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Predicting Water Quality Impacts of Rerouting Drainage Water 
from the Pamlico Sound to Restored Wetlands 

 

1. Introduction 
Agriculture production is vital to the economy in coastal regions, but its successes 

continue to place environmental pressures on nearby shellfishing waters and wetland 
ecosystems. Water drained from agricultural croplands often contains nutrients, sediment, and 
fecal bacteria. Drainage water from croplands routed directly into coastal rivers and estuaries 
can contribute to lower quality of shellfishing waters, while the hydrologic alterations can also 
lower water tables in surrounding wetland ecosystems, resulting in degraded ecosystem 
structures and increased potential for peat fires (Ardόn et al., 2010; Chescheir et al., 1991). 
Furthermore, N rich drainage water routed into nutrient sensitive terrestrial, freshwater, and 
marine ecosystems has been found to negatively influence their functionality (Carnicer, et al., 
2015; Ribaudo et al., 2011; US EPA, 2010; Matson et al., 1997; Vitousek et al., 1997). 

Strategically placed wetland restorations in coastal landscapes have been reported to 
effectively store water and reduce nutrients, sediment, and fecal bacteria of incoming 
agricultural drainage water. Restored forested wetlands are one type of wetland that has been 
found to provide additional water treatment, flood abatement, biodiversity, and carbon storage 
in coastal regions (Adame et al., 2015). Chescheir et al. (1991) investigated the effectiveness 
of two forested wetlands receiving nutrient rich drainage water in the Albemarle Peninsula of 
North Carolina. Nitrate-nitrogen (NO3-N) concentrations were reduced by as much as 97%. 
Ardόn et al. (2010) reported that after restoring wetland hydrology and rerouting agricultural 
drainage water into a formally drained 440 ha forested wetland area in the Albemarle Peninsula 
of North Carolina, yearly NO3-N removal rates were 5.98 kg N ha-1 yr-1. Therefore, 
conservation programs that invest resources into strategically positioned wetland restoration 
projects in agricultural areas could lead to a reversal in both declining wetland ecosystem 
structure and water quality trends in coastal estuaries.  

In the U.S. achieving jurisdictional wetland hydrology is often the primary parameter 
for wetland restoration projects because of its legal importance for mitigation banking credits 
and its critical impact on establishing at least some acceptable level of wetland vegetation, 
saturated soils, and internal plant and microbial processes such as denitrification and carbon 
sequestration common in natural wetlands (Mitsch, and Gosselink, 2007; Caldwell, 2007). 
Traditional Natural Resource Conservation Service (NRCS) wetland restoration designs in 
coastal regions of North Carolina typically include plugging of drainage ditches, constructing 
berms to impound water, installing water control structures (e.g., flashboard risers), and surface 
topography manipulations to help restore minimal jurisdictional wetland hydrology 
(Jarzemsky et al., 2013; Tweedy et al., 2001). Additional techniques in wetland restoration 
projects (e.g., berm construction, surface topography manipulations, substrate nutrient and 
chemical modifications, native plants reestablishment) are often employed to help natural 
processes that once existed develop quickly to speed the rate of recovery in degraded 
ecosystems (Dobson et al., 1997).  While this can be an effective practice for restoring the 
wetland hydroperiod and habitat, this type of design does not always maximize the potential 
of the restoration to improve water quality of downstream ecosystems.  
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Natural, restored, or enhanced wetlands have been used to treat agricultural drainage 
water with significant concentrations of NO3-N with varied success. Nitrate-nitrogen (NO3-
N) removal rates in restored wetlands receiving NO3-N rich waters are variable.  Beutel et al. 
(2009) observed NO3-N removal rates in a surface-flow constructed wetland receiving 
agricultural runoff to range from 139 to 146 mg N m-2 d-1 with inflow NO3-N concentrations 
of 1 to 3 mg L-1.  Karpuzcu and Stringfellow observed removal rates as high as 350 mg N m-2 
d-1 in a study of NO3-N reduction in wetlands receiving agricultural drainage water. However, 
Bachand and Horne (1999) observed NO3-N removal rates as high as 2800 mg N m-2 d-1 in a 
macrocosm constructed free-water surface wetland study receiving NO3-N concentrations of 
8 NO3-N mg L-1.  

