The shaded regions correspond to dark periods (night) during the experiment. The net rate of biological H2O2 production was calculated as the slope of H2O2 vs. time over the first eight h of the experiment (p < 0.05) separately for control and amended waters in each water sample. All H2O2 concentrations (nM) are plotted as average ± SE, n = 4 for each treatment and time point.
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FIGURE 14. Chlorophyll a concentrations at the end of the microcosm experiments (t = 48 h) using Lake Erie water from the western basin (sites 973 and 974) in August and September 2014. Chlorophyll a in control (unamended lake water) is compared to the same water amended with N and P.



DISCUSSION

The average and range of H2O2) concentrations in Lake Erie (371 ± 17 nM, range 47–1570 nM; Table 1 and Figure 10D) were higher than the range previously observed at one station in the western basin of Lake Erie in August 1987 (100–200 nM; Cooper et al., 1989), but within the wide range of H2O2 concentrations observed in lakes (~10 nM to >2 μM; Cooper and Zika, 1983; Cooper et al., 1989; Scully et al., 1996; Häkkinen et al., 2004; Febria et al., 2006; Mostofa et al., 2013). Although no studies have measured H2O2 concentrations in freshwaters with the same degree of spatial and temporal resolution and alongside supporting chemical and biological characterization as in this study, a similar range of H2O2 concentrations has been reported in a small, urban stream in New Zealand where daily measurements over one year showed H2O2 concentrations ranged from ~70 nM in winter to nearly 700 nM in summer (Rusak et al., 2005). The large range of H2O2 concentrations observed in Lake Erie spans the range of H2O2 concentrations shown to strongly impact microbial physiology in controlled laboratory experiments (Dziallas and Grossart, 2011; Zilliges et al., 2011; Leunert et al., 2014), or to result from microbial activity in eutrophic waters (Dixon et al., 2013; Marsico et al., 2015). Here, we present three lines of evidence in support of biological activity rather than photochemical production as the dominant source and control on H2O2 dynamics in Lake Erie.

First, photochemical production rates of H2O2 were likely too low to account for all H2O2 observed in Lake Erie. Using the average calculated photochemical production rate of 67 ± 3 nM h−1 H2O2 by CDOM, it would take about 5 h of mid-day light to produce the observed average concentration of H2O2 (371 ± 17 nM) assuming no other sources and no sinks. All water samples were collected between 0900 and 1530 h, with the majority of samples collected between 1000 and 1230 h, meaning that that there was often insufficient time and UV light for photochemical production to generate the observed concentrations, even in the absence of H2O2 sinks. The calculated photochemical production rates of H2O2 by CDOM in Lake Erie agreed very well with calculated rates in Lake Ontario (for similar days of the year and CDOM values; Jerome and Bukata, 1998) and overlapped with the range reported for photochemical production rates in higher latitude coastal waters (e.g., 20–45 nM h−1; Vermilyea et al., 2010). Calculated photochemical production rates of H2O2 by CDOM in this study and previous studies were likely upper estimates given that rates were not corrected for actual cloud cover or reflection of UV light off the water surface, both of which would decrease the UV light available and thus decrease the photochemical production of H2O2.

Photochemical production of H2O2 by CDOM could account for most of the observed H2O2 if CDOM in the lake consistently had ~3-fold higher apparent quantum yields [Φλ;Equation (3)] than we used. This is because photochemical production rates of H2O2 increase linearly with increasing Φλ (Equation 3). However, to generate an upper estimate for H2O2 from CDOM, we used an Φλ spectrum that was already ~3-fold higher (at 305 nm, see Section Photochemical Production of H2O2 by CDOM above) than the pooled mean spectra in recent literature syntheses (Kieber et al., 2014; Powers and Miller, 2014), because this Φλ spectrum accommodated the experimental photochemical production rate of H2O2 measured from laboratory irradiations of Lake Erie water collected in May 2014.

