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Abstract 

Denitrification is a critical microbial process that removes bioavailable nitrogen (N) in 

natural and human-altered ecosystems. Methods for measuring denitrification in aquatic 

ecosystems are fairly studied. However, the understanding of ecosystem metabolism and 

denitrification factors in agriculturally influenced streams is limited. We wanted to evaluate the 

connection between nitrogen (N) cycling and ecosystem metabolism in headwater streams 

affected by land use due to the increase of agricultural N pollution and its negative impact on 

downstream water quality. Here, we quantify N concentrations and denitrification in six 

headwater streams draining contrasting land use watersheds using the open-channel single 

station approach. We compared two contrasting watersheds; (a) cropland land use, representing 

the excessive agricultural N pollution to streams, and (b) grassland land use, representing 

original land use type prior to agricultural N pollution. To understand in-stream N processes and 

ecosystem metabolism, we analyzed diel patterns of nitrate (NO3
-) concentrations and dissolved 

gasses (O2, Ar, N2, N2O) during the summer of 2019. We estimated open-channel reach-scale 

denitrification, gross primary production (GPP), and ecosystem respiration (ER). Streams 

draining primarily cropland had higher NO3
- concentrations (4.2 NO3

--N mg L-1 +/- 0.11) 

associated with higher metabolism rates. Higher N concentrations drove higher denitrification 

rates among cropland-dominated streams (mean denitrification rates [0.31 g/m2 day +/- 0.4] in 

cropland-dominated streams vs. [0.01 g/m2 day +/- 0.01] in grassland-dominated streams). 

Overall, the excess nutrients from the agricultural landscapes resulted in higher nitrate 

concentrations and rates of metabolism compared to the grassland landscapes. Estimates of 

denitrification and stream metabolism are needed from underrepresented systems to aid in the 

quantification of nitrogen fluxes, locally and globally. 
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Introduction 

Agricultural nitrogen (N) pollution in the Mississippi River watershed has continued to 

create problems for downstream water quality as N loading to freshwater ecosystems continues 

to increase yearly (Green et al., 2004; Gruber & Galloway, 2008). Excessive N export 

consequently impacts the downstream water quality. For instance, the Gulf of Mexico’s 

infamous “dead zone”, an oxygen-depleted zone that ultimately makes water quality unsuitable 

for aquatic life and recreational use (Rabalais et al., 2002). Additionally, 58 percent of streams in 

the lower Mississippi River basin (Midwest) are N impaired, which is a management 

classification indicating the water may not meet quality standards for desired uses (Sobota et al., 

2015). Land use change, primarily the intensification of agricultural land and management 

practices, is the driver of much of the excess nitrogen in the basin (Giri & Qiu, 2016). Synthetic 

N fertilizers are applied to improve crop yield for an owner’s yearly production, conversely 

degrading the quality of surface water and groundwater supplies (Carpenter et al., 1998). 

Moreover, a vast amount of the synthetic N-based fertilizers are not fully absorbed into soils but 

eventually runoff into streams to either be removed through denitrification or integrated into 

biomass (Mulholland et al., 2008). Thus, we must continue to work toward a better 

understanding of how human-influenced streams remove excess N through reach-scale 

denitrification. 

Denitrification is a focal microbial process for studying nitrogen processing in streams 

and rivers due to the relatively “permanent” removal from these impaired systems (Groffman et 

al., 2006). Denitrification produces di-nitrogen (N2) gas by microbially converting nitrate and 

nitrite (Groffman et al., 2009). Thus, it is an important process as it is the only mechanism in 

aquatic ecosystems that transforms nitrate or nitrite back into N2, the dominant gas of our 
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planet’s atmosphere (Boyer et al., 2006). Components from the landscape, such as nitrogen-rich 

fertilizers applied to croplands that flow into streams, function as hot spots for denitrification 

(Groffman et al., 2009). In the Midwest, agricultural sources of N input dominate the Mississippi 

River watershed because it drains the heartland of American agriculture. Fortunately, up to 75% 

of N exported through the Mississippi River watershed can be removed before reaching the 

infamous dead zone at the mouth of the Mississippi River (Burgin & Hamilton, 2007; Howarth et 

al., 1996). Thus, it is important to understand the factors that control the process of 

denitrification over space and time to help quantify the effects of anthropogenic activity on the N 

cycle (Boyer et al., 2006). 

Denitrification, however, is a challenging process to measure because 1) it is difficult to 

quantify the output of N2 given its high background concentration within the atmosphere and 2) 

denitrification is hindered by high spatial and temporal variation in the process, leading to an 

abundance of methods to assess realistic rates that can be scaled (Groffman et al., 2006). For 

instance, the 15N tracer method relies on an incubating technique that adds a 15N tracer to aquatic 

ecosystems to differentiate in-stream denitrification. However, this addition increases N 

availability and so may overestimate denitrification in N limiting streams, for example those in 

relatively unimpacted headwaters (Groffman et al., 2006). The method is also quite expensive. 

New techniques for measuring reach-scale denitrification have been developed in freshwater 

research but are rarely used in studies of headwater stream denitrification (Nifong et al., 2020). 

One key new technique is open-channel N2 quantification which uses a N2:Ar ratio and 

membrane inlet mass spectrometry (MIMS) to quantify N2 production, assuming Ar 

concentrations are at equilibrium with the atmosphere (Kana et al., 1994). This method is 

increasingly found in studies of reach-scale denitrification because open-channel + MIMS 
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measurements are rapid and precise and has minimal disturbance to streams allowing for natural 

conditions (Baulch et al., 2010; Hanrahan et al., 2018; McCutchan et al., 2003; Reisinger et al., 

2016). Even with new effective techniques like open-channel N2 and MIMS analysis, a majority 

of reach-scale denitrification estimates have been conducted in small streams with discharge less 

than 0.1 m3 s-1 (Hall et al., 2016). Moreover, previous studies do not entirely represent whole-

ecosystem denitrification rates because past techniques do not incorporate the diel (day to night; 

24 hours) dynamics of headwater stream conditions of light and temperature (Nifong et al., 

2020). A central goal of this work is to contrast reach-scale denitrification among sites using the 

open-channel N2 flux method by sampling in situ over diel cycles (Kana et al., 1994; Reisinger et 

al., 2016). 

Stream ecosystem metabolism integrates production and respiration and plays an 

important role in biogeochemical processes. Ecosystem metabolism can be determined by 

measuring gross primary production (GPP) and ecosystem respiration (ER) to help indicate the 

fixation and mineralization of organic carbon sources in aquatic ecosystems. Metabolism, in 

turn, controls biogeochemistry and the transport of nutrients within and through streams (Dodds 

et al., 2018; Ensign & Doyle, 2006). Reach-scale ecosystem metabolism measurements are 

useful for determining abiotic and biotic factors that control nutrient dynamics in streams that are 

anthropogenically impacted, including stream temperature, light availability, hydrology, nutrient 

concentration, and organic matter availability (Bernot et al., 2010; Dodds et al., 1999; 

Mulholland et al., 2001). However, ecosystem metabolism is not well-characterized in headwater 

streams draining agriculturally influenced landscapes (Griffiths et al., 2013). Agriculturally 

influenced streams are primarily eutrophic, but can be net sinks for CO2, due to high rates of in-

stream primary production from the increased light availability from vegetation conversion 
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(Wiley et al., 1990), or in other cases are net sources of CO2 due to respiration of allochthonous 

organic matter, such as riparian grasses and crop debris (Fuß et al., 2017; Griffiths et al., 2012). 

