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ABSTRACT OF THE THESIS 

DIRECT AND INDIRECT EFFECTS OF ORGANIC MATTER SOURCES ON 

DENITRIFICATION IN FLORIDA RIVERS 

by 

Megan L. Fork 

Florida International University, 2012 

Miami, Florida 

Professor James Fourqurean, Major Professor 

  Denitrification removes large amounts of reactive nitrogen (N) from ecosystems 

via reduction of nitrate to dinitrogen gas. In aquatic ecosystems, the influences of 

terrestrial and aquatic sources of organic matter (OM) on denitrification are potentially 

complex. Terrestrially-derived OM is often less labile than autochthonous OM; it may 

inhibit denitrification directly via biochemical mechanisms; and it may indirectly inhibit 

denitrification by reducing light availability to—and thus OM exudation by—aquatic 

primary producers. Using a natural dissolved OM gradient among rivers of northern 

Florida, I investigated these mechanisms using laboratory denitrification assays subjected 

to factorial amendments of NO3
- and dextrose, humic acid dosing, and cross-incubations 

of sediments and water. Results indicated that C-limitation increased with DOC 

concentrations, consistent with the indirect inhibition hypothesis. Blackwater neither 

depressed nor stimulated denitrification rates, indicating that this DOC neither directly 

inhibits nor acts as a usable OM source for denitrifiers. 
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INTRODUCTION 

Concentrations of dissolved organic carbon (DOC) in inland surface waters have 

shown significant and widespread increases over the last two decades (Evans et al. 2005), 

particularly in rivers with highly organic soils in their catchments (Worrall et al. 2004, 

Hruška et al. 2009). Dissolved organic carbon dominates carbon export in most 

freshwater ecosystems, and increased export of DOC from terrestrial ecosystems could 

cause areas such as peatlands and arctic tundra, which currently act as carbon sinks, to 

become net carbon sources (Randerson et al. 2002, Worrall et al. 2004, Anderson and 

Stedmon 2007, Cole et al. 2007). The causes of rising DOC in inland waters 

concentrations are unclear, but some studies implicate increased temperature (Freeman et 

al. 2001, Evans et al. 2005), while others attribute increased DOC export to decreases in 

acidity or ionic strength (Evans et al. 2005, Aitkenhead-Peterson et al. 2009, Hruška et al. 

2009). Changes in land use have also been shown to affect the quantity and mobility of 

soil dissolved organic matter within catchments and therefore stream DOC concentrations 

(Khomutova et al. 2000, Chantigny 2003, Dawson and Smith 2007).  

Because DOC is linked to a wide range of ecological processes in freshwater 

(Prairie 2008), the ecological implications of rising DOC are likely to be diverse and 

significant. Increases in DOC can reduce the pH of surface waters (Evans et al. 2005), as 

some of the components of DOC are organic acids. Humic substances in DOC absorb 

light, altering light regimes in the water column and benthos of freshwater ecosystems 

(Evans et al. 2005). Dissolved organic carbon also fuels metabolism of heterotrophic 

bacteria, which in turn are consumed by other organisms, potentially affecting aquatic 

food webs (Mulholland 1997, Freeman et al. 2001, Evans et al. 2005, Cole et al. 2006). 
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Changes in DOC concentration may also influence transport and toxicity of metals such 

as aluminum, copper, iron, (e.g., McKnight and Bencala 1990, Murphy and Zachara 

1995, Dupré et al. 1999), as well as cycling of nitrogen (N) and phosphorus (P) (see 

review by Sterner and Elser 2002, and Schlesinger et al. 2011). 

 Over the last 150 years, anthropogenic sources of fixed N have increased by an 

order of magnitude and have come to dominate the nitrogen cycle (Vitousek et al. 1997, 

Galloway et al. 2003, Taylor and Townsend 2010). Human production of reactive 

nitrogen through the Haber-Bosch process, the burning of fossil fuels, widespread 

cultivation of N-fixing crops, and concentrated large-scale production of livestock have 

caused an imbalance in the pre-industrial equilibrium between N-fixation and 

denitrification (Galloway et al. 2003). The resulting reactive nitrogen inputs have caused 

eutrophication, acidification, and biodiversity loss in freshwater systems (Vitousek et al. 

1997, Galloway et al. 2003), hypoxic dead zones in downstream estuarine and coastal 

zones (Turner and Rabalais 1991), and the formation of ozone in the troposphere, which 

negatively impacts human health (U.S. EPA 2002, Galloway et al. 2003).  

 Denitrification is a heterotrophic pathway by which nitrate (NO3
-) is reduced to 

nitrogen gas (N2), coupled to the metabolic oxidation of organic matter (Canfield et al. 

2010). This process represents a major pathway for the removal of reactive nitrogen by 

transformation into less biologically available N2 gas. During transport of N through river 

networks, denitrification can mitigate downstream impacts of reactive nitrogen by 

reducing the N load (Alexander et al. 2000, Seitzinger et al. 2006).  

 Rates of denitrification have three main proximate controls: the presence of 

anoxic conditions, of nitrate, and of bioavailable organic matter (OM) or other electron 
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donors (see review by Burgin and Hamilton 2007). Where nitrate is abundant, including 

most streams that drain agricultural areas, the quality and quantity of organic matter 

generally determine denitrification rates (Pfenning and McMahon 1997, Hedin et al. 

1998, Inwood et al. 2007). Organic matter not only fuels denitrification directly, but also 

indirectly by stimulating aerobic respiration, which enhances denitrification rates by 

increasing the anoxic volume in soils and sediments (Figure 1). Denitrification rates tend 

to increase in response to the addition of labile organic C (Pfenning and McMahon 1997, 

Inwood et al. 2007, but see Bernhardt and Likens 2002) and with greater organic content 

of sediments (e.g., Böhlke et al. 2009). Therefore, if all OM were highly labile and 

available to denitrifiers, a positive relationship between dissolved organic carbon and 

denitrification rates should result (Figure 1B). 

 In reality, differences in organic matter quality that result in large part from 

variation in source, have important implications for denitrification (Figure 2; Piña-Ochoa 

and Álvarez-Cobelas 2006, Inwood et al. 2007, Taylor and Townsend 2010). Because of 

their greater need for structural support, terrestrial plants produce organic matter that is 

generally more structurally complex and lower in nutrient content than that derived from 

aquatic primary producers (Cebrian 1999, Sterner and Elser 2002). Both C:nutrient 

stoichiometry and structural complexity influence bioavailability of, and thus 

heterotrophic demand for, DOC (Sun et al. 1997, Barnes et al. 2012). Further, the 

proportion of aromatic compounds (recalcitrant components of DOC that indicate 

degradation of structural lignin), is significantly lower in DOC produced by aquatic 

primary producers than allochthonous DOC (McKnight et al. 2001). Moreover, OM 

exported from terrestrial ecosystems is typically depleted in labile fractions that are 
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consumed by soil heterotrophs before reaching waterways (McDowell and Likens 1988). 

