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Problem and Research Objectives 

 

Statement of Problem. Since the 1990s, Lake Erie has experienced toxic cyanobacterial blooms 

due to high nutrient (nitrogen and phosphorus) inputs from its tributaries. These blooms 

negatively affect aquatic life, pets and livestock, and humans, as evidenced by shutdown of the 

City of Toledo water treatment plant in August 2014. The Maumee River has the largest drainage 

area into western Lake Erie and is most responsible for high nitrogen (N) and phosphorus (P) 

loads to Maumee Bay and the western basin. The Maumee River watershed is agricultural, and 

fertilizers, manure, and drainage practices contribute to high nutrient loads. Many studies 

evaluating the amount and form of P and phytoplankton in the Maumee River relative to Lake 

Erie have been conducted, but N studies are comparatively rare. Of the bioavailable N forms, 

ammonium (NH4
+) may be the key N form for harmful algal blooms, but it is challenging to 

measure accurately in discrete samples because of rapid microbial cycling processes. 

 

Maumee River N export is estimated at more than 1000 kg km-2 yr-1, which is the highest in the 

Great Lakes (Smith et al., 1997). From 1975 to 1995, there was a 70-90% decrease in P levels, 

but the Maumee River showed consistent NO3
- levels throughout this time period (Richards and 

Baker 2002). Failure to reverse N over-enrichment may have contributed to the formation of 

non-N-fixing harmful algal blooms in both the river and Lake Erie. The Maumee River 

watershed is over 80% agricultural (Stumpf et al., 2012), which contributes to eutrophication in 

the Maumee River and Lake Erie. A link between agricultural practices and P loads in the 

Maumee River watershed has been documented (Michalak et al. 2013), and concentrations of P 

and N in natural waters depend on land use, fertilizer application rates, soil type, and 

hydrological flow pathways linking the land to tributaries (Heathwaite and Johnes, 1996). These 

nutrients travel into Lake Erie, causing annual blooms of the non-N-fixing, toxin-producing 

cyanobacterium Microcystis (Chaffin et al., 2013). 

 

The Maumee River watershed has the largest drainage area in the Great Lakes (17,115 km2; 

Herdendorf, 1990). It originates in Fort Wayne, IN, at the confluence of the St. Joseph and St. 

Mary’s rivers, and proceeds through Defiance and Toledo, OH, before discharging into Lake 

Erie. The Maumee River also discharges large amounts of suspended sediment and organic 

materials to Lake Erie (Moog and Whiting, 2002). Previous studies (Bridgeman et al., 2012; 

Kane et al., 2014) have compared orthophosphate and NO3
- loads from the Maumee relative to 

harmful algal blooms in Lake Erie; however, no studies have evaluated the transformations and 

fate of N within the river, even though phytoplankton biomass accumulation is seasonally limited 

by N in the western basin (Chaffin et al. 2013). 

 

Research Objectives. The overall objective of the project was to determine whether Maumee 

River sediments are a source or sink of bioavailable N for primary productivity, including 
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harmful cyanobacterial blooms. To evaluate this objective, we: (1) measured net nutrient (N and 

P) fluxes across the sediment-water interface; (2) used stable isotope techniques to quantify N 

sources (N fixation) and sinks (denitrification/anammox); and (3) scaled seasonal results to 

estimate the annual internal load of bioavailable N forms compared to N removal capacity. 

 

 

Methodology 

 

Water samples and intact sediment cores were collected from four sampling sites along the 

Maumee River between the city of Defiance, Ohio, and into Maumee Bay, where the river enters 

Lake Erie (Fig. 1). Sampling sites included upstream river locations at Independence Dam State 

Park (station ID; near Defiance, OH) and Mary Jane Thurston State Park (station MJT; near 

Grand Rapids, OH), and downstream stations included the river at the Brenner 75 Marina 

(station MB2) near the discharge into Maumee Bay and station MB18, located just into Maumee 

Bay outside the river mouth. Sampling events were conducted from October 2018 to October 

2019 (specific dates and stations visited are presented in Table 1). 