Nitrogen cycling in wetlands involve complex physical and microbial processes. 
Variability of wetland nutrient removal effectiveness depends on factors such as wetland to 
watershed ratio, soil type, wetland ecosystem type, residence time, and hydraulic and nutrient 
loading rates (Arheimer and Wittgren, 2002; Zedler, 2003; Woltermade, 2000). Primary NO3-
N removal processes in wetland systems include denitrification and plant uptake. 
Denitrification, a microbially mediated transformation of NO3-N to nitrogen gas (Hunter et 
al., 2001; Reddy et al., 1989), has been identified as the primary NO3-N removal pathway 
within wetland systems. However, removal through denitrification is limited if the soil/water 
interface does not provide ideal conditions such as low soil redox, carbon availability, and 
suitable pH and temperatures. Plant uptake has generally been assumed the second most 
important removal mechanism for NO3-N reduction in wetlands, because as plants die, 
mineralization of the tissues can reintroduce sources of N to the wetland and downstream 
(Tanner et al., 2002). 

Ideally, wetland performance evaluations should be conducted prior to the 
development of water management plans for wetland systems receiving N rich water. 
However, several researchers have attempted to establish nutrient management plans at the 
field scale after pumping to those areas began., often leading to challenges in evaluating the 
maximum nutrient removal potential and tracing NO3-N transformations occurring within 
these systems (Bruland et al., 2006; Chescheir et al., 1991). Results of these studies indicated 
the need to use a controlled mass balance approach to improve predictions of NO3-N 
transformations within full-scale wetland systems (Kangas and Adey, 1996), prior to initiating 
loading. Additionally, further research to determine the impact of the varying conditions that 
affect NO3-N removal rates within wetland systems is critical to develop more efficient 
wetland management strategies.  

Mesocosms are useful tools to accomplish this.  The allow researchers to examine 
nutrient transformations within a controlled system and several studies have found mesocosms 
to adequately model full-scale wetlands for NO3-N reduction. Ahn and Mitsch (2002) did not 
observe significant differences in the degree of mixing and effects on water quality 
improvement in a study comparing mesocosms to full-scale wetland evaluations on a 1:10,000 
scale. Additionally, Bachand and Horne (2000) concluded that wetlands could be adequately 
modeled with macrocosms to determine NO3

--N reductions compared to full-scale wetlands 
and found no significant differences on a 1:1,000 scale. The few discrepancies observed 
between coupled mesocosm to full-scale studies have found them to underestimate NO3

—N 
reductions (Ahn and Mitsch, 2002; Bachand and Horne, 2000). Therefore, mesocosms may 
actually provide conservative estimates of NO3-N treatment due the spatial heterogeneity (e.g., 
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light penetration, plant density, hydraulic conductivity) in full-scale wetlands that often 
provide additional NO3-N removal potential (Bírgand et al., 2007). 

NO3-N removal potential of two wetland restoration projects in eastern North Carolina 
that could be used to treat agricultural drainage water were evaluated in this study. These sites 
have two distinct soil types in terms of nutrients, carbon, texture, and pH, all of which have 
been shown to influence NO3-N removal via microbial processes or plant uptake  (Puckett et 
al., 2004; Engles and Marschner, 1995). At one of the sites situated in Hyde County, NC, the 
restoration plan called for pumped NO3-N rich drainage water to enter a degraded wetland 
ecosystem to reduce the volume of NO3-N rich water pumped to the nutrient sensitive Pamlico 
Sound. Stakeholders requested predictions of NO3-N removal rates within the future restored 
wetlands. The second site was situated downstream from a major agricultural facility in 
Carteret County, NC and buffers the North River Estuary. It was in a landscape position that 
could be ideal for drainage water treatment, so a clearer understanding of the NO3-N removal 
potential of this site will help those stakeholders determine if water treatment should be a goal 
of the restoration plan.   

 

1.1 Objectives 
A laboratory study was conducted to identify nitrogen removal potential (particularly 

NO3-N) for two distinct wetland restoration sites with different soils. The wetland mesocosms 
were loaded with soils from both sites, planted, and allowed to establish. The impact of the 
soils (nutrients, bulk density, pH) along with season, N load, water temperature, and antecedent 
soil moisture conditions on NO3

—N removal rates were investigated. We hypothesized that 
removal in the Scuppernong (organic soil) wetlands would perform better than the Deloss 
(mineral soil) wetlands because of its significantly higher carbon availability (α=0.05), which 
is often the primary limiting agent for microbial removal of NO3-N in restored and constructed 
wetland systems (Warneke et al., 2011; Burchell et al., 2007). Primary objectives of the study 
included: 

1. Utilize mesocosm-scale wetlands with restoration site soils receiving NO3
—N rich 

drainage water to quantify the NO3
—N removal rates under varying seasonal, N 

loading, and antecedent soil moisture conditions. 
2. Compare NO3

—N removal rates between two distinct wetland soil types and 
explore if differences do exist. 