Although recent studies suggest that bacterial heterotrophs consume older and more 

complex C compounds such as humic-like substances (Cole and Caraco 2001, Barnes et 

al. 2012), terrestrially-derived DOC is generally much more recalcitrant and less labile 

than that exuded by aquatic primary producers (e.g., Sierra et al. 1997, McKnight et al. 

2001, Thorp and Delong 2002, Stedmon et al. 2003). A given concentration of 

terrestrially-derived DOC is therefore likely to support less denitrification than an 

equivalent amount derived from in situ production by aquatic vegetation (Figure 2). 

 In addition to its lower lability, terrestrial DOC may inhibit denitrification in 

aquatic systems via direct and indirect mechanisms. First, moieties such as phenolics, 

which are more concentrated in DOC derived from terrestrial as opposed to aquatic 

sources, may directly suppress denitrification (Dodla et al. 2008). Second, light-absorbent 

aromatic compounds such as tannic and humic acids reduce light penetration in aquatic 

ecosystems (Meyer 1990), thereby indirectly reducing the production of labile exudates 

by aquatic primary producers (Figure 2). Since the release of these labile organic 

compounds into the bioreactive sediments by benthic algae and macrophyte roots can fuel 

high rates of denitrification (Arango et al. 2007, Heffernan and Cohen 2010, Heffernan 

and Fisher 2012), high concentrations of chromophoric dissolved organic matter 

(CDOM) may indirectly suppress denitrification in aquatic ecosystems (Figure 2A).  

The proximate and ultimate controls on denitrification and other N 

transformations are well understood in small streams (e.g., Peterson et al. 2001, 

Mulholland et al. 2008), but not in larger rivers (Ensign and Doyle 2006, Tank et al. 

2008). Rivers of different sizes frequently differ in carbon source and production, 



5 
 

resulting in divergence in predictions about nutrient processing rates (Vannote et al. 

1980). Larger rivers are deeper and have higher specific discharge than small streams 

(Leopold 1994), and the resulting reduced contact between the water column and reactive 

benthic sediments may limit N removal in large rivers (Seitzinger et al. 2002). During 

transport in river networks, terrestrially-derived DOC is metabolized by upstream 

communities (Vannote et al. 1980, Sedell et al. 1989, Leff and Meyer 1991), further 

reducing lability. Thus, terrestrially-derived DOC that reaches denitrifying communities 

in the sediments of large rivers is likely poor fuel for denitrification and other metabolic 

processes (but see Cole and Caraco 2001, Cole et al. 2007).  

Some features of large rivers may in fact favor higher rates of denitrification than 

would be predicted by geometric scaling. The finer texture of large river sediments 

compared to that of small streams (Vannote et al. 1980) may promote higher 

denitrification rates (García-Ruiz et al. 1998, Solomon et al. 2009). The greater width of 

large rivers compared to small streams reduces shading by riparian vegetation, which 

results in high light availability, and can promote photodegradation of recalcitrant DOC 

to more labile compounds (Moran and Zepp 1997). However, photodegradation of DOC  

also produces compounds such as carbon monoxide (Valentine and Zepp 1993) that can 

inhibit bacterial denitrification enzymes (Miyata and Mori 1968). Perhaps more 

importantly, higher light availability fuels higher rates of primary production (Lamberti 

and Steinman 1997) and thus exudation of labile organic compounds into river sediments. 

Therefore, the importance of in situ primary production to denitrification may increase 

with channel size (Heffernan and Cohen 2010, Heffernan et al. 2010). These uncertainties 
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arising from differences between large and small streams constrain effective modeling of 

N dynamics at river network scales (Wollheim et al. 2006, Helton et al. 2011). 

 

North Florida Rivers 

 Rivers in northern Florida, USA, span a wide range of DOC concentrations, with 

the end members of this riverine DOC gradient represented by two distinct river types 

(Figure 3). Spring-fed rivers have very clear water, are hydrologically, chemically and 

thermally stable, and support highly productive aquatic plant communities (Odum 

1957a). In contrast, blackwater rivers, like those throughout much of the southeastern 

U.S., are characterized by low gradients, and tannic, dark-stained water that allows 

minimal benthic primary production (Meyer 1990). These distinct river types and the 

intermediate conditions created by their mixing (Bledsoe and Phlips 2000) provide a 

natural environmental gradient of DOC concentration among rivers, which I used to 

examine the effects of carbon quantity and quality on denitrification rates.  

 Northern Florida contains nearly 800 named springs fed by the karstic Floridan 

Aquifer, of which 33 springs have nominal discharges greater than 2.8 m3 s-1 (first-

magnitude springs; Scott et al. 2004), giving north central Florida the greatest density of 

large springs in the world. Total organic carbon concentrations in the water column near 

spring heads are among the lowest in the world, typically below practical detection limits 

(Scott et al. 2004, Duarte et al. 2010). Nonetheless, long-term and high-resolution mass 

balance indicate that these systems support high rates of denitrification, up to 1.5 g N m-2 

d-1 (0.11 mol N m-2 d-1; Heffernan et al. 2010, Heffernan and Cohen 2010).  
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 Blackwater rivers are common throughout the eastern U.S. and are found 

throughout the world (Meyer 1990). Blackwater rivers tend to have low hydraulic 

gradients that generate lower average flow velocity and more variable flow than spring 

runs, irrespective of their geography (Meyer 1990). The dark amber-colored water results 

from high concentrations of fulvic acids and tannins, organic carbon compounds derived 

from the breakdown of terrestrial vegetation in the swamps and wetlands where these 

rivers originate (Meyer 1990, Sabater et al. 1993). While slow flow makes these rivers 

hydrologically suitable for phytoplankton communities, low light transmission through 

dark-colored water causes light limitation of water-column production (Phlips et al. 

2000).  

These spring and blackwater rivers are end members in an environmental gradient 

of DOC concentration among rivers. In addition to a gradient of DOC concentration, 

these sites also represented a gradient of organic carbon source, with sites on the spring 

end of the gradient containing DOC derived primarily from autochthonous primary 

production, while sites on the blackwater end of the gradient contained DOC mobilized 

from the decay of terrestrial organic matter. The intermediate section of this DOC 

gradient was populated by sites downstream of confluences between blackwater and 

spring-fed tributaries, where mixing resulted in intermediate, and potentially temporally 

variable, concentrations of DOC and a blend of characteristics of each end member.  