 

  

Date Stations 

10/24/2018 MB2, MB18 

1/22/2019 ID, MJT 

3/20/2019 ID, MJT 

4/29/2019 MB2 

5/20/2019 MB2, MB18 

7/16/2019 MB2, MB18 

7/23/2019 ID, MJT 

8/13/2019 MB2, MB18 

8/20/2019 ID, MJT 

9/24/2019 ID, MJT 

10/8/2019 MB2, MB18 

 

Table 1. Sampling dates and stations visited on each date. ID = Independence Dam State Park 

(Defiance, OH). MJT = Mary Jane Thurston State Park (Grand Rapids, OH). MB2 = Maumee 

River discharge at Brenner 75 Marina (Toledo, OH). MB18 = Maumee Bay. See Fig. 1 for map 

of station locations. 

 

Using a Eureka Manta 2 multiparameter sonde, we measured in situ water temperature, depth, 

pH, chlorophyll a fluorescence, specific conductivity, dissolved oxygen concentration, 

photosynthetically active radiation (PAR), and phycocyanin (cyanobacterial pigment). Water 

samples were collected and filtered immediately (on location) using 0.2 m syringe filters for 

analysis of ambient nutrient concentrations (NH4
+, NO3

-, NO2
-, urea, and orthophosphate). These 

field-filtered samples were frozen until analysis using a Lachat Quikchem 8500 Flow Injection 

Analysis system at WSU. 
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Figure 1: Map showing sampling sites along the Maumee River. ID = Independence Dam State Park 

(Defiance, OH). MJT = Mary Jane Thurston State Park (Grand Rapids, OH). MB2 = Maumee River 

discharge at Brenner 75 Marina (Toledo, OH). MB18 = Maumee Bay. 

 

Six sediment cores and overlying water were collected from each site using a pole corer designed 

to maintain sediment core (7.6 cm diameter, 10-15 cm depth) and overlying water integrity 

(Gardner et al. 2009). Twenty liters of bottom water from each site was collected for continuous-

flow incubations, and sediment cores and bottom water were transported to WSU for 

incubations. 

 

In the lab, sediment N transformations were measured using a continuous-flow system consisting 

of an inflow reservoir, gastight PEEK flow tubes, intact sediment core, peristaltic pump, 

incubation bath, and a sample collection vessel. An air-tight plunger with inflow and outflow 

tubing (PEEK) was installed into each core tube about five centimeters above the sediment-water 

interface. Nitrogen removal and recycling rates were measured using the procedure described in 

Gardner and McCarthy (2009). Briefly, duplicate core treatments from each sampling location 

included a control for net nutrient (including orthophosphate) and oxygen fluxes, a 15NH4
+ tracer 

addition for anammox and sediment NH4
+ uptake and regeneration rates, and a 15NO3

- tracer 

addition for denitrification, N fixation, and DNRA. Bottom water was passed over core 

sediments at about 1.5 mL/min, and sampling began about 18 hours after flow started to allow 

equilibrium to redevelop in sediments and overlying water. Samples were collected once daily 

for three days from inflow reservoirs and core outflows for nutrient and dissolved gas analyses. 

Nutrient concentrations were analyzed as described above for the field sampling. Dissolved gas 

samples were analyzed immediately for 28,29,30N2, O2, and Ar using membrane inlet mass 

spectrometry (MIMS). Sediment-water interface gas and nutrient fluxes were calculated from 
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concentration differences between inflow and outflow samples normalized for flow rate and 

sediment surface area.  

 

Principal Findings and Results 

 

The most recent sampling event occurred in October 2019, and not all results have been 

compiled yet for all sampling events. Specifically, we are still awaiting completion of nutrient 

analyses from summer/fall 2019 (originally queued for analysis in Feb/March 2020, now 

postponed until global pandemic conditions improve and access to laboratory facilities is 

restored). As such, the following description of results and significance of the findings will be 

incomplete and limited to patterns observed from analyses of dissolved gas fluxes across the 

sediment-water interface (i.e., Objective 2 above). Sample and data analyses will continue as 

soon as conditions permit and laboratory facilities are accessible. 