Studying diurnal variations can help establish which biogeochemical processes play an integral 

role in human impacted streams. Additionally, better quantifying stream GPP and ER variation 

among contrasting land uses and incorporating diurnal fluctuations is critical to better estimate 

nitrogen fluxes and the removal of nitrogen from streams by incorporation into biomass.   

To better understand the effects of human-influenced landscapes on N cycling, we 

conducted a comparison between three watersheds that are predominantly row crop agriculture, 

to three watersheds that are predominantly grassland, representing pre-agricultural land cover. 

Our overall objective in this study is to quantify how land use affects in-stream denitrification 

and metabolism over a 24-hr period. We hypothesized that: 1) cropland-dominated streams 

would have higher nitrate concentrations due to greater N export from agricultural landscapes, 2) 

nitrate concentrations among cropland-dominated streams will demonstrate a diel (day-night) 

pattern while displaying shallow variation in grassland-dominated streams, and 3) rates of 

denitrification, GPP, and ER would be greater among the cropland sites compared to the 

grassland sites due in large part to the greater input of nitrogen. To measure N removal in our 

headwater streams via the process of denitrification, we estimate reach-scale denitrification using 

the open-channel N2 approach based on reach-scale metabolism methods (Reisinger et al., 2016).  

Methods 

Site Description 

Six study streams were selected in the Delaware River Watershed in northeast Kansas, 

USA (Table 1; Figure 1). Additionally, the Delaware River Watershed is home to three tribal 
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reservations; The Kickapoo Tribe in Kansas (who utilizes the Delaware River surface water for 

drinking water purposes), The Sac and Fox Nation of Missouri and Nebraska in Kansas, and The 

Prairie Band Potawatomi Nation. Stream sampling sites were selected based on land-use in their 

respective sub-watershed and catchment size (1st-3rd order streams). The selected streams were 

categorized as cropland or grassland after determining the dominant land cover within each sub-

watershed found with the use of geographic information system (GIS) data layers. DEM data 

layers were downloaded by county from USDA Geospatial Data Gateway 

(http://gdg.sc.egov.esda.gov) at 30m resolution. This study was a part of a larger Kansas NSF 

EPSCoR Track-1 project that studies Microbiomes of Aquatic, Plant, and Soil Systems (MAPS) 

across Kansas’ land-use and precipitation gradient. Land use data for MAPS is available on the 

Kansas Data Access and Support Center (DASC). The 2005 Kansas Land Cover Patterns(KLCP) 

Mapping initiative was created by the Kansas Applied Remote Sensing (KARS) Program within 

the Kansas Biological Survey (KBS). 

 

 

  

Table 1: Study site characteristics and parameters. 

http://gdg.sc.egov.esda.gov/
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Figure 1: Study sites in the Delaware River Watershed, Kansas, USA.  

 

Field Sampling 

To measure nutrient supply, uptake, and stream metabolism, we deployed sensor arrays at 

each study site (Table 1). The sensor arrays were secured within 10 ft of nearby public road 

access from bridges at each site. Stream access was limited due to surrounding private properties 

at five of our sites expect for site G3, we were granted access upstream from the public bridge to 

station our sensor array and complete the diel sampling. Dissolved O2 (DO) and stream water 

temperature were measured every 30 minutes with a PME miniDO2T® logger with an 
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antifouling copper plate attachment (Vista, CA) that was stationed upstream from each sampling 

site and calibrated before deployment. The sensor array also included a Photosynthetically 

Active Radiation (PAR) Odyssey logger, HOBO® conductivity logger, and HOBO® water level 

logger; all collecting in 10-minute intervals. Sensor arrays were secured throughout the entire 

field season (March-December). Measurements from the sensor arrays allow us to quantify 

spatiotemporal changes within the headwater streams. Stream discharge (Q, m2/s) were estimated 

from measurements of depth, width, and velocity taken twice; within the first two hours and last 

two hours of diel sampling. Using a 10-point cross-section transect of the stream; depth and 

width were measured manually with a 36-m tape measure and velocity (m/s) was measured using 

a flow meter. 

We conducted hourly sampling with 24 time points for the open-channel approach among 

each study site on separate days (Table 1). To measure reach-scale metabolism, we collected 

triplicate dissolved gas samples using a 24-inch PVC pipe with tubing attached to the bottom-

side and a rubber stopper bottom. We submerged the whole PVC pipe into the water column, 

parallel to flow, allowing the stream to flow through for ~10 seconds before capping the PVC 

pipe. Next, we overfilled three 12mL Exetainer (Labco, UK) sample vials with the collected 

stream water, from the bottom-up to limit any atmospheric interaction and discarded the first 5 

mL. We injected 0.2 mL of zinc chloride (ZnCl2) to preserve the sample which was stored 

underwater in a 4°C cooler until analysis.  

 We retrieved barometric pressure data for each site using Weather Underground 

(www.weatherunderground.com) from the closest weather station nearby each site during their 

respective sampling dates. Real-time measurements of pH, DO, conductivity, and water 

http://www.weatherunderground.com/
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temperature were provided by the YSI ProDSS sensor and a HATCH Nitratax Plus SC UV 

sensor with an optical path length of 2mm measured real-time NO3
--N. 

Water chemistry samples (e.g., Sulfate (SO4), Nitrate (NO3
-), and Chloride (Cl)) were 

collected in triplicates hourly from the stream water column and immediately filtered into clean 

65 mL Nalgene bottles through 0.45 mm filters that were later stored at 4°C pending analysis. 

Triplicate unfiltered samples (e.g Soluble Reactive Phosphorus (SRP) and Ammonium (NH4)) 

were collected in clean 125 mL Nalgene bottles and acidified with 2-3 drops of sulfuric acid, 

shaken well and when returned to the lab they were stored at 4°C pending analysis.  

Gas exchange samples (e.g., Nitrous Oxide (N2O), Methane (CH4), and Carbon Dioxide 

(CO2)) were collected hourly in triplicate. We used 60 mL syringes to collect stream water from 

the water column, then pushed out excess air and water to reach 40 mL of stream water, avoiding 

any air bubbles left over. Next, we injected 20 mL of Helium (He) into the sample-filled syringe. 

The sample syringe was then manually shaken for 2 minutes to reach headspace equilibrium 

(Hamilton & Ostrom 2007). Carefully, we transferred the equilibrated gas into pre-evacuated 6 

mL Exetainer (Labco, UK) vials, using stopcocks to transfer samples underwater to avoid 

outside air contamination. Samples were stored at room temperature pending analysis. 

Due to an unforeseen lightning storm that occurred shortly during our G2 24-hr study at 

time point 20, we didn’t sample for safety. To fill in the missing data point for analysis we 

averaged the bracket of concentrations from time points directly before and after time point 20. 