 As in rivers throughout the world, nitrate concentrations have increased in many 

northern Florida spring-fed and blackwater rivers over the last several decades (Bledsoe 

and Phlips 2000, Scott et al. 2004, Heffernan et al. 2010). Agricultural inputs, including 

synthetic fertilizer application and livestock waste are thought to be the main source of 
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enrichment (Katz et al. 2005). High NO3
- inputs to these ecosystems may lead to algae 

blooms as a result of eutrophication, degrading habitat quality (Vitousek et al. 1997, 

Galloway et al. 2003), although other factors may be primarily responsible for algal 

blooms in springs (Heffernan et al. 2010b). Because northern Florida springs are major 

recreation areas and unique ecological features, it is important to understand the 

limitations and controls on processes such as denitrification that remove some 

anthropogenic nitrate from rivers in this area. 

 In this study, I identified large streams and rivers in north and central Florida that 

span an environmental gradient of long-term organic carbon concentration and 

characterized how other parameters, including nitrate concentration, hydrologic 

variability, chlorophyll a, and dissolved oxygen (DO) concentration co-varied with long-

term organic carbon. I also compared long-term measurements of organic carbon and 

nitrate concentration to instantaneous measurements on the day of sampling to identify 

how well the moment of sampling represented the overall chemical regime of these 

rivers.  

 Using sites arrayed along this gradient, I performed a series of experiments to test 

the hypothesis that organic carbon derived from terrestrial sources supports lower 

denitrification rates in northern Florida rivers as compared to organic carbon from aquatic 

sources. These experiments, including factorial amendments of labile DOC and NO3
-, and 

substitution of overlying water from spring and blackwater sources, enabled evaluation of 

the possible mechanisms of lower lability, direct inhibition, and indirect inhibition as 

drivers of variation in denitrification rate. Specifically, if blackwater DOC were simply 

less labile than autochthonous DOC, a lower proportion of it would be consumed during 
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bioavailability incubation, and dosing sediments with high concentrations of blackwater 

DOC should cause negligible stimulation of denitrification rates. Direct biochemical 

inhibition of denitrification by blackwater DOC, on the other hand, would result in 

depressed denitrification rates for spring sediments incubated with blackwater or with 

high doses of standardized humic/fulvic acids relative to source water control. Finally, 

indirect inhibition of denitrification by blackwater DOC via reduced primary production 

would cause an increase in severity of C limitation along the environmental DOC 

gradient, as higher concentrations of terrestrially-derived DOC more acutely attenuate 

light and inhibit autochtonous production of labile organic compounds. These 

experiments allowed me to identify the mechanisms, operating alone or in combination, 

through which carbon quality affects denitrification in large Florida rivers. 

 

METHODS 

 In order to test the hypothesis that terrestrial DOC supports lower denitrification 

rates than aquatic DOC, and to distinguish among possible mechanisms, I identified study 

sites in north-central Florida rivers which encompassed a wide gradient of DOC 

concentrations. I performed incubations to measure differences in DOC bioavailability 

along the gradient. Water and sediment samples from these sites were used to perform 

denitrification assays which I used to identify differences in C and N limitation of 

denitrification rates. A DOC dosing experiment was used to determine if terrestrial DOC 

at near- and higher-than-observed concentrations was directly inhibitory to denitrification 

rates. These observations and experiments allowed me to draw conclusions about the 
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effects and mechanisms of differences in denitrification rate in rivers with different DOC 

sources and concentrations.  

 

Site selection 

Using satellite images (Google Earth – http://www.google.com/earth/index.html) 

and data from the EPA STORET (www.epa.gov/storet/) database, I identified 20 study 

sites representing an environmental gradient of DOC concentration in north and central 

Florida, USA (Table 1 & Figure 4). Sites were located in Florida’s Central Lake and 

Ocala Uplift physiographic districts, which are generally characterized by sandhill and 

sand pine scrub communities, and mixed hardwood, pine flatwood, and sandhill 

communities, respectively (Myers and Ewel 1990). Precipitation regimes in north and 

central Florida are moderately seasonal with higher rates in summer, and temperature 

ranges from a summer mean of 27-30°C to winter mean of about 15-17°C (Myers and 

Ewel 1990). 

 

DOC gradient 

I used data available from the St. John’s, Suwannee River, and Southwest Florida 

Water Management Districts, and EPA STORET databases to describe long-term means 

of total organic carbon (TOC) and other solutes for each study site. Total organic carbon 

was used as a proxy for DOC, because DOC data were less prevalent in the databases. 

For intermediate and blackwater categories, I used only sites with available data that 

spanned multiple seasons for at least two years between 2000 and 2011 to calculate the 

long term means (the minimum number of data points used to characterize long-term 
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mean TOC was for the Alexander River at County Road 445 where five records were 

taken in five distinct seasons between 2000-2001). For spring sites, the criterion for data 

that spanned all seasons was relaxed because of lower availability of TOC data for 

springs, and the fact that these systems tend to exhibit quite stable discharge and water 

chemistry among seasons (Odum 1957b). These 20 sites made up an environmental 

gradient of long-term TOC concentration that ranged from 0.2 to 36 mg C L-1 (0.017 to 

3.0 mmol C L-1).  

Relationships among long-term nitrate concentration, coefficient of variation of 

long-term discharge, mean water column chlorophyll a, and the slope of the relationship 

between dissolved oxygen (DO) and time of day were analyzed to further characterize the 

environmental TOC gradient and how nitrate, hydrology and primary production co-vary 

with TOC in north Florida rivers. I also measured sediment OM content and assessed its 

covariation with long-term TOC along the environmental gradient. Long-term TOC and 

nitrate data were compared with instantaneous DOC and nitrate from samples, 

respectively, collected on the same day as sediment and surface water for denitrification 

assays to determine how well instantaneous measurements represent overall DOC and 

nitrate regimes in these river systems. 

Some analyses required that sites be categorized as blackwater, spring or 

intermediate on the basis of long-term average TOC concentration and analysis of major 

confluences upstream of site locations (Table 1). Sites located downstream of a 

confluence between a spring and blackwater stream were labeled “intermediate,” while 

only sites without major visible inputs (in satellite imagery and online Google or Bing 

maps) of another type were categorized as “spring” or “blackwater”. Because site 
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categories were assigned on the basis of upstream inputs and long-term TOC, site 

categories do not match exactly to the TOC gradient (Cow Creek, a BW site has a 

slightly lower long-term average TOC than the Withlacoochee River at Hwy 48, an 

intermediate site; Table 1).  