 

Maumee River and Bay sediments exhibited active microbial activity, with sediment oxygen 

demand (SOD; i.e., oxygen uptake) ranging from 734 – 3420 µmol O2 m
-2 h-1 (Fig. 2). There 

were no clear temporal or spatial patterns in SOD, and 15N-isotope additions had no consistent 

effect on observed SOD.  

 

 
 

 
Figure 2. Sediment oxygen demand (SOD) measured in sediments collected from Maumee River/Bay 

locations and incubated in a continuous-flow system. ID = Independence Dam State Park (Defiance, OH). 

MJT = Mary Jane Thurston State Park (Grand Rapids, OH). MB2 = Maumee River discharge at Brenner 

75 Marina (Toledo, OH). MB18 = Maumee Bay. 
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Net denitrification was observed at all sampling locations for all sampling events. That is, 

denitrification exceeded N fixation at all times and locations. N fixation occurring 

simultaneously with denitrification was observed on some, but not all, sampling events. When 

observed, N fixation rates ranged from 21 – 112 µmol N m-2 h-1. In contrast, net N2 fluxes 

(representing the relative balance between N fixation and denitrification) ranged from 32 – 435 

µmol N m-2 h-1; Figs. 3 and 4). To determine the best estimate of in situ denitrification, any N 

fixation rates determined from isotope equations were added to net N2 fluxes from unamended 

sediment cores. For the three Maumee River sites (ID, MJT, and MB2), the best estimates of in 

situ denitrification ranged from 132 – 408 µmol N m-2 h-1, while this value at the Maumee Bay 

site (MB18) ranged from 33 – 435 µmol N m-2 h-1. 

 

 

 
 
Figure 3. Net N2 flux in unamended cores and potential denitrification rates (DNF) measured in intact 

sediment cores incubated in a continuous-flow system. ID = Independence Dam State Park (Defiance, 

OH). MJT = Mary Jane Thurston State Park (Grand Rapids, OH). 
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Figure 4. Net N2 flux in unamended cores and potential denitrification rates (DNF) measured in intact 

sediment cores incubated in a continuous-flow system. MB2 = Maumee River discharge at Brenner 75 

Marina (Toledo, OH). MB18 = Maumee Bay. 

 

Potential denitrification was defined as the maximum denitrification rate under saturating NO3
- 

concentrations and was determined from 15NO3
--amended sediment cores. In the majority of 

cases, potential denitrification exceeded the best estimate of in situ denitrification (Figs. 3 and 4). 

In a few cases, 15NO3
- amendments did not stimulate additional denitrification, suggesting that 

denitrifiers were already metabolizing at their maximum capacity, and these cases were observed 

primarily during colder sampling events (late October 2018, January 2019, and March 2019). In 

warmer months, the difference between potential and actual denitrification rates was more 

pronounced, likely reflecting reduced river flow and nutrient concentrations. Anammox, an 

alternative pathway for N2 production and release, and thus a N sink, may have contributed 1 – 

20% of total N2 production. Therefore, heterotrophic denitrification was the primary microbial N 

sink in Maumee River/Bay sediments. In most cases, especially earlier in the sampling schedule 

(i.e., colder months), denitrification was fueled primarily by coupled nitrification-denitrification 

(i.e., conversion of NH4
+ to NO3

- via nitrification, followed by NO3
- reduction to N2 gas via 

denitrification). In warmer months, N2 production from direct denitrification of NO3
- exceeded 

coupled nitrification-denitrification. 

 

Preliminary results from 15NH4
+ isotope dilution calculations, from late 2018/early 2019, suggest 

that Maumee River sediments are also releasing significant amounts of NH4
+ into the overlying 

water column, although these effluxes of bioavailable N do not exceed the magnitudes of 

denitrification for these sampling events. In general, early results suggest that sediment NH4
+ 

regeneration and subsequent release to river water is higher at the river mouth and into Maumee 
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Bay than at the upriver sites. The mechanisms of NH4
+ release from sediments likely involve 

redox conditions, organic matter remineralization, and/or cation exchange. These preliminary 

results also show a positive relationship between sediment NH4
+ release, but not uptake, and 

SOD. This relationship is expected, since microbial activity, as inferred from SOD, often 

involves organic matter decomposition and nutrient remineralization. We expect that these NH4
+ 

releases from sediments will be countered to some extent by net NO3
- uptake (results pending). 