While variation in Φλ may be expected in space and time in Lake Erie given the shifts in CDOM source and thus composition (Figures 6, 7), the Φλ spectrum we used was likely on the high end expected from CDOM across all stations and dates in Lake Erie. In May when photochemical production of H2O2 was quantified from Lake Erie water samples, CDOM was more strongly terrestrially derived compared with CDOM in mid to late summer (Figure 6), and slightly higher Φλ spectra for H2O2 have been reported in freshwaters where CDOM is predominately terrestrially-derived compared with more autochthonous sources of CDOM predominately investigated in marine waters (Cooper et al., 1989; Scully et al., 1996; Andrews et al., 2000; O'Sullivan et al., 2005). Furthermore, recent syntheses of the literature reported a fairly narrow range of Φλ spectra and H2O2 photo-production from waters containing diverse sources of CDOM in seawater (Kieber et al., 2014; Powers and Miller, 2014). This narrow range of Φλ spectra is consistent with similar photochemical production rates of H2O2 from end-member sources of aquatic DOM (Cory et al., 2010a). Thus, we expect that Φλ spectra for H2O2 also spanned a relatively narrow range in Lake Erie, and that shifts in CDOM source to more autochthonous over the summer or with distance away from the river mouths most likely decreased Φλ for photochemical production of H2O2 from CDOM.

Photochemical production of H2O2 by CDOM may also have been higher than we calculated if the Φλ spectrum was relatively flat or only weakly exponential from the UV to visible wavelengths, instead of decreasing exponentially with wavelength as shown in all prior work on CDOM (Cooper et al., 1988; Scully et al., 1996; Andrews et al., 2000; Yocis et al., 2000; Kieber et al., 2014). Higher Φλ of H2O2 in the visible (i.e., >420 nm) would substantially increase photochemical H2O2 because there is more visible than UV irradiance reaching the water surface. Given the mean CDOM absorption coefficients at 412 nm (1.1 ± 0.1 m−1) for visible light (PAR) to account for the H2O2 formation in Lake Erie, the Φλ spectrum would have to be relatively high (~1 mmol H2O2 mol−1 photons nm−1) and flat (wavelength independent). There is no evidence in the literature for higher Φλ for H2O2 in the visible compared to UV for CDOM, and in fact all studies that have measured wavelength-dependent Φλ from CDOM show that the spectrum decreases exponentially with increasing wavelength from UV to visible for CDOM in fresh and marine waters (Scully et al., 1996; Andrews et al., 2000; Yocis et al., 2000).

The second line of evidence for predominately biological control is that H2O2 concentrations were decoupled from CDOM source or amount (Figure 7). CDOM was the dominant UV-light absorbing constituent in the water column even during peak algal activity in the lake (Figure 9), and over the range of CDOM absorption coefficients in Lake Erie, increasing UV and CDOM increased photochemical production of H2O2 in the water column [Equation (3); Figure 12]. However, there was no correlation between calculated photochemical production of H2O2 and H2O2 concentrations, or between H2O2 concentrations and any proxy for the high light or high CDOM conditions that favor photochemical production by CDOM (i.e., CDOM, PAR, date, or sample collection time).

Furthermore, H2O2 concentrations were not higher in surface waters compared to bottom waters, as would be expected if photochemistry controlled H2O2 concentrations (Figure 8C). In addition, bottom water concentrations were too high to have been produced by the light and CDOM available. For example, given that the depths of bottom water sampled (4–61 m) were also greater than the depth of UV light penetration (depth of 1% light was 1.5 m ± 0.1 m for 412 nm), there was not enough UV light to produce the 100–400 nM H2O2 observed at depth (Figure 8C). Recent work has also demonstrated higher concentrations of H2O2 at depth than could be accounted for by photochemical processes in deeper waters (Vermilyea et al., 2010; Zhang et al., 2016), suggesting a biological source of H2O2 in bottom waters Cooper et al. (1989) attributed greater H2O2 than expected from photochemistry at depth (~8 m) in Lake Erie to vertical mixing of surface and deep water, especially in the shallow western basin of Lake Erie where strong winds can mix surface water to the bottom. However, in this study, H2O2 concentrations were similar between surface and bottom waters even at depths >20 m during stratified conditions (Figure 8C). These results do not rule out photochemical contributions to H2O2 by CDOM. Instead, the results suggest that photochemical processes are unlikely to explain the high or peak H2O2 concentrations observed in late July and early August in 2014 and 2015, especially given that during this time the photochemical production by CDOM was lower than during May and June due to lower CDOM and lower solar radiation later in the summer (Figure 12).