3. Determine potential causes for differences between treatments if they exist. 
4. Improve our understanding of hourly nitrogen and carbon cycling within these 

systems with advanced analytical techniques using real time UV-Vis spectrometry.  
5. Create a dataset of NO3-N removal observations over varying season, N loading, 

and antecedent conditions for two wetland environments at the mesocosm scale, 
6. Evaluate the fit of five NO3-N removal models (the zero order, first order, 

efficiency loss, tanks in series, and Monod) with observed NO3-N removal 
observations 

7. Quantify the impact of plant and microbial assimilation (temporary removal) and 
denitrification (complete removal) on NO3-N removal rates in two distinct wetland 
environments. 

8. Provide predictions for the maximum drainage water volumes that can be pumped 
into the restored wetlands based on the kinetic model that best fit observed NO3-N 
removal datasets 
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The goal of this report is to summarize the major results and impacts of this study.  Additional 
details can be found in the Ph.D. dissertation of Messer (2015) available on-line at  
http://www.lib.ncsu.edu/resolver/1840.16/10634. 
 
2. Materials and Methods 
2.1 Wetland Mesocosm Setup for Batch Study Experiments 

Six large wetland mesocosms (3.5 m long X 0.9 m wide X 0.75 m deep) were 
constructed in a greenhouse near North Carolina State University 16 months prior to the initial 
experiment (Figure 1). Three randomized mesocosm replicates were loaded with Deloss soil 
from Carteret Couty, a poorly drained, mineral soil typically associated with marine terraces 
(fine-loamy, mixed, semiactive, thermic Typic Umbraquults), while three more were loaded 
with Scuppernong soil from Hyde County, a poorly drained, organic soil typically associated 
with Pocosin wetlands (loamy, mixed, dysic, thermic Terric Haplosaprists). Three smaller 
mesocosms that did not have soil served as controls for the experiments. 

The climax forested wetland ecosystems expected at each restoration site was 
impossible to replicate at the mesocosm scale. Therefore, in early May 2011, the wetland 
mesocosms, with the exception of the controls, were planted with a monoculture of soft-
stemmed bulrush (Schoenoplectus tabernaemontani) obtained from a greenhouse (Mellow 
Marsh Farms, Siler City, NC). Soft-stemmed bulrush was chosen because other researchers 
have successfully utilized this plant to simulate wetland nutrient dynamics at the mesocosm 
scale (Burchell et al., 2007; Kadlec et al., 2005). Additionally, the above and below ground 
biomass of S. tabernaemontani can establish quickly with careful attention to the plant 
requirements. The bulrush was planted on 15 cm centers, or approximately 125 plants per 
mesocosm. During the remainder of 2011 and into the fall of 2012, the plants were allowed to 
establish under saturated to inundated conditions. 

A recirculation system was installed in each mesocosm to simulate the conditions of 
drainage water slowly moving through the wetland. The systems consisted of 13 mm Schedule 
40 PVC distribution system connected to a Rio Plus 180 mini head pump (TAAM Inc.,CA), 
which was adjusted to allow drainage water to turnover once a day. To determine if soil redox 
values were at levels conducive for denitrification, platinum-tipped probes were constructed 
as described by Wafer et al. (2004), and installed in replicates of 5 at soil depths of 5 and 15 
cm within each mesocosm. 

 

http://www.lib.ncsu.edu/resolver/1840.16/10634
http://www.lib.ncsu.edu/resolver/1840.16/10634
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Figure 1: Wetland mesocosm experimental setup. 
 

Few water quality studies collected continuous measurements of water chemistry due 
to budget limitations or logistics. Continuous measurements can be important in minimizing 
errors, and can provide insightful information on fluctuations of pollutant concentrations that 
may occur between infrequent sampling events. Bírgand et al. (2010) demonstrated that daily 
or weekly sampling can lead to large calculation errors (20% or more) in mass transport of 
chemicals such as NO3-N, and limits the understanding of the biogeochemical factors that 
govern changes in chemical concentrations at the watershed outlet. Likewise, Jollymore et al. 
(2012) found that weekly measurements underestimated exports of dissolved organic carbon 
(DOC) by 30% compared to continuous measurements at the watershed outlet. To evaluate the 
importance of frequent measurements in this study and to advance the techniques typically 
used in mesocosm experiments, a Spectro::Lyzer automatic UV-Vis spectrometer probe 
(S::CAN company-Vienna, Austria) was connected to a multiplexor pumping system and 
controlled with a Arduino programmable logic controller (PLC)  (Ivrea, Italy) that allowed 
measurements of NO3-N and DOC to be made in all mesocosms at hourly intervals.  