 

Field collections and water chemistry analyses 

 From each site, I collected approximately 2 kg of the top 5 cm of benthic 

sediment in five replicates;, the stratum in which 90% of benthic denitrification occurs 

(Inwood et al. 2007). Sediment samples were stored on ice until returned to the 

laboratory. I also collected approximately 40 L of river water (for treatment solutions) 

with a peristaltic pump and 0.45 μm in-line filter, reserving 250 mL of filtered water for 

laboratory analysis of DOC, nitrate/nitrite, ammonium, and soluble reactive phosphorus 

(SRP). Water samples for nutrient analysis were stored on ice during transport, and 

frozen immediately upon return to the lab. Nutrient analyses were performed in the 

Southeast Environmental Research Center (SERC) Nutrient Analysis Laboratory by flow 

injection analysis using an ALPKEM RFA 300 autoanalyzer (Alpkem Corp., Clackamas, 

Oregon). Standard U.S. EPA methods (1993) were used to measure concentrations of 

nitrate/nitrite (method 353.2), SRP (method 365.1) and ammonium (method 350.1). 

Concentration of DOC was measured according to USGS standard operating procedure 

NU-062 using a Shimadzu TOC-5000 (Shimadzu Corp., Kyoto, Japan). A YSI 556 Sonde 

(YSI Inc., Yellow Springs, Ohio) equipped with an optical probe was used to measure 

dissolved oxygen (DO), pH, specific conductivity and water temperature at the time of 

sediment sampling. 
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 Upon return to the laboratory, sediments were stored at 4°C until assays were 

performed. Sediments were brought to room temperature overnight in order to allow 

microbial communities to acclimatize and regain activity before analysis (Herrman et al. 

2008), and were homogenized in collection bags before being split for the denitrification 

assay. All denitrification assays were performed within six days of sediment collection. 

 

Bioavailability 

A subset of four sites was used to analyze DOC bioavailability in surface water 

and sediment porewater among site categories. The subset used for bioavailability 

incubations included one blackwater site (Blackwater Creek at Hwy 44, “BWC44”), one 

spring-fed site (Wekiva Run upstream of major surface water inputs, “Weku”) and two 

intermediate sites (Wekiva River downstream of confluence with Rock Springs run, 

“Wekd”; Wekiva River at Katie’s Landing, “WekKL”). From each site, four unfiltered 

replicates of surface water were collected in 500 mL brown plastic bottles. I also 

collected three one-kg replicates of the upper 5 cm of benthic sediment (Inwood et al. 

2007). Surface water and benthic sediment samples were immediately placed on ice until 

return to the laboratory, and then transferred to storage at 4 °C. Surface water samples 

were vacuum-filtered through a 0.2 µm polycarbonate filter within one week of collection 

to remove particulates and bacteria (Qualls and Haines 1992), and then frozen until 

analysis. Sediment pore-water was extracted using a sintered glass vacuum filtration 

device, and then filtered and stored in the same manner as surface water. 

An inoculant was prepared by mixing 100 g of sediment from each of the four 

sites and adding tap water to bring total volume to 1 L (Qualls and Haines 1992). The 



14 
 

inoculant was held at room temperature and kept oxygenated with constantly bubbled air. 

Water was replenished periodically to keep total volume at approximately 1 L. Inoculant 

was prepared for the incubations by removing 20 mL from the stock flask after 

thoroughly agitating, and then filtered through a 0.2 µm polycarbonate filter. Filtrate was 

discarded and the inoculant and filter paper were immediately added to each flask for 

bioavailability incubation (Qualls and Haines 1992). 

To assess differences in bioavailability of DOC among sites, I measured initial 

DOC in surface water and porewater, and compared these to DOC concentration after 

five day incubation. Bioavailability incubations were prepared using 300 mL of surface 

or porewater that was pre-filtered and thawed to room temperature. Prepared inoculant 

was then added to this water. Flasks were continuously oxygenated and kept at room 

temperature for the duration of the 5-day incubation (Qualls and Haines 1992, Barnes et 

al. 2012). 

 

Sediment organic matter content 

After performing denitrification assays, sediment samples were dried to constant 

mass and sediment organic matter (OM) content determined as loss on ignition. Dry 

sediment sub-samples were homogenized in BOD bottles before being transferred to pre-

combusted aluminum pans. I determined the ash-free dry mass of four sediment sub-

samples per sampling location (both time zero and time six for incubations measuring 

ambient and potential rates) by measuring and recording sample mass before and after 

combustion at 550°C for five hours. Organic matter content ranged from 0.1% in 

sediment taken from Withlacoochee at River Rd (WithRiv) to 85% at Wekiwa Springs 
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run (Weku); the OM content among sampling locations within sites also varied 

considerably (Table 1). 

 

Denitrification assays 

 I performed three different denitrification assay experiments, each using similar 

methodology but different treatments, to assess C and N limitation of and the effects of 

terrestrially-derived DOC on denitrification rates. For each experiment, I added 

approximately 100 g of wet, homogenized sediment to 300 mL BOD bottles, or 

approximately 30 g of sediment to 60 mL BOD bottles, excluding particles too large to fit 

into the neck of the bottle. For each sampling site, two complete sets of treatments were 

constructed, with one set measured at time zero (T0) and one set measured after 

approximately six hours of incubation (T6). Treatment solutions were added at room 

temperature using a siphon to minimize contact with the atmosphere, and bottles were 

overfilled so that air was excluded. Solutions were not deoxygenated before incubation 

experiments. I stoppered bottles, and then inverted them several times to remove any air 

pockets from the sediment. Bottles were then partially refilled from the bottom of the 

water layer, just above the sediment, to remove bubbles. During incubation, bottles were 

kept in darkness and inverted once per hour to avoid diffusion limitation of nitrate supply 

to the sediment.  

I used membrane inlet mass spectrometry (MIMS) to measure dissolved N2 

concentrations (Kana et al. 1994). Membrane inlet mass spectrometry measures dissolved 

gases directly from water samples, avoiding artefacts associated with the acetylene block 

technique for conducting denitrification assays (Groffman et al. 2006). In order to reduce 
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the effect of O2 interference with N2 measurements, a copper reduction column heated to 

600 °C removed O2 from samples before measurement (Eyre et al. 2002). I used humid-

atmosphere-equilibrated deionized water in three 1 L spherical vessels, incubated with 

stirring in high-precision water baths (± 0.01 ºC) at 10.0, 17.0, and 24.0 ºC for at least 24 

hours prior to analysis, as standards for N2 (Heffernan et al. 2012). Hamme and 

Emerson's (2004) solubility formulas were used to calculate gas concentrations in each 

standard according to its temperature. Signal strength at each mass was recorded every 

five seconds, and signal values for samples and standards were determined as the mean 

value of measurements for the first stable full minute of measurements. A standard curve 

was run every 4-6 samples to account for instrument drift, and I applied interpolated 

parameter values to estimate gas concentrations in each sample (Heffernan et al. 2012).  

 Time zero measurements were made immediately by directly sampling 

supernatant water using the MIMS intake. These measurements were then subtracted 

from the T6 measurements to determine the change in N2 concentration over the 

incubation period. Measurements for T0 and T6 cannot be taken from the same bottle 

because of potential contamination by atmospheric N2 introduced as headspace during T0 

sampling. After sampling of supernatant water, sediment was dried until constant mass, 

and masses recorded. 