Additionally, our PME miniDO2T® loggers lost measurement connection during diel sampling 

of sites G2 and G3. We used O2 measurements quantified from the MIMS to replace missing 

data points. 
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Laboratory Methods 

 Using the MIMS (Bay Instruments, Easton, MD, USA) we quantified dissolved N2, Ar 

and O2 (Kana et al., 1994). Each water sample was pulled through a peristaltic pump and the 

dissolved gasses in the sample were diffused across a membrane vacuum to be measured by the 

mass spectrometer for abundance of 28N2, 
32O2, and 40Ar. Instrument drift was corrected with 

checks every 6 - 15 samples by analyzing a standard consisting of purified water (18 M Ω 

resistance; E-Pure, Barnstead International, Dubuque, IA) maintained at 18.2°C - 28.6°C, 

depending on site in situ temperature, using a circulating water bath (VWR International, 

Radnor, PA, USA) continuously stirring at a low speed to equilibrate with atmospheric gasses 

(Lab Egg RW11 Basic, IKA Works, Inc., Wilmington, NC, USA). The peristaltic pump was 

stopped while exchanging sample vials. To calculate concentrations of Ar, O2, and N2 for each 

sample, we multiplied the N2:Ar and O2:Ar ratios quantified by the MIMS by the Ar equilibrium 

concentration using equations derived by Hamme & Emerson, 2004 based on barometric 

pressure and room temperature within the laboratory. Ratios were used rather than 

concentrations due to the more precise output of measurements from ratios (Kana et al., 1994). 

Analysis of NH4
+ was completed with the Fluorescence Spectrometer; NO3

-, Cl, and NO2 

were analyzed with Ion Chromatography (IC); SRP was analyzed with the SmartChem (Westco 

Instruments); and NO2 was analyzed using Gas Chromatography. 

Denitrification and Metabolism Modeling 

Gas exchange and ecosystem metabolism modeling was completed using the open-

channel diel N2 model developed by Reisinger et al. (2016) and using the single station approach 

(Odum, 1956). The model included parameters of; stream temperature, barometric pressure, 
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discharge, DO diel time-series, PAR diel time-series, and concentrations of Ar, O2, and N2 

sampled during our 24-hr studies. This model uses Bayesian parameter estimation to solve for 

gas exchange (K, d-1), denitrification (DEN, g N m-2 h-1), gross primary production (GPP, g O2 

m-2 d-1), and ecosystem respiration (ER, g O2 m
-2 d-1). The model gives three outputs based on 

either real-time DO sensors, N2:Ar ratio, and O2:Ar ratio. The first output of ER, GPP, and K 

come from the “base model” using a single station, open-channel O2 exchange metabolism 

method allowing K to be calculated from oxygen using data from our stationed sensor array (e.g., 

DO, temp, and PAR). The second output of DEN and K derives from the “N2:Ar model” that 

uses estimates of K calculated in the first output series. A third output of ER, GPP, and K are 

given based on O2:Ar ratio of dissolved gas collected from the stream, which were analyzed 

through MIMS. All model outputs were generated through R software (version 3.6.1) using the 

MIMSY package created by Michelle Kelly (https://github.com/michelleckelly/mimsy, 2018) 

and JAGS coupled with the rjags package (Reisinger et al. 2016). 

Statistical Analysis 

We used a two-sided, two-sample Student’s t-test to statistically assess the difference 

between means of GPP between the two contrasting land use types. The same statistical 

approach was used to test the difference between means of the absolute value of ER between 

grassland and cropland land uses. We used a one-way ANOVA to test the difference in variance 

between grassland and cropland land uses for GPP, ER, and DEN. We used a linear regression to 

calculate a relationship between DEN and its potential drivers (NO3
--N, ER, and GPP) that 

assumes there is a direct correlation between variables. Additionally, we calculated the P:R ratio 

(GPP:ER), whereas streams with a P:R > 1 are considered autotrophic and streams with a P:R < 

https://github.com/michelleckelly/mimsy
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1 are considered heterotrophic. Statistical testing was completed using R software (version 3.6.1) 

with the default statistical testing package stats and the data analysis tool in Microsoft Excel. 

Results 

Northeast Kansas is majorly covered by agricultural related land use (Figure 1). All 

streams we sampled are in the Delaware River basin, which drains to Perry Reservoir (operated 

by the Army Corps of Engineers). Streams draining grassland sub-watershed are categorized as 

tributaries that lead to Banner Creek Reservoir. Cropland streams are perennial and have about 

73 to 83 percent cropland land use type in their respective sub-watershed (Table 1). Watershed 

sizes were kept comparable among the six study streams (~675-938 ha) but were limited by 

access points given nearly all the surrounding land is privately owned. 

Nitrate (NO3
--N) concentrations were highest among cropland sites compared to 

grassland sites (Figure 2). Nitrate was significantly higher in cropland streams compared to 

grassland streams (t(2) = 4.3, p = 0.07), with mean NO3
--N concentrations for cropland streams 

of 4.2 NO3
--N mg L-1 +/- 0.11 and 0.2 NO3

--N mg L-1 +/- 0.01 for grassland streams (Figure 2A). 

Mean Cl- concentrations among streams of both land use types remained relatively consistent 

during their respective 24-hr study but averages varied among all streams and between land use 

types. Mean Cl- averages among grassland streams (i.e., 14.7 Cl- mg L-1 +/- 1.3, 38.8 Cl- mg L-1 

+/- 3.0, 30.5 Cl- mg L-1 +/- 2.2) were higher in concentration than cropland streams (i.e., 16.9 Cl- 

mg L-1 +/- 0.3, 6.5 Cl- mg L-1 +/- 0.3, 10.7 Cl- mg L-1 +/- 1.0) (Figure 2C, D). 
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Figure 2: Mean (± SE) hourly NO3--N concentrations among (A) grassland land use and (B) 

cropland land use. Mean (± SE) hourly Cl- concentrations (C,D). Gray boxes indicate night 

hours. 

 

We found distinctive diel swings in DO among two of the cropland subwatershed streams 

(Figure 3). The largest diel change in DO was in the cropland site C1 that ranged from 5.4 mg/L 

to 11.2 mg/L. Additionally, a similar swing was found in the cropland site C2 which ranged 6.4 

mg/L to 8.2 mg/L. While the smallest variation was in the grassland site G2 with a change of 6.2 

mg/L to 7.7 mg/L. However, DO presented dampened diel patterns in sites G1 and G3 of the 

grassland-dominated streams. And sites G1 and C3 presented distinct fluctuations in DO. 

Overall, oxygen consumption was generally higher during the night hours. 
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Figure 3: Mean hourly NO3--N concentrations (left y-axis) with Dissolved oxygen 

concentrations (right y-axis) indicated by light blue lines among grassland land use (A,B,C)  and  

cropland land use (D,E,F). 

 

Both GPP and ER varied several-fold between site but was not consistently different 

based on grassland and cropland land uses (Figure 4). For individual sites, mean GPP values 

ranged from 0.039 to 0.59 g O2 m
-1 d-2 and mean ER values ranged from 1.69 to 9.70 g O2 m

-1 d-2 

(Figure 4 A, B). We found a strong correlation between ER and GPP, however, there was no 

significant relationship (Figure 5; R2 = 0.51). ER rates were highest among cropland streams than 

grassland streams (Figure 5). Between the comparing land use types, there was no statistical 

difference among GPP rates, but GPP was consistently higher than ER in all study streams 
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(Figure 5). The calculated P:R ratio was less than 1 for all grassland-dominated and cropland-

dominated streams. 