 

Finding Significance 

 

Preliminary results focused on dissolved gas fluxes across the sediment-water interface suggest 

that Maumee River and Bay sediments exhibit active microbial processing, as evidenced by high 

SOD. While nutrient flux data are still pending (analyses delayed by restricted access to 

laboratory facilities during global pandemic), dissolved gas fluxes indicate that Maumee River 

sediments act as a net N sink, primarily via denitrification. River sediments thus perform a 

valuable ecosystem service by removing bioavailable N before it is discharged to Maumee Bay, 

where it can provide fuel for cyanobacteria bloom biomass and cyanotoxin production. However, 

isotope patterns for NH4
+ also show that Maumee River (and Bay) sediments release substantial 

amounts of NH4
+ to the overlying water. Since denitrification converts NO3

- to N2 gas, and NO3
- 

is energetically less favorable for cyanobacteria assimilation compared to NH4
+, the positive 

effects of N removal via denitrification (and anammox) are mitigated to some extent by sediment 

NH4
+ releases. 

 

Objectives 1 and 3 cannot be addressed until nutrient analyses are completed, which will not 

occur until full access to laboratory facilities is restored.  

 

Publication Citations 

 

Since sample and data analyses are incomplete, no publications have resulted yet from the 

project. Likewise, no meeting presentations have been given. However, two abstracts describing 

results from undergraduate research projects associated with the overall project were accepted 

for presentation at the ASLO-SFS Annual Meeting scheduled for June 7-12, 2020, in Madison, 

WI. These undergraduates (Ian Crumrine and Trevor Brannon) conducted independent research 

projects that were tangential, but related, to the project goals. Wright State University has an 

undergraduate research program (ASK, Acquiring Scientific Knowledge) that provides research 

experiences for undergraduate science majors. Brannon’s involvement was under the ASK 

program, which conducts an annual symposium for students to briefly give a presentation on 

their research, and Brannon is scheduled to present his work in September 2020 at the ASK 

symposium. Future regional (e.g., IAGLR) and international (e.g., ASLO) symposia will be 

targeted for presentation of results when meeting schedules return to a more normal situation. 

The ASLO-SFS 2020 meeting was cancelled due to the Covid-19 pandemic, but we will seek 

alternative venues for these students to present their work. Titles and authors of these cancelled 

presentations are included below: 

 

Crumrine, I., J.A. Myers, T. Brannon, S.E. Newell, & M.J. McCarthy. 2020. Nitrifier community 

structure in the Maumee River. ASLO-SFS 2020 Annual Meeting. Madison, WI (USA). June 

2020 (meeting cancelled). 
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Brannon, T., J.A. Myers, M. Bezold, S.E. Newell, & M.J. McCarthy. 2020. Temporal changes in 

water column ammonium cycling rates in the Maumee River. ASLO-SFS 2020 Annual Meeting. 

Madison, WI (USA). June 2020 (meeting cancelled). 

 

Students Supported 

 

Emily Holliday, MS student in Earth and Environmental Sciences (EES; Summer 2019) 

 

Marie Bezold, MS student in EES (Summer 2019) 

 

Christopher (Kishan) Gomez, Undergraduate student in EES (Fall 2019) 

 

Ian Crumrine, Undergraduate student in EES (Fall 2019) 

 

Trevor Brannon, Undergraduate student in EES (Summer/Fall 2019) 

 

 

Professional Placement of Graduates – Gomez will graduate with his BS in April 2020, then 

will transition to a MS student in EES at WSU. No other placements to report yet. 

 

Awards or Achievements – nothing to report 

 

Additional Funding - none 
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Photos 

 

 
 

Megan Reed (L) and Emily Holliday (R) conducting sampling at Mary Jane Thurston State Park, 

January 2019.  

 

 
 

Thomas Rayburn preparing for sampling at Mary Jane Thurston State Park, January 2019. 
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(L-R) Thomas Rayburn, Justin Myers, and Shannon Collins filtering water samples, January 

2019. 