 I used the difference in N2 gas concentration for each pair, incubation time, and 

sediment mass and organic matter content to determine denitrification rates (μg N g 

sediment OM-1 hr-1). These denitrification assay methods were used to conduct three 

different experiments: 
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 DOC dosing

 

: To address possible direct inhibitory effects of DOC concentrations 

outside of the range of DOC concentrations observed in the field, I performed a dosing 

experiment with standard humic and fulvic acids sourced by the International Humic 

Substances Society (IHSS). Both sediment and water from each of a high-, medium-, and 

low-nitrate spring (Manatee, Ichetucknee, and Alexander Springs, respectively) were 

collected, as specified above. Treatment solutions consisted of unamended site water as a 

controland humic acid at concentrations of 50 mg C L-1 (4.2 mmol C L-1; similar to the 

highest DOC concentration observed in the field) and 150 mg L-1 (12.5 mmol C L-1; 

approximately triple the highest observed DOC).  

Factorial C and N amendment assays:

 Water substitutions: Water source substitution incubations (Figure 5) were 

conducted using water from both spring and blackwater rivers. Sediments from spring 

end members were incubated with overlying site water as the control (0) treatment, as 

well as with water from the nearest blackwater site from the same river system. The 

converse was true of sediments from blackwater rivers, while sediments collected from 

intermediate points along the gradient were incubated with both spring (S) and 

blackwater (BW). These substitution incubations allowed me to assess lability and direct 

inhibition by blackwater DOC as mechanisms responsible for limitation of denitrification 

rates in each of these types of rivers. I also analyzed unamended, unfiltered water 

 Treatment solutions for factorial 

amendment denitrification assays (Figure 5) used ambient local river water collected on 

the day of sampling and consisted of four treatments: Control (0; unamended river water), 

nitrate (N; river water plus 1 mmol nitrate), carbon (C; river water plus 1 mmol dextrose), 

and carbon-nitrate (CN; river water plus 1 mmol nitrate and 1 mmol dextrose).  
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samples without sediment for 11 sites to measure the contribution to total denitrification 

occurring within the water column.  

 

Statistical methods 

I used Pearson’s correlation coefficients and simple linear regression to assess 

covariation of parameters along the environmental long-term total organic carbon 

gradient. 

For each treatment, I assessed the influence of log-transformed sediment organic 

matter content on log-transformed denitrification rates using simple linear regression, 

once for each factorial amendment treatment. Before analysis, I omitted outliers with 

Cook’s distance greater than 1 (one outlier each in control, N only, and CN treatments). 

In addition, I analyzed the effect of sediment OM content on subset of denitrification 

rates including only positive values (no outliers). Because sediment OM exerts strong 

control on the denitrification rate (Figure 7), I analyzed treatment effects from DOC 

dosing, source water substitution, and limitation assays based on OM-corrected rates (μg 

N g sed OM-1 hr-1).  

To understand the broad controls on denitrification in large north and central 

Florida rivers, I used all-subsets regression analysis to determine predictive models for 

both ambient (control treatment) and potential (CN treatment) log-transformed 

denitrification rates. The input parameters in the model selection process were: long-term 

TOC, instantaneous DOC, long-term nitrate, instantaneous nitrate, sediment organic 

content, and hydrologic variability (measured as CV of long-term discharge). Adjusted r2 

was used to choose an appropriate final model. I used simple linear regression to assess 
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the importance of nitrate as a predictor for both ambient and potential denitrification 

rates. A linear regression of the residuals of a model with the nitrate parameter removed 

against the residuals of a model using the remaining parameters to predict measured 

nitrate (added variable plot) was constructed, with the slope of the relationship indicating 

the importance of the nitrate parameter to the final model. 

I used two-way analysis of variance (ANOVA) to compare the effects of factorial 

C and N amendments within each site (Table 3), using a Box-Cox transformation of rates 

prior to analysis. The effects of humic acid dosing on log-transformed denitrification 

rates, as well as differences in raw and proportional changes in DOC concentration 

during bioavailability incubations, were also assessed using analysis of variance. Non-

parametric ANOVA on the ranked denitrification rates was used for water substitution 

experiments. Welch’s t-test was also used to compare the N-replete treatments for spring 

and blackwater substitutions and verify results from the all-treatment non-parametric 

analysis of variance. When significant differences in treatment effects were detected, I 

used Tukey’s HSD to identify distinct means. 

To compare how treatment effects and C and N limitation of denitrification rates 

were related to the ratio of DOC to dissolved inorganic nitrogen (DIN), and how rates 

changed along the gradient of DOC or TOC, I performed functional data analysis 

(Ramsay and Silverman 2002). Using within-site mean denitrification rates for each 

treatment (Table 3), I calculated response ratios (N:control, C:control, CN:C, and CN:N), 

then regressed these ratios against DOC:DIN, long-term TOC (for CN:N and C:control 

ratios only), or long-term nitrate (for CN:C and N:control ratios only). Negative values of 

response ratio were omitted prior to log-transformation, as ratios are particularly sensitive 
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to the magnitude of a frame shift required to log-transform (two negative values removed 

from each of C:control and CN:C response ratios). 

I used R version 2.11.1 with the GUI R-Studio and packages “leaps” and 

“MASS” to perform all statistical analyses. 

 

RESULTS  

Denitrification rates measured in the control (ambient rates) in this study ranged 

from 0.001 μg N g sed-1 hr-1 (0.071 nmol N g sed-1 hr-1) in the Santa Fe River near Hwy 

121 (SF121), to 3.615 μg N g sed-1 hr-1 (258 nmol N g sed-1 hr-1) in the upstream Wekiva 

River (Weku), with a mean of 0.517 μg N g sed-1 hr-1(37 nmol N g sed-1 hr-1; Table 3). 

Denitrification rates in the CN treatments, which represent potential rates, ranged from 

0.107 μg N g sed-1 hr-1 (7.6 nmol N g sed-1 hr-1) in the Withlacoochee River at River Rd 

(WithRiv), to 6.966 μg N g sed-1 hr-1 (498 nmol N g sed-1 hr-1) in the Wekiva River 

downstream of its confluence with Rock Spring run (Wekd), with a mean of 2.042 μg N g 

sed-1 hr-1 (146 nmol N g sed-1 hr-1; Table 3).  