 

Figure 4: Denitrification (DEN) (A), gross primary production (GPP) (B), and absolute value of 

ecosystem respiration (|ER|) (C) among our 6 study sites. 
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Figure 5: Ecosystem respiration (ER) versus gross primary production (GPP) for our 6 study 

streams. Dashed line indicates GPP=ER. 

DEN rates among all six sites were relatively low (0.16 to 0.00023 g m-2 d-1) despite 

having higher rates among the cropland land use sites (Figure 4C). Factors controlling DEN 

represented a strong correlation between NO3
--N and DEN among both grassland and cropland 

land uses but the relationship was not significant (Figure 6A). DEN and GPP had a positive 

correlation among the cropland sites, but the relationship was not significant. However, among 

the grassland sites, we found a significant relationship between GPP and DEN (R2 = 0.99, p = 

0.03; Figure 6B). DEN and ER were positively related among both comparing land use types but 

not significant. 

 

 

 

Figure 6: Relationships between denitrification and nitrate (NO3--N) (A), gross primary production (GPP) 

(B), and ecosystem respiration (|ER|) (C) for all 6 study streams. 
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Discussion 

For this study, we asked how contrasting land uses may affect denitrification and nitrogen 

cycling in small streams. We hypothesized that: 1) higher NO3
--N concentrations would be found 

in cropland-dominated streams due to nitrogen rich fields, 2) a diel pattern would be visible in 

NO3
--N concentrations among cropland-dominated streams while displaying shallow variation in 

grassland-dominated streams, and 3) cropland-dominated streams would have greater rates of 

DEN, GPP, and ER due to high nitrogen supply from the agriculturally impacted landscape. As 

expected, streams draining nitrogen rich croplands had higher NO3
--N concentrations compared 

to the grassland watershed sites (Figure 2A, B). The Cl- concentrations were relatively consistent 

through each study sampling, supporting the integrity of our NO3
--N data (Figure 2C, D). ER and 

GPP were coupled among the cropland-dominated streams but not the grassland-dominated 

streams (Figure 5). We found higher ER rates associated with low rates of GPP (Figure 4) and 

positive relationships between metabolism (GPP, ER) and both land use types. Lastly, we found 

that NO3
--N, GPP, and ER had a positive correlation with DEN, except for GPP in grassland 

sites (Figure 6), however this was not significant. This suggests that NO3
--N concentrations, GPP 

and ER rates are all driving factors that influence DEN outcomes in our headwater streams that 

are agriculturally impacted. 

Agriculture is a major source and supplier of excess N pollution, and this reflects in our 

cropland-dominated streams with higher NO3
--N concentrations compared to concentrations in 

grassland-dominated streams (Figure 2B). The NO3
--N concentrations that we observed in our 

cropland-dominated streams were similar to those observed in other agriculture watersheds 

(Bernot et al., 2006; Inwood et al., 2005; Mulholland et al., 2008). We expected nutrient rich, 

agriculturally influenced catchments to have measurable concentrations of nitrate compared to 
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less impacted streams such as our predominantly grassland catchments. However, the observed 

low nutrient concentrations and minimal DEN in grassland streams can be attributed to low 

discharge measured among our sites (Table 1) (Vanni et al., 2001). Overall, our observed 

cropland streams showed greater activity for nitrate and stream metabolism (Figure 6). It is 

important to continue studying agriculture ecosystems to bring diverse viewpoints of inputs and 

exports from agriculturally impacted ecosystems (Loucks, 1977). 

Despite our hypothesis of a prominent diel pattern among cropland sites for NO3
--N, only 

one site out of three presented the diel pattern (Figure 3D). This could be due to potential storage 

pools of N in our streams near our study sites, although we were careful to avoid pools upstream 

of our sampling site. Additionally, our nitrate observations among all study sites show little diel 

variation, this could be attributed to low and varying stream velocity among our streams 

(Flewelling et al., 2014). The diel NO3
--N response we observed in site C1 reflects the daily 

biological activity typical of a diel sampling day when flow is stable (Nimick et al., 2011). 

Observed dissolved oxygen dynamics, such as a diel pattern, reflect biogeochemical processes 

that drive ecosystem metabolism (Schindler et al., 2017). The diurnal swings of dissolved 

oxygen we observed were consistent among other studies. During our diel study, we saw a 

decrease in DO due to photosynthesis in the evening, especially in the cropland-dominated site 

C1 (Figure 3). The oxygen depletion creates ideal conditions for denitrification which coincides 

with the high rates of DEN we observed in site C1 (Figure 4), linking O2 consumption to N2 

production (Harrison et al., 2005; Laursen & Seitzinger, 2004). Similarly, the low DEN rates we 

measured among the other five sites (C2, C3, G1, G2, and G3) were consistent with minimum 

diel change in DO, reflecting minimum oxygen consumption (Harrison et al., 2005). However, 

we observed lags in O2 peaks which may have come from undefined processes that need further 
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attention (Dodds et al., 2018). In addition, we found distinct diurnal swings in dissolved oxygen 

for site C1 associated with the highest rate of GPP and ER compared to the other sites of both 

land use types, suggesting high respiration within the nutrient-rich cropland-dominated 

watershed. Observing diel biogeochemical cycles over a 24-hr period contributes to more than 

the collection styles and interpretation but also to the greater understanding of interrelated 

chemical processes and ecological studies of streams affected by excess N and their implications 

of nutrient transport downstream (Harrison et al., 2005; Nimick et al., 2011). 

Mean gross primary production rates aligned with previous small stream metabolism 

meta-analysis data (Dodds et al., 2018; Kelly et al., 2021). We observed highest rates of GPP 

among streams with widespread riparian canopy coverage, suggesting that riparian zones have a 

considerable effect on small stream production (Koenig et al., 2019). Our streams had 

considerable canopy cover which could have increased allochthonous organic material from 

upstream, known to affect stream metabolism in grassland-dominated streams (Mulholland et al., 

2001; Riley & Dodds, 2012). Contrary to the data presented in Hall et al. (2016), GPP and ER 

did not fall close to the 1:1 line (Figure 5) but aligns with estimates regularly found in small 

streams (Griffiths et al., 2013; Hall et al., 2016). In addition, GPP has been positively related to 

discharge in previous studies, and our study reflects this scenario as our relatively small GPP 

rates correspond with low measurements of discharge among all our study sites (Lamberti & 

Steinman, 1997). Overall, GPP tended to be higher in streams draining less disturbed landscapes, 

the grasslands sites, which is generally found in closed canopy headwater streams (Bernot et al., 

2010; Mulholland et al., 2001). 

We observed greater ER relative to GPP in our small streams due to limited light 

penetration in the water column in addition to the import of allochthonous particles from 
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upstream agricultural activities (Hall et al., 2016). Among all the study sites, the calculated P:R 

ratio was less than 1, suggesting that our small streams had high rates of heterotrophic respiration 

relative to GPP (Griffiths et al., 2013). Additionally, the P:R ratio averaged 0.04, relatively 

similar to other studies in headwater streams with P:R < 1 (Acuña et al., 2004). We found no 

significant correlation between ER and GPP among our sites, suggesting that the metabolism 

estimates are independent of each other (Dodds et al., 2018). Potential factors that we did not 

account for, such as turbidity and dissolved organic matter, could have been assessed for their 

impacts on metabolism rates, especially among our cropland streams where we observed lots of 

sediment loading (Dodds et al., 2018; Fuß et al., 2017). Specifically, organic-rich sediments 

could have been hotspots for heterotrophic respiration among our headwater streams (Hoellein et 

al., 2009).  