The third line of evidence for an important biological role in H2O2 dynamics in Lake Erie is that H2O2 concentrations were more strongly aligned with biological processes than with CDOM or water mass movement of CDOM in the western basin (Figures 7, 10). For example, in both 2014 and 2015, H2O2 concentrations peaked at the end of July just before the peak in the Microcystis bloom that was indicated by Chl a, water column respiration rates, and concentrations of particulate microcystins (Figure 10). The same conditions that favor Microcystis blooms may favor biological production of H2O2 because while different organisms vary widely in their capacity to produce H2O2 (Zepp et al., 1987), high light, and total cell abundance are expected to be important controls on biological H2O2 production (Zepp et al., 1987; Marsico et al., 2015). Reactive oxygen species like H2O2 are produced by photosynthetic organisms under high-light conditions when light-driven electron transport outpaces electron consumption during CO2 fixation (Latifi et al., 2009). Thus, as photosynthetic biomass increased in Lake Erie during July in the warm and high-light surface waters (Figure 10A), biological production of H2O2 may have increased.

It is likely that biological production of H2O2 could account for the high concentrations of H2O2 observed in Lake Erie during late July and early August because absolute rates of biological production in H2O2 have been reported to be up to 250 nM h−1 in eutrophic lakes (Marsico et al., 2015). The rate of biological production measured here from microcosm experiments is the net of both biological production and decay, and is thus not directly comparable to photochemical production of H2O2 by CDOM (photochemical decay is <5% of production; (Moffett and Zafiriou, 1993) or comparable to studies using isotopically-labeled H2O2 to isolate biological production from decay in natural waters (Vermilyea et al., 2010; Marsico et al., 2015). However, the net rate of biological production measured in this study (30 ± 14 nM h−1; Figure 12) was within the range of calculated photochemical production of H2O2 by CDOM in Lake Erie (8–150 nM h−1; Figure 12) and within the range of absolute rates of biological production (Marsico et al., 2015). Thus, taking the net rate of biological H2O2 production in this study as a minimum and assuming that absolute rates of biological production in Lake Erie were on the high end of the range corresponding with other eutropic waters (50–250 nM h−1 Marsico et al., 2015), biological processes could produce the high concentrations of H2O2 observed in Lake Erie within a few hours especially if decay rates were slow during times leading up to peak H2O2 concentrations (prior to peak biological activity in Lake Erie, Figure 10).

As biomass increased in the lake leading up to the peak of the bloom in late July and early August, rates of biological decay of H2O2 may have also increased, thus leading to the relatively low concentrations of H2O2 from August through October (Figure 10). Recent work has reported high H2O2 decay rates during dense algal blooms (Marsico et al., 2015), as expected given significant, positive correlations between rates of biological decay of H2O2 and chlorophyll a and cell abundance (Cooper et al., 1994; Marsico et al., 2015). Furthermore, biological decay has been shown to increase with increasing H2O2 concentrations (Vermilyea et al., 2010). Increasing rates of biological decay concurrent with increasing biomass and biological production of H2O2 (Marsico et al., 2015) may be expected because microbes are equipped with anti-oxidant enzymes such as catalase and peroxidase that break down H2O2 (Giorgio et al., 2007). For example, in coastal waters, catalase, and peroxidase accounted for ~65–80 and 20–35%, respectively, of H2O2 decay (Moffett and Zafiriou, 1990).