While hydrology showed strong covariation along the TOC gradient, nitrate 

covaried only weakly with long-term TOC. Mean water column chlorophyll a and the 

slope of DO vs. time of day (metrics of water column and ecosystem primary production, 

respectively) showed clear relationships, though opposite in sign, with long-term TOC 

(Figure 6). The coefficient of variation of long-term discharge (a measure of hydrologic 

variability) and long-term TOC were strongly positively correlated (adjusted r2 = 0.82, p 

<0.001), while long-term and instantaneous measures of nitrate concentration exhibit a 

negative, though not statistically significant relationship with long-term TOC (long-term 
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nitrate: p = 0.13, instantaneous nitrate: p = 0.10). Mean water column chlorophyll a 

concentration was positively correlated with long-term TOC (adjusted r2 = 0.16, p 

<0.001), while the slope of DO vs. time of day and long-term TOC were negatively 

correlated (adjusted r2 = 0.32, p <0.001). Instantaneous measurements of DOC and nitrate 

correlate strongly with long-term TOC (adjusted r2 = 0.76, p <0.001) and nitrate (adjusted 

r2 = 0.60, p <0.001), respectively, exhibiting a slope near one (Figure 7).  

Organic matter content of the sediment explained between 16 and 65% of the 

variation in denitrification rates measured in the control, N only and C and N treatments, 

while there was no significant relationship between denitrification rate and sediment OM 

in the C only treatment (Table 2). When negative values of denitrification rate were 

removed from analysis, the observed relationship between sediment OM and 

denitrification rate was much stronger, and explained a higher portion of variation in the 

data, ranging from 38 to 65%. For each of the regressions with a significant result, 

sediment OM content and denitrification rates were positively correlated (Figure 8). The 

relationship was more pronounced in the N-replete treatments (CN and N only) than in 

the treatments in which sediments were subject to N-limitation (control and C only).  

Measured net change in DOC concentration in the bioavailability incubations was 

not consistently positive or negative, and did not differ significantly among the four sites 

measured (p = 0.11, data not shown). Change in DOC concentration as a proportion of 

starting DOC concentration also did not differ significantly among sites (p = 0.32; Figure 

9). Two replicates (one each from BWC44 and WekKL) showed an increase in DOC 

concentration of more than an order of magnitude. These results were considered 

erroneous and were excluded from the analysis.  
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All-subsets regression analysis indicated that the best fit model for ambient 

(adjusted r2 = 0.44, p < 0.001) log-transformed denitrification rates contained the 

parameters: sediment organic matter content (OM), long-term TOC, instantaneous nitrate 

concentration, and hydrologic variability (Table 2). The best-fit regression for log-

transformed denitrification potentials (adjusted r2 = 0.69, p < 0.001) contained the same 

parameters, but used long-term rather than instantaneous nitrate concentration (Table 2). 

An added variable plot (Figure 10) allowed assessment of the importance of the nitrate 

parameter in absence of bias caused by its co-variation with the other parameters. Here, 

the residuals of the linear model relating instantaneous nitrate to TOC, OM and 

hydrologic variability explained 14% of the variation in residuals from the model relating 

ambient denitrification (control treatment) rate to these same parameters and had a slope 

of 0.85. For the potential model (CN treatment), the same analysis indicated that the 

long-term nitrate model residuals did not explain a significant amount of variation in the 

residuals of the denitrification rate model (p = 0.56). 

Within-site ANOVAs (Table 3) showed strong evidence for nitrate limitation of 

denitrification rates in 16 of 20 sites. Treatments containing N as nitrate showed 

significantly higher rates than N-unamended treatments (Figure 11). None of the sites 

showed evidence of carbon limitation alone. Furthermore, two sites showed a significant 

interaction effect between carbon and nitrate amendments. In Cow Creek, a blackwater 

site, the effects of adding C and N together were approximately additive of the effects of 

either C or N alone, indicating co-limitation of the denitrifying bacterial community by 

both labile carbon and nitrate (Figure 11).  
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Water substitution had no significant effect on denitrification rates for any 

combination of sediment and water source (for blackwater sediments, p = 0.65; 

intermediate sediments, p = 0.60; spring sediments, p = 0.53; Figure 12). Dosing with 

high concentrations of humic acid neither significantly depressed nor increased 

denitrification rates in any sediment type (p = 0.84; Figure 13). Water column 

denitrification assays showed no significant differences between T0 and T6 N2 

concentrations in any of the 11 sites measured, suggesting negligible contribution of the 

water column to denitrification (data not shown).  

Regressions of denitrification rate (expressed per gram sediment OM) against 

long-term TOC were not significant for any treatment (Figure 14-A, B), but in all cases 

the highest values were observed in systems with low TOC. Long-term TOC was not 

correlated with denitrification rates from the CN treatment (p =0.94). The denitrification 

rates for the N-only treatment had a slightly negative relationship with long-term TOC, 

but this was not significant (p = 0.15). Similarly, neither rates measured in the C 

treatment (p = 0.47) nor the control treatment (p = 0.24) were correlated with long-term 

TOC. 

In contrast, treatment response ratios were correlated with the ratio of DOC:DIN 

in the water column, as well as long-term nitrate and TOC concentrations (Figure 14). 

The response ratio of C:control and water column DOC:DIN were not significantly 

correlated (p = 0.12 ; Figure 14-C), but when one outlier was removed, a weakly 

significant positive correlation between C:control ratio and DOC:DIN was observed (p = 

0.09). The relationship between CN:N ratio and DOC:DIN was also weakly significant 

and positive (p = 0.07; Figure 14-D). A negative linear relationship between the 
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N:control response ratio and long-term nitrate concentration explained 30% of the 

variation in N:control ratio (p = 0.02; Figure 14-H). Similarly, the regression of CN:C 

against long-term nitrate concentration was significant and negative (p = 0.24; Figure 14-

G). The ratio of C:control vs. TOC was not significant (p = 0.44), however, when one 

outlier was omitted, the relationship between C:control and TOC was significantly 

positive (p = 0.004), with TOC explaining 40% of the variation in the C:control ratio 

(Figure 14-E). The ratio of CN:N response against long-term TOC was positive, and 

described 44% of variation in the CN:N response ratio (p = 0.002; Figure 14-F).  

 

DISCUSSION 

I observed an increase in the response of denitrification rates to labile C addition 

along a TOC gradient, which is consistent with increased C-limitation at higher 

concentrations of terrestrial DOC. The results of my study suggest that direct inhibition is 

negligible at both ambient and elevated concentrations of DOC characteristic of Florida’s 

blackwater rivers and that this terrestrially-derived organic matter is also largely 

unsuitable to fuel denitrification. These results are consistent with the hypothesis that 

DOC from terrestrial sources indirectly inhibits denitrification rates by limiting light to 

the benthos and thus excludes autochothonous production in highly colored rivers.  

In the northern Florida rivers included in my study, long-term TOC and nitrate 

concentrations covaried only slightly (Figure 6). Because the covariation was relatively 

weak, it is likely that observed variation in denitrification rates among sites along the 

TOC gradient are relatively independent of nitrate concentrations. I observed good 
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agreement between long-term and instantaneous measurements of both nitrate and 

DOC/TOC.  