Denitrification was generally higher in streams associated with higher NO3
--N 

availability, common in freshwater habitats (Piña-Ochoa & Álvarez-Cobelas, 2006). Nitrate is a 

known factor that can directly control DEN and in cases where NO3
--N concentrations were 

close to below the detection limit, DEN rates were lowest (Figure 6A) (Inwood et al., 2005). 

Streams with highest NO3
--N concentrations were associated with highest DEN, presumably as a 

result of the N loading from intense land use from the cropland-dominated watershed (Harrison 

et al., 2005; Kreiling et al., 2019). However, DEN rates were generally low across all our streams 

which could have been a result of our method of measuring N2 with MIMS and not accounting 

for acetylene inhibition of the microbial conversion of N2O to N2 (Hanrahan et al., 2018). 

Additional challenges can arise when using the open-channel N2 method that requires accurate 

and precise estimates of in situ N2 (Reisinger et al., 2016). Using MIMS allows for those precise 

estimates, but then complex equations are used to convert MIMS data back into in situ N2, 
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introducing potential error which may be the case in our metabolism estimates with high 

variability. Nevertheless, our estimations of reach-scale denitrification are similar to results from 

other estimations of small stream denitrification (Mulholland et al., 2008; Reisinger et al., 2016).  

In summary, agriculturally impacted landscapes alter the biogeochemistry of headwater 

streams as we saw a difference in concentrations between the contrasting watersheds. 

Denitrification was measurable in headwater streams in the Delaware River Watershed but was 

limited by NO3
--N availability. The cropland-dominated watershed had the highest 

concentrations of NO3
--N associated with high rates of denitrification, providing evidence that 

our headwater streams cycle N when available. These results from our contrasting watersheds 

have implications for management problems associated with streams affected by agriculturally 

impacted landscapes. Our research may help facilitate further denitrification modeling efforts in 

headwater streams among varying land use types. Especially regarding biogeochemical N 

transformations in headwater streams affected by increased agricultural N loading. Our study 

provides supporting data on denitrification estimates using the open-channel N2 method in small 

streams among contrasting land use categories (Hanrahan et al., 2018; Nifong et al., 2020; 

Reisinger et al., 2016). Any N that is not removed via denitrification will potentially transport 

downstream, such as to the Kickapoo Tribe in Kansas’ drinking water treatment plant or further 

downstream to the coastal zones (Green et al., 2004; Gruber & Galloway, 2008). Our results 

suggest that effective management solutions should address excess N application from 

agriculturally impacted watersheds at the landscape scale to aid in reducing N loading (Inwood et 

al., 2005; Mulholland et al., 2008; Vanni et al., 2001; Vitousek et al., 1997). 
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Conclusion 

 The six streams and two contrasting land uses we studied can be used to broadly address 

factors that may drive reach-scale denitrification in headwater streams. Our highest 

denitrification estimates were associated with the highest nitrate concentrations, specifically 

among the cropland-dominated streams. Gross primary production increased with diurnal swings 

of DO and N availability, land use inputs may drive this relationship. Overall, our results of 

reach-scale denitrification and stream metabolism suggest that small streams affected by nitrogen 

rich inputs can remove N via denitrification, however, our data showed very low denitrification 

estimates and highlights the need for additional study on reach-scale denitrification regarding the 

effects of land use change on headwater streams. Understanding how nutrients transform 

throughout streams impacted by agriculture can help future generations address water quality 

issues.  



22 
 

References 

Acuña, V., Giorgi, A., Muñoz, I., Uehlinger, U., & Sabater, S. (2004). Flow extremes and 

benthic organic matter shape the metabolism of a headwater Mediterranean stream. 

Freshwater Biology, 49(7), 960–971. https://doi.org/10.1111/j.1365-2427.2004.01239.x 

Baulch, H. M., Venkiteswaran, J. J., Dillon, P. J., & Maranger, R. (2010). Revisiting the 

application of open-channel estimates of denitrification. Limnology and Oceanography: 

Methods, 8(5), 202–215. https://doi.org/10.4319/lom.2010.8.202 

Bernhardt, E. S., Heffernan, J. B., Grimm, N. B., Stanley, E. H., Harvey, J. W., Arroita, M., 

et al. (2018). The metabolic regimes of flowing waters. Limnology and Oceanography, 

63(S1), S99–S118. https://doi.org/10.1002/lno.10726 

Bernot, M. J., Tank, J. L., Royer, T. V., & David, M. B. (2006). Nutrient uptake in streams 

draining agricultural catchments of the midwestern United States. Freshwater Biology, 

51(3), 499–509. https://doi.org/10.1111/j.1365-2427.2006.01508.x 

Bernot, M. J., Sobota, D. J., Hall Jr, R. O., Mulholland, P. J., Dodds, W. K., Webster, J. R., 

et al. (2010). Inter-regional comparison of land-use effects on stream metabolism. 

Freshwater Biology, 55(9), 1874–1890. https://doi.org/10.1111/j.1365-

2427.2010.02422.x 

Boyer, E., & Howarth, R. (2008). Nitrogen Fluxes from Rivers to the Coastal Oceans. In 

Nitrogen in the Marine Environment (pp. 1565–1587). https://doi.org/10.1016/B978-0-

12-372522-6.00036-0 

https://doi.org/10.1111/j.1365-2427.2004.01239.x
https://doi.org/10.1111/j.1365-2427.2004.01239.x
https://doi.org/10.4319/lom.2010.8.202
https://doi.org/10.4319/lom.2010.8.202
https://doi.org/10.1002/lno.10726
https://doi.org/10.1002/lno.10726
https://doi.org/10.1111/j.1365-2427.2006.01508.x
https://doi.org/10.1111/j.1365-2427.2006.01508.x
https://doi.org/10.1111/j.1365-2427.2010.02422.x
https://doi.org/10.1111/j.1365-2427.2010.02422.x
https://doi.org/10.1111/j.1365-2427.2010.02422.x
https://doi.org/10.1016/B978-0-12-372522-6.00036-0
https://doi.org/10.1016/B978-0-12-372522-6.00036-0
https://doi.org/10.1016/B978-0-12-372522-6.00036-0


23 
 

Boyer, E. W., Alexander, R. B., Parton, W. J., Li, C., Butterbach-Bahl, K., Donner, S. D., et 

al. (2006). MODELING DENITRIFICATION IN TERRESTRIAL AND AQUATIC 

ECOSYSTEMS AT REGIONAL SCALES. Ecological Applications, 16(6), 2123–

2142. https://doi.org/10.1890/1051-0761(2006)016[2123:MDITAA]2.0.CO;2 

Burgin, A. J., & Hamilton, S. K. (2007). Have we overemphasized the role of denitrification 

in aquatic ecosystems? A review of nitrate removal pathways. Frontiers in Ecology and 

the Environment, 5(2), 89–96. https://doi.org/10.1890/1540-

9295(2007)5[89:HWOTRO]2.0.CO;2 

Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W., Sharpley, A. N., & Smith, 

V. H. (1998). Nonpoint Pollution of Surface Waters with Phosphorus and Nitrogen. 

Ecological Applications, 8(3), 559–568. https://doi.org/10.1890/1051-

0761(1998)008[0559:NPOSWW]2.0.CO;2 

Dodds, W. K., Biggs, B. J. F., & Lowe, R. L. (1999). Photosynthesis-Irradiance Patterns in 

Benthic Microalgae: Variations as a Function of Assemblage Thickness and 

Community Structure. Journal of Phycology, 35(1), 42–53. 

https://doi.org/10.1046/j.1529-8817.1999.3510042.x 

Dodds, W. K., Higgs, S. A., Spangler, M. J., Guinnip, J., Scott, J. D., Hedden, S. C., et al. 