Patterns in H2O2 during the microcosm experiments with Lake Erie water (Figure 13) were consistent with temporal patterns in Lake Erie over the course of the summer. That is, biological production of H2O2 was >H2O2 decay during the daylight portion of the experiments (approximately first 8–10 h, Figure 13), while overnight there was relatively greater decay as indicated by zero or low net increase in H2O2 (Figure 13). It was unlikely that photochemical production contributed substantially to the observed H2O2 production during these experiments given that photochemical production was calculated to be 3–10 times less than the observed production of H2O2 (1–10 nM h−1see Materials and Methods) The upper limit of photochemical production of H2O2 from CDOM during these experiments (36 nM h−1) was unlikely given that this estimate assumed that CDOM absorbs all UV light in the experiments; in contrast our results show that on average CDOM absorbed 70% of the UV light (Figure 9) in Lake Erie, and the ratio of CDOM to total UV absorbance was likely <70% in the microcosms given the increase in algal biomass over the course of the experiments. In addition, the apparent quantum yield of H2O2 formation by CDOM was likely lower than the high value we used in our calculations (Andrews et al., 2000). Instead of photochemical production of H2O2 by CDOM during these microcosm experiments, the results are more consistent with biological production of H2O2 under the relatively high-light conditions during the day, with increased H2O2 decay at night possibly by heterotrophic organisms (Cooper et al., 1994; Marsico et al., 2015). As discussed above, there is evidence in the literature that light may increase the biological production of H2O2 (Latifi et al., 2009) consistent with net production of H2O2 during the daylight hours of the microcosm experiments. The effect of nutrients on biomass production was apparently decoupled from H2O2 concentrations during the experiment, given that nutrients significantly increased Chl a concentrations compared to unamended controls (Figure 14), but did not increase rates of H2O2 production or H2O2 concentrations (Figure 13). This may be because as biological production of H2O2 increases, so does biological decay (Marsico et al., 2015).

CONCLUSIONS AND IMPLICATIONS

This study demonstrated that CDOM and H2O2 concentrations were decoupled and that even the likely upper estimates of photochemical production of H2O2 by CDOM were too low to account for measured H2O2 (especially at depths below the photic zone). These results, combined with measured and estimated rates of biological production of H2O2 that can equal or exceed photochemical production (this study; Marsico et al., 2015), strongly suggest that biological activity is the dominant control on H2O2 in Lake Erie. Thus, conditions that favor high levels of H2O2 in Lake Erie were similar to conditions favoring bloom development, i.e., high light and warm water, as predicted by previous studies (O'Neil et al., 2012; Paerl and Otten, 2013). Future work should examine the causes and consequences of high H2O2 concentrations in Lake Erie and other surface waters where CHABs occur given that in both 2014 and 2015, maximum H2O2 concentrations occurred just prior to the peak in the Microcystis bloom corresponding with peak biological activity in the lake. These findings support the idea that H2O2 may exert selective pressure on Microcystis populations that would favor toxic over non-toxic strains (Leunert et al., 2014), possibly because bloom-forming cyanobacterial species such as Microcystis aeruginosa produce toxins like microcystins as one mechanism of protection against H2O2 (Zilliges et al., 2011; Paerl and Otten, 2013). While shifts in the ratio of toxic to non-toxic species or strains has been observed during bloom conditions (as discussed in O'Neil et al., 2012), the specific role of H2O2 in these shifts is as yet unknown.

Relatively lower H2O2 concentrations observed following peak bloom conditions were consistent with increased biological decay of H2O2 during this time (Figure 10). Lower H2O2 concentrations in Lake Erie coincided generally with a shift in CDOM source to more autochthonous organic matter (Figure 6), which has been shown to be more labile to aquatic bacteria compared with CDOM derived from terrestrial organic matter (Cory and Kaplan, 2012; Hosen et al., 2014). Thus, it may be that in eutrophic waters the photochemical influence of CDOM on H2O2 is less important than DOM's role in fueling bacteria that in turn produce enzymes to decay H2O2 (Moffett and Zafiriou, 1990; Cooper et al., 1994). Given the similarity in CDOM concentration and sources in Lake Erie compared with Lake Taihu (Zhang et al., 2014; Zhou et al., 2015), a large eutrophic lake in China severely impacted by CHABs every summer (Microcystis), it is likely that the trends reported here for photochemical production of H2O2 of CDOM and possibly lability of DOM to bacteria may apply to other CHABs-impacted waters.
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FOOTNOTES

1http://cprm.acom.ucar.edu/Models/TUV/Interactive_TUV/

2http://nwis.waterdata.usgs.gov/nwis/uv
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