Positive correlation between long term TOC and the slope of DO vs. time of day 

further indicates that primary production is limited in systems with high concentrations of 

DOC in the water column. In highly productive river reaches, photosynthesis increases 

DO concentrations over the course of the day, while in rivers with low production, the 

effects of diel temperature variation decreases the solubility of O2 in the afternoon when 

water temperatures are higher. Aerobic metabolism also decreases DO concentration 

(Odum 1956). Therefore, analyzing the slope of DO against time of day gives 

information about the relative magnitude of ecosystem primary production among 

systems. If DOC controls production, then the slope of DO vs. time of day should 

decrease with increasing DOC, as observed in my study (Figure 6).  

Particularly in intermediate sites, which integrate different proportions of water 

from blackwater and spring-fed rivers among seasons, long-term and instantaneous water 

quality measurements give different information. Long-term mean and variance in a 

water quality parameter may determine the composition of the bacterial community, 

while the instantaneous measurements quantify the absolute and relative abundance of 

reactants available to denitrifiers. Therefore, both types of data are valuable as they can 

elucidate timescales over which DOC and nitrate are important for a given 

biogeochemical process. In my study, measurements of carbon and nitrate correlate well 

between the two timescales, indicating that instantaneous measurements taken during 

sediment sampling are representative of the long term DOM and nitrate regimes in these 

systems. 
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The results of my study suggest that the dark-colored and high-molecular-weight 

dissolved organic carbon characteristic of blackwater rivers neither directly inhibits nor 

stimulates denitrification rates. Neither incubating sediments from spring or intermediate 

rivers with water from blackwater sources, nor dosing any sediment type with high levels 

of humic acid resulted in significant change in denitrification rates under N-replete or 

ambient N concentration conditions. I did not observe any significant differences in 

bioavailability of DOC among site types, but my results cannot separate effects of DOC 

consumption and production during incubations. High variability in these data suggests 

that the bioavailability assay performed poorly. Nevertheless, incubation with blackwater 

and humic acid did not increase denitrification rates, indicating that blackwater DOC is 

not a labile carbon source for denitrifiers. Together, these results suggest that the DOC in 

blackwater systems does not directly inhibit denitrification rates, but this DOC has little 

metabolic benefit for denitrifying bacteria. 

Correlations between response ratios of experimental treatments and long-term 

TOC concentration provide evidence of indirect inhibition of denitrification by terrestrial 

dissolved organic carbon. The C:control response ratio, higher values of which indicate 

greater carbon limitation, was positively related to long-term TOC concentration, 

indicating greater severity of carbon limitation of denitrification in systems with greater 

DOC, as predicted by the indirect inhibition hypothesis. In contrast, the N:control 

response ratio decreases with increasing nitrate concentration, indicating that nitrate 

limitation is less severe in systems with higher background nitrate concentrations. The 

increase in C limitation with increasing DOC is observed both in sediments that are 

subject to N-limitation (C:control ratio) as well as those subjected to N-replete conditions 
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(CN:N ratio), indicating that DOC-driving C limitation is independent of nitrate 

concentration. Increased severity of C limitation in blackwater as opposed to spring sites 

is also observed in the comparison of treatment effects between individual sites (Figure 

11). In the Ichetucknee River, a spring site, the pattern of responses to treatments 

indicates nitrate-only limitation. In contrast, the pattern of denitrification treatment 

responses in sediments from Cow Creek, a blackwater site, suggests that the denitrifier 

community is co-limited by nitrate and labile C in this blackwater site.  

The conclusion that blackwater dissolved organic carbon inhibits denitrification 

rates indirectly through suppression of aquatic primary production is consistent with the 

conclusions drawn by Heffernan and Cohen  (2010) from the results of high-frequency 

measurements of nitrate in the Ichetucknee River, one of northern Florida’s spring runs. 

They attributed approximately 80% of total N removal in this system to denitrification. 

Much of the day-to-day variation in N removal ascribed to denitrification was explained 

by variation in gross primary production (GPP), which was, in turn, linked to changes in 

insolation, indicating tight coupling between primary production and denitrification in 

this system. The most likely mechanism for this coupling of primary production and N 

removal is alleviation of C-limitation following days of high insolation as a result of 

increased exudation of labile DOC by primary producers (Heffernan and Cohen 2010). 

I have shown evidence that inhibition of denitrification in higher DOC sites is a 

result of increased C-limitation resulting from light limitation of primary production. 

However, long-term TOC concentrations and hydrologic variability are highly correlated 

(Figure 5), which confounds the reason for exclusion of aquatic vegetation as a source of 

labile carbon from blackwater rivers. If these ecological communities are sensitive to 
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variable flow and river stage, hydrologic variability may play a role in their absence. 

However, some study sites with relatively high hydrologic variability had established 

benthic vegetation communities (e.g., With48, WekKL), suggesting that hydrologic 

variability alone is not sufficient to exclude submerged aquatic vegetation communities. 

Both colored DOC and hydrologic variability likely play a role in limiting primary 

production. Even in oligotrophic lakes, light limitation by DOC is the primary control on 

primary productivity (Karlsson et al. 2009). While it is likely that light limitation of 

photosynthesis by colored DOC is the primary constraint on labile C availability, future 

studies should address the contributions of flow regime to limitation of macrophyte 

communities in Florida rivers.  

Measurements of absorption and fluorescence spectra of a DOC pool provide a 

great deal of information regarding the relative proportion of different moieties within the 

pool (e.g., Sierra et al. 1997, McKnight et al. 2001, Stedmon et al. 2003), but the 

significance of these optical properties to ecological function is less clear (Jaffé et al. 

2008). The roles of DOC in an aquatic ecosystem are varied (Jaffé et al. 2008) and, 

different components within the DOC pool interact, as shown in my study. Further 

application of spectroscopic methods to link these measurements of DOC composition to 

specific ecological functions will strengthen understanding of the many and interacting 

roles DOC plays in aquatic ecosystems.  

The denitrification rates observed in this study fall within the wide range reported 

from acetylene block measurements in other systems. The mean ambient rate for 

sediment incubations from all sites used in this study was 0.517 μg N g sed-1 hr-1 (37 

nmol N g sed-1 hr-1), very similar to the mean reported by Barnes et al. (2012) of 0.696 μg 
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N g sed-1 hr-1 (50 nmol N g sed-1 hr-1) for Boulder Creek (Colorado, USA) and its 

tributaries. Arango et al. (2007) report a range of ambient denitrification rates in 

Midwestern streams with varying benthic substrates from 0.1 to 11.1 μg N g sed-1 hr-1 

(7.1 to 793 nmol N g sed-1 hr-1). Similarly, Groffman et al. (2005) measured ambient 

denitrification rates in urban streams of Baltimore, MD, which ranged from 0.0026 μg N 

g sed-1 hr-1 (0.19 nmol N g sed-1 hr-1) in gravel bed sediment to 4.96 μg N g sed-1 hr-1 (354 

nmol N g sed-1 hr-1) in substrate from a debris dam. As in this study, Groffman et al. 