(2018). Spatial heterogeneity and controls of ecosystem metabolism in a Great Plains 

river network. Hydrobiologia, 813(1), 85–102. https://doi.org/10.1007/s10750-018-

3516-0 

https://doi.org/10.1890/1051-0761(2006)016%5B2123:MDITAA%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5B2123:MDITAA%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5%5B89:HWOTRO%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5%5B89:HWOTRO%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5%5B89:HWOTRO%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(1998)008%5B0559:NPOSWW%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(1998)008%5B0559:NPOSWW%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(1998)008%5B0559:NPOSWW%5D2.0.CO;2
https://doi.org/10.1046/j.1529-8817.1999.3510042.x
https://doi.org/10.1046/j.1529-8817.1999.3510042.x
https://doi.org/10.1046/j.1529-8817.1999.3510042.x
https://doi.org/10.1007/s10750-018-3516-0
https://doi.org/10.1007/s10750-018-3516-0
https://doi.org/10.1007/s10750-018-3516-0


24 
 

Ensign, S. H., & Doyle, M. W. (2006). Nutrient spiraling in streams and river networks. 

Journal of Geophysical Research: Biogeosciences, 111(G4). 

https://doi.org/10.1029/2005JG000114 

Flewelling, S. A., Hornberger, G. M., Herman, J. S., Mills, A. L., & Robertson, W. M. 

(2014). Diel patterns in coastal-stream nitrate concentrations linked to 

evapotranspiration in the riparian zone of a low-relief, agricultural catchment. 

Hydrological Processes, 28(4), 2150–2158. https://doi.org/10.1002/hyp.9763 

Fuß, T., Behounek, B., Ulseth, A. J., & Singer, G. A. (2017). Land use controls stream 

ecosystem metabolism by shifting dissolved organic matter and nutrient regimes. 

Freshwater Biology, 62(3), 582–599. https://doi.org/10.1111/fwb.12887 

Giri, S., & Qiu, Z. (2016). Understanding the relationship of land uses and water quality in 

Twenty First Century: A review. Journal of Environmental Management, 173, 41–48. 

https://doi.org/10.1016/j.jenvman.2016.02.029 

Green, P. A., Vörösmarty, C. J., Meybeck, M., Galloway, J. N., Peterson, B. J., & Boyer, E. 

W. (2004). Pre-industrial and contemporary fluxes of nitrogen through rivers: a global 

assessment based on typology. Biogeochemistry, 68(1), 71–105. 

https://doi.org/10.1023/B:BIOG.0000025742.82155.92 

Griffiths, N. A., Tank, J. L., Roley, S. S., & Stephen, M. L. (2012). Decomposition of maize 

leaves and grasses in restored agricultural streams. Freshwater Science, 31(3), 848–864. 

https://doi.org/10.1899/11-095.1 

https://doi.org/10.1029/2005JG000114
https://doi.org/10.1029/2005JG000114
https://doi.org/10.1029/2005JG000114
https://doi.org/10.1002/hyp.9763
https://doi.org/10.1002/hyp.9763
https://doi.org/10.1111/fwb.12887
https://doi.org/10.1111/fwb.12887
https://doi.org/10.1016/j.jenvman.2016.02.029
https://doi.org/10.1016/j.jenvman.2016.02.029
https://doi.org/10.1016/j.jenvman.2016.02.029
https://doi.org/10.1023/B:BIOG.0000025742.82155.92
https://doi.org/10.1023/B:BIOG.0000025742.82155.92
https://doi.org/10.1023/B:BIOG.0000025742.82155.92
https://doi.org/10.1899/11-095.1
https://doi.org/10.1899/11-095.1
https://doi.org/10.1899/11-095.1


25 
 

Griffiths, N. A., Tank, J. L., Royer, T. V., Roley, S. S., Rosi-Marshall, E. J., Whiles, M. R., 

et al. (2013). Agricultural land use alters the seasonality and magnitude of stream 

metabolism. Limnology and Oceanography, 58(4), 1513–1529. 

https://doi.org/10.4319/lo.2013.58.4.1513 

Groffman, P. M., Law, N. L., Belt, K. T., Band, L. E., & Fisher, G. T. (2004). Nitrogen 

Fluxes and Retention in Urban Watershed Ecosystems. Ecosystems, 7(4), 393–403. 

https://doi.org/10.1007/s10021-003-0039-x 

Groffman, P. M., Altabet, M. A., Böhlke, J. K., Butterbach-Bahl, K., David, M. B., 

Firestone, M. K., et al. (2006). Methods for Measuring Denitrification: Diverse 

Approaches to a Difficult Problem. Ecological Applications, 16(6), 2091–2122. 

https://doi.org/10.1890/1051-0761(2006)016[2091:MFMDDA]2.0.CO;2 

Groffman, P. M., Davidson, E. A., & Seitzinger, S. (2009). New approaches to modeling 

denitrification. Biogeochemistry, 93(1/2), 1–5. 

Gruber, N., & Galloway, J. N. (2008). An Earth-system perspective of the global nitrogen 

cycle. Nature, 451(7176), 293–296. https://doi.org/10.1038/nature06592 

Hall, R. O., Tank, J. L., Baker, M. A., Rosi-Marshall, E. J., & Hotchkiss, E. R. (2016). 

Metabolism, Gas Exchange, and Carbon Spiraling in Rivers. Ecosystems, 19(1), 73–86. 

https://doi.org/10.1007/s10021-015-9918-1 

Hamme, R. C., & Emerson, S. R. (2004). The solubility of neon, nitrogen and argon in 

distilled water and seawater. Deep Sea Research Part I: Oceanographic Research 

Papers, 51(11), 1517–1528. https://doi.org/10.1016/j.dsr.2004.06.009 

https://doi.org/10.4319/lo.2013.58.4.1513
https://doi.org/10.4319/lo.2013.58.4.1513
https://doi.org/10.4319/lo.2013.58.4.1513
https://doi.org/10.1007/s10021-003-0039-x
https://doi.org/10.1007/s10021-003-0039-x
https://doi.org/10.1007/s10021-003-0039-x
https://doi.org/10.1890/1051-0761(2006)016%5B2091:MFMDDA%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5B2091:MFMDDA%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5B2091:MFMDDA%5D2.0.CO;2
https://doi.org/10.1038/nature06592
https://doi.org/10.1038/nature06592
https://doi.org/10.1007/s10021-015-9918-1
https://doi.org/10.1007/s10021-015-9918-1
https://doi.org/10.1007/s10021-015-9918-1
https://doi.org/10.1016/j.dsr.2004.06.009
https://doi.org/10.1016/j.dsr.2004.06.009


26 
 

Hanrahan, B. R., Tank, J. L., Dee, M. M., Trentman, M. T., Berg, E. M., & McMillan, S. K. 

(2018). Restored floodplains enhance denitrification compared to naturalized 

floodplains in agricultural streams. Biogeochemistry, 141(3), 419–437. 

https://doi.org/10.1007/s10533-018-0431-4 

Harrison, J. A., Matson, P. A., & Fendorf, S. E. (2005). Effects of a diel oxygen cycle on 

nitrogen transformations and greenhouse gas emissions in a eutrophied subtropical 

stream. Aquatic Sciences, 67(3), 308–315. https://doi.org/10.1007/s00027-005-0776-3 

Hoellein, T. J., Tank, J. L., Rosi-Marshall, E. J., & Entrekin, S. A. (2009). Temporal 

variation in substratum-specific rates of N uptake and metabolism and their contribution 

at the stream-reach scale. Journal of the North American Benthological Society, 28(2), 

305–318. https://doi.org/10.1899/08-073.1 

Howarth, R. W., Billen, G., Swaney, D., Townsend, A., Jaworski, N., Lajtha, K., et al. 

(1996). Regional Nitrogen Budgets and Riverine N & P Fluxes for the Drainages to the 

North Atlantic Ocean: Natural and Human Influences. Biogeochemistry, 35(1), 75–139. 

Inwood, S. E., Tank, J. L., & Bernot, M. J. (2005). Patterns of denitrification associated with 

land use in 9 midwestern headwater streams. Journal of the North American 

Benthological Society, 24(2), 227–245. https://doi.org/10.1899/04-032.1 

Johnson, L., Richards, C., Host, G., & Arthur, J. (1997). Landscape influences on water 

chemistry in Midwestern stream ecosystems. Freshwater Biology, 37(1), 193–208. 

https://doi.org/10.1046/j.1365-2427.1997.d01-539.x 

https://doi.org/10.1007/s10533-018-0431-4
https://doi.org/10.1007/s10533-018-0431-4
https://doi.org/10.1007/s10533-018-0431-4
https://doi.org/10.1007/s00027-005-0776-3
https://doi.org/10.1007/s00027-005-0776-3
https://doi.org/10.1899/08-073.1
https://doi.org/10.1899/08-073.1
https://doi.org/10.1899/04-032.1
https://doi.org/10.1899/04-032.1
https://doi.org/10.1046/j.1365-2427.1997.d01-539.x
https://doi.org/10.1046/j.1365-2427.1997.d01-539.x
https://doi.org/10.1046/j.1365-2427.1997.d01-539.x


27 
 

Kana, T. M., Darkangelo, Christina., Hunt, M. Duane., Oldham, J. B., Bennett, G. E., & 

Cornwell, J. C. (1994). Membrane Inlet Mass Spectrometer for Rapid High-Precision 

Determination of N2, O2, and Ar in Environmental Water Samples. Analytical 

Chemistry, 66(23), 4166–4170. https://doi.org/10.1021/ac00095a009 

Kelly, M. C., Zeglin, L. H., Husic, A., & Burgin, A. J. (2021). High Supply, High Demand: 

A Fertilizer Waste Release Impacts Nitrate Uptake and Metabolism in a Large River. 

Journal of Geophysical Research: Biogeosciences, 126(12), e2021JG006469. 

https://doi.org/10.1029/2021JG006469 

Koenig, L. E., Helton, A. M., Savoy, P., Bertuzzo, E., Heffernan, J. B., Hall Jr., R. O., & 

Bernhardt, E. S. (2019). Emergent productivity regimes of river networks. Limnology 

and Oceanography Letters, 4(5), 173–181. https://doi.org/10.1002/lol2.10115 

Kreiling, R. M., Richardson, W. B., Bartsch, L. A., Thoms, M. C., & Christensen, V. G. 

(2019). Denitrification in the river network of a mixed land use watershed: unpacking 

the complexities. Biogeochemistry, 143(3), 327–346. https://doi.org/10.1007/s10533-

019-00565-6 

Lamberti, G. A., & Steinman, A. D. (1997). A Comparison of Primary Production in Stream 

Ecosystems. Journal of the North American Benthological Society, 16(1), 95–104. 

https://doi.org/10.2307/1468241 

Laursen, A. E., & Seitzinger, S. P. (2004). Diurnal patterns of denitrification, oxygen 

consumption and nitrous oxide production in rivers measured at the whole-reach scale. 

https://doi.org/10.1021/ac00095a009
https://doi.org/10.1021/ac00095a009
https://doi.org/10.1029/2021JG006469
https://doi.org/10.1029/2021JG006469
https://doi.org/10.1029/2021JG006469
https://doi.org/10.1002/lol2.10115
https://doi.org/10.1002/lol2.10115
https://doi.org/10.1007/s10533-019-00565-6
https://doi.org/10.1007/s10533-019-00565-6
https://doi.org/10.1007/s10533-019-00565-6
https://doi.org/10.2307/1468241
https://doi.org/10.2307/1468241
https://doi.org/10.2307/1468241


28 
 

Freshwater Biology, 49(11), 1448–1458. https://doi.org/10.1111/j.1365-

2427.2004.01280.x 

Loucks, O. L. (1977). Emergence of Research on Agro-Ecosystems. Annual Review of 

Ecology and Systematics, 8(1), 173–192. 

https://doi.org/10.1146/annurev.es.08.110177.001133 

Manis, E., Royer, T. V., Johnson, L. T., & Leff, L. G. (2014). Denitrification in 

agriculturally impacted streams: seasonal changes in structure and function of the 

bacterial community. PloS One, 9(8), e105149. 

https://doi.org/10.1371/journal.pone.0105149 

McCutchan, J. H., Saunders, J. F., Pribyl, A. L., & Lewis, W. M. (2003). Open-channel 

estimation of denitrification. Limnology and Oceanography: Methods, 1(1), 74–81. 

https://doi.org/10.4319/lom.2003.1.74 

Mulholland, Fellows, C. S., Tank, J. L., Grimm, N. B., Webster, J. R., Hamilton, S. K., et al. 

(2001). Inter-biome comparison of factors controlling stream metabolism. Freshwater 

Biology, 46(11), 1503–1517. https://doi.org/10.1046/j.1365-2427.2001.00773.x 

Mulholland, Helton, A. M., Poole, G. C., Hall, R. O., Hamilton, S. K., Peterson, B. J., et al. 