(2005) found that denitrification rates were strongly correlated with sediment organic 

matter content. 

Because denitrification incubations were conducted ex situ, the ambient and 

potential rates measured in these experiments may not be representative of actual rates in 

these systems. Removing sediments from the rivers, transporting and homogenizing them 

before incubation, exposes anoxic sediments to the atmosphere and destroys its structure . 

Removal of sediment for experimentation may also disrupt the effects of exudation by 

macrophyte and microphytobenthic communities. The approach used in this study, while 

useful for identifying limitations and potential rates of denitrification, also isolates 

sediments from any effects of flow. In natural river systems, advection continuously 

delivers dissolved nitrate and carbon (but see Cohen et al. 2012 for discussion of nitrate 

diffusion limitation of denitrification in these systems), but in my experiment, diffusion 

and hourly manual mixing of incubation vessels were the only means of nitrate delivery 

to sediments during incubation. In addition, during transport and storage of water and 

sediment, labile DOC in the water column or in interstitial water of sediment samples 

may have been metabolized by organisms that passed through filtering of water or were 
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collected with sediments. Finally, oxic conditions present at the beginning of 

denitrification incubation experiments could have led to competition between denitrifiers 

and aerobes for available nitrate. 

In many cases, the effects of these bottle experiment artefacts would be to mask 

rather than exaggerate expected treatment effects. Changes in nitrate availability and 

delivery in the incubations as compared to in situ conditions should be manifest equally 

among sites, and should not impose a directional change in observed rates. If labile DOC 

were consumed during transport and storage of water and sediment, then the likelihood of 

C-limitation should increase in sediments from conditions that favored production of 

labile C by primary producers. Even given this possible masking effect of consumption of 

labile C, I still observed a pattern of increasing C limitation with increasing DOC. 

Competition between denitrifiers and aerobes during oxic periods of incubations, 

particularly in the carbon-only treatment, may explain the negative denitrification rates 

measured in several carbon-only treatment incubations, and again, should serve to mask 

differences in severity of C limitation along the DOC gradient of rivers. 

Despite the limitations of bottle experiments, the ambient denitrification rates I 

observed have good agreement with long-term, high-resolution mass balance estimates of 

denitrification in one spring river system (Heffernan et al. 2010, Heffernan and Cohen 

2010). Heffernan et al. (2010) used a mass balance approach to calculate areal 

denitrification rates of 23.8 to 32.1 mg N m-2 h-1 (1.70 to 2.29 mmol N m-2 h-1) for the 

Ichetucknee River. Using a bulk density value of 1.21 g cm-3 for sediment of this river 

(R. Hensley, pers. comm.), I created a conversion factor for mass-based to areal rates, 

assuming an active denitrifying layer of depth 5 cm (Inwood et al. 2007). I used the mean 
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ambient denitrification rate for the Ichetucknee River of 0.378 μg N g sed-1 hr-1 (27 nmol 

N g sed-1 hr-1; Table 3) to calculate an areal rate of 22.9 mg N m-2 h-1 (1.64 mmol N m-2 h-

1) – very similar to the mass-balance estimate. The denitrification rate measured for the 

Ichetucknee River also falls in the range of areal denitrification rates measured using 

MIMS to measure denitrification by the open-channel method, which measures N2 

production in situ over whole river reaches. Laursen and Seitzinger (2002) used the open-

channel method to measure denitrification rates in three rivers in the U.S. and observed a 

wide range from 3.8 mg N m-2 h-1 (0.27 mmol N m-2 h-1) to 221.3 mg N m-2 h-1 (15.81 

mmol N m-2 h-1). The rate I measured in the Ichetucknee River using an ex situ 

incubation, is well within the range of denitrification rates measured in situ by Laursen 

and Seitzinger, further supporting the denitrification rates measured using this technique. 

 

Implications for N cycling in large rivers 

 Most of the current methods for estimating N removal processes in large rivers 

involve scaling measurements made in small headwater streams to the channel geometry 

and hydrology of large rivers (Alexander et al. 2000, Seitzinger et al. 2002). This 

approach, however, underestimates N removal in some large rivers because it de-

emphasizes the importance of in situ OM production, which tends to be a more important 

carbon source in large rivers than headwater streams (Heffernan et al. 2010). The results 

of this study support the assertion made by Heffernan et al. (2010) that scaling derived 

from hydrology and geometry alone, particularly in rivers with highly productive 

submerged aquatic vegetation communities, is insufficient to predict the magnitude of N 

removal in large rivers. 
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Some physical characteristics of large streams, such as finer sediments and higher 

light levels, suggest that they provide more suitable conditions for denitrification 

(Lamberti and Steinman 1997, Moran and Zepp 1997, Solomon et al. 2009) than small 

streams, while other properties, such as greater depth and a higher proportion of 

recalcitrant OM (Vannote et al. 1980, Leff and Meyer 1991, Seitzinger et al. 2002) 

suggest the opposite. What is clear is that large rivers and small streams are not the same, 

and conclusions about coupling of C and N cycles derived from small streams should not 

simply be scaled up to explain the behavior of biogeochemical cycles in large rivers. In 

large rivers, especially those with clear water, autochthonous production is an important 

source of labile carbon for denitrifiers. Explicitly clarifying the role of these large rivers 

in freshwater denitrification will allow for more accurate global N budgets and 

predictions about the response of C and N cycles in the face of global change. 

My study elucidates how global nitrogen cycling changes with rising 

concentrations of DOC in surface waters. My results suggest the quantity and quality of 

DOC in rivers of Florida are linked, and that blackwater rivers with high concentrations 

of DOC not only contain a high proportion of recalcitrant compounds, but also that 

attenuation of light by colored DOC inhibits the production of more labile compounds 

produced by aquatic vegetation. Denitrification is likely to become more carbon limited 

as concentrations of colored DOC increase in surface waters, diminishing the ability of 

freshwater ecosystems to remove reactive nitrogen. By inhibiting in stream primary 

production and production of labile OM in the sediments, increases in colored DOC in 

freshwater ecosystems may have consequences not only for the ecology and 

biogeochemistry of those systems, but also for eutrophication of downstream ecosystems. 
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	I used membrane inlet mass spectrometry (MIMS) to measure dissolved N2 concentrations (Kana et al. 1994). Membrane inlet mass spectrometry measures dissolved gases directly from water samples, avoiding artefacts associated with the acetylene block tec...