(2008). Stream denitrification across biomes and its response to anthropogenic nitrate 

loading. Nature, 452(7184), 202–205. https://doi.org/10.1038/nature06686 

Nifong, R. L., Taylor, J. M., Adams, G., Moore, M. T., & Farris, J. L. (2020). Recognizing 

both denitrification and nitrogen consumption improves performance of stream diel N2 

https://doi.org/10.1111/j.1365-2427.2004.01280.x
https://doi.org/10.1111/j.1365-2427.2004.01280.x
https://doi.org/10.1111/j.1365-2427.2004.01280.x
https://doi.org/10.1146/annurev.es.08.110177.001133
https://doi.org/10.1146/annurev.es.08.110177.001133
https://doi.org/10.1146/annurev.es.08.110177.001133
https://doi.org/10.1371/journal.pone.0105149
https://doi.org/10.1371/journal.pone.0105149
https://doi.org/10.1371/journal.pone.0105149
https://doi.org/10.4319/lom.2003.1.74
https://doi.org/10.4319/lom.2003.1.74
https://doi.org/10.4319/lom.2003.1.74
https://doi.org/10.1046/j.1365-2427.2001.00773.x
https://doi.org/10.1046/j.1365-2427.2001.00773.x
https://doi.org/10.1038/nature06686
https://doi.org/10.1038/nature06686


29 
 

flux models. Limnology and Oceanography: Methods, 18(5), 169–182. 

https://doi.org/10.1002/lom3.10361 

Nimick, D. A., Gammons, C. H., & Parker, S. R. (2011). Diel biogeochemical processes and 

their effect on the aqueous chemistry of streams: A review. Chemical Geology, 283(1–

2), 3–17. https://doi.org/10.1016/j.chemgeo.2010.08.017 

Odum, H. T. (1956). Primary Production in Flowing Waters. Limnology and Oceanography, 

1(2), 102–117. https://doi.org/10.4319/lo.1956.1.2.0102 

Piña-Ochoa, E., & Álvarez-Cobelas, M. (2006). Denitrification in Aquatic Environments: A 

Cross-system Analysis. Biogeochemistry, 81(1), 111–130. 

https://doi.org/10.1007/s10533-006-9033-7 

Rabalais, N. N., Turner, R. E., & Wiseman, W. J. (2002). Gulf of Mexico Hypoxia, A.K.A. 

“The Dead Zone.” Annual Review of Ecology and Systematics, 33(1), 235–263. 

https://doi.org/10.1146/annurev.ecolsys.33.010802.150513 

Reisinger, A. J., Groffman, P. M., & Rosi-Marshall, E. J. (2016). Nitrogen-cycling process 

rates across urban ecosystems. FEMS Microbiology Ecology, 92(12), fiw198. 

https://doi.org/10.1093/femsec/fiw198 

Reisinger, A. J., Tank, J. L., Hoellein, T. J., & Hall, R. O. (2016). Sediment, water column, 

and open-channel denitrification in rivers measured using membrane-inlet mass 

spectrometry. Journal of Geophysical Research: Biogeosciences, 121(5), 1258–1274. 

https://doi.org/10.1002/2015JG003261 

https://doi.org/10.1002/lom3.10361
https://doi.org/10.1002/lom3.10361
https://doi.org/10.1002/lom3.10361
https://doi.org/10.1016/j.chemgeo.2010.08.017
https://doi.org/10.1016/j.chemgeo.2010.08.017
https://doi.org/10.4319/lo.1956.1.2.0102
https://doi.org/10.4319/lo.1956.1.2.0102
https://doi.org/10.1007/s10533-006-9033-7
https://doi.org/10.1007/s10533-006-9033-7
https://doi.org/10.1007/s10533-006-9033-7
https://doi.org/10.1146/annurev.ecolsys.33.010802.150513
https://doi.org/10.1146/annurev.ecolsys.33.010802.150513
https://doi.org/10.1146/annurev.ecolsys.33.010802.150513
https://doi.org/10.1093/femsec/fiw198
https://doi.org/10.1093/femsec/fiw198
https://doi.org/10.1093/femsec/fiw198
https://doi.org/10.1002/2015JG003261
https://doi.org/10.1002/2015JG003261
https://doi.org/10.1002/2015JG003261


30 
 

Riley, A. J., & Dodds, W. K. (2012). The expansion of woody riparian vegetation, and 

subsequent stream restoration, influences the metabolism of prairie streams. Freshwater 

Biology, 57(6), 1138–1150. https://doi.org/10.1111/j.1365-2427.2012.02778.x 

Schindler, D. E., Jankowski, K., A’mar, Z. T., & Holtgrieve, G. W. (2017). Two-stage 

metabolism inferred from diel oxygen dynamics in aquatic ecosystems. Ecosphere, 

8(6), e01867. https://doi.org/10.1002/ecs2.1867 

Seitzinger, S., Harrison, J. A., Böhlke, J. K., Bouwman, A. F., Lowrance, R., Peterson, B., et 

al. (2006). Denitrification Across Landscapes and Waterscapes: A Synthesis. 

Ecological Applications, 16(6), 2064–2090. https://doi.org/10.1890/1051-

0761(2006)016[2064:DALAWA]2.0.CO;2 

Seitzinger, S. P. (1988). Denitrification in freshwater and coastal marine ecosystems: 

Ecological and geochemical significance. Limnology and Oceanography, 33(4part2), 

702–724. https://doi.org/10.4319/lo.1988.33.4part2.0702 

Sobota, D., Compton, J., McCrackin, M., & Singh, S. (2015). Cost of reactive nitrogen 

release from human activities to the environment in the United States. Environmental 

Research Letters, 10. https://doi.org/10.1088/1748-9326/10/2/025006 

Vanni, M. J., Renwick, W. H., Auch, J. D., & Schaus, M. H. (2001). Dissolved and 

particulate nutrient flux from three adjacent agricultural watersheds: A five-year study, 

30. 

Vitousek, P. M., Aber, J. D., Howarth, R. W., Likens, G. E., Matson, P. A., Schindler, D. 

W., et al. (1997). Human Alteration of the Global Nitrogen Cycle: Sources and 

https://doi.org/10.1111/j.1365-2427.2012.02778.x
https://doi.org/10.1111/j.1365-2427.2012.02778.x
https://doi.org/10.1002/ecs2.1867
https://doi.org/10.1002/ecs2.1867
https://doi.org/10.1890/1051-0761(2006)016%5B2064:DALAWA%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5B2064:DALAWA%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5B2064:DALAWA%5D2.0.CO;2
https://doi.org/10.4319/lo.1988.33.4part2.0702
https://doi.org/10.4319/lo.1988.33.4part2.0702
https://doi.org/10.1088/1748-9326/10/2/025006
https://doi.org/10.1088/1748-9326/10/2/025006


31 
 

Consequences. Ecological Applications, 7(3), 737–750. https://doi.org/10.1890/1051-

0761(1997)007[0737:HAOTGN]2.0.CO;2 

Wiley, M. J., Osborne, L. L., & Larimore, R. W. (1990). Longitudinal Structure of an 

Agricultural Prairie River System and its Relationship to Current Stream Ecosystem 

Theory. Canadian Journal of Fisheries and Aquatic Sciences, 47(2), 373–384. 

https://doi.org/10.1139/f90-039 

 

 

https://doi.org/10.1890/1051-0761(1997)007%5B0737:HAOTGN%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(1997)007%5B0737:HAOTGN%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(1997)007%5B0737:HAOTGN%5D2.0.CO;2
https://doi.org/10.1139/f90-039
https://doi.org/10.1139/f90-039
https://doi.org/10.1139/f90-039