2.1.1 Wetland Mesocosm Batch Experiments  
Eighteen experiments were conducted between September 2012 to September 2014 to 

evaluate NO3-N removal across season and at variable loading rates. The experiments were 
conducted as batch studies, with each mesocosm loaded at constant hydraulic and nutrient 
loading rates (Table 1). Initial NO3-N concentrations were varied throughout the batch studies, 
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with target concentrations based on those commonly observed in agricultural drainage water 
near the two restoration sites (2.5-10 mg L-1). A base target load of 0.6 g NO3-N m-2 which 
corresponded to an 18 cm water depth and 2.5 mg L-1 NO3-N concentration was chosen 
because observations at the future restoration sites suggested the restored wetland loadings will 
be most frequently near this level. Additional batch runs were completed with target loads 
varying between of 0.9 g NO3-N m-2 and of 3.6 g NO3-N m-2 and water depths of 18 to 30 cm. 
Each batch study lasted 7 to 10 days. 

 
Table 1: Summary of wetland mesocosm batch studies. 

† - Negative value indicates water level below wetland surface 
 

Artificial agricultural drainage water was mixed onsite in a 3,785 L tank using technical 
grade calcium nitrate decahydrate. After the tank was filled with water, the chemical was added 
and thoroughly mixed for 5-10 minutes to evenly distribute the NO3-N. Following mixing, a 
grab sample was taken from the tank for water quality analysis. Simulated drainage water was 
then pumped into each mesocosm using a gasoline powered pump. An in-line flow meter 
measured the exact volume applied to each mesocosm to precisely determine NO3-N loads 
applied to individual mesocosms. 

2.1.2 Water Quality Sampling and Analysis 
Grab water quality samples were collected from the recirculation system on days 0, 1, 

2, 3, 5, 7, and in 14 of 18 batches, day 10.  Samples were analyzed for NO3-N, dissolved 
organic carbon (DOC), Total Kjeldahl Nitrogen (TKN), ammonium-N (NH4-N) and chloride 
(Cl-). Organic-N (ON) was determined as the difference in measured TKN and NH4-N values. 
All water quality samples were filtered through 0.45 μm filters. NO3-N and NH4-N water grab 
samples were evaluated at the Soil Science Environmental and Agricultural Testing Laboratory 
(SSC-EATS Lab) in Raleigh, NC with a Quikchem 8000 (Lachat, Milwaukee, WI). 
Measurements of NO3-N concentrations were made using the cadmium reduction method. 

Season Date 
Experiment 

Period 
Water Depth Prior 

to Loading 
Water Depth 

After Loading 
Target 
NO3—N 

Target NO3—N  
Load 

Days ------------------------cm----------------------- mg L-1 g N m-2 
Fall 9/25-10/4/12 10 4 30 2.5 0.9 
Fall 10/16-10/26/12 10 4 18 5 0.9 
Fall 11/5-11/15/12 10 18 30 10 2.2 
Fall 9/24-10/4/13 10 4 30 10 3.6 
Fall 10/15-10/25/13 10 4 18 2.5 0.6 
Fall 9/2-9/9/14 7 -5† 20 2.5 0.9 

Winter 1/22-2/1/13 10 4 15 2.5 0.6 
Winter 2/11-2/21/13 10 4 18 5 0.9 
Spring 5/28-6/7/13 10 4 18 2.5 0.6 
Spring 4/8-4/18/14 10 4 18 5 0.9 
Spring 4/21-5/1/14 10 4 30 10 3.6 
Spring 5/27-6/6/14 10 4 30 2.5 0.9 

Summer 7/2-7/12/13 10 4 30 2.5 0.9 
Summer 8/6-8/16/13 10 4 30 5 2.0 
Summer 8/20-8/27/13 7 4 30 2.5 0.9 
Summer 6/13-6/20/14 7 4 18 2.5 0.6 
Summer 7/22-8/1/14 10 4 30 10 3.6 
Summer 8/12-8/19/14 7 4 18 5 0.9 
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DOC, TKN, and Cl- grab samples were evaluated by the North Carolina State University 
Biological and Agricultural Engineering Environmental Analysis Test Service Laboratory 
(BAE EAL) in Raleigh, NC using the High-Temperature Combustion Method (Van Hall et al., 
1963) and a Teledyne Techmar Apollo 9000 (Mason, OH), the acid digestion and ammonia 
salicylate method for automated analysis (EPA Method 351.2, 1979), and the ferricyanide 
method for automated analysis (EPA Method 325.2, 1979), respectively.  

While these parameters were needed to study the fate of N within the wetland systems, 
NO3-N, and DOC samples were also used to calibrate the UV-Vis spectrometer. NO3-N and 
DOC concentrations were measured hourly from the six wetland mesocosms and three controls 
using the UV-Vis spectrometer accompanied with a PLC system (Figure 2). Each mesocosm 
had 0.3175 cm plastic tubing in the water column that was connected to the multiplexor system.  
A program uploaded onto the PLC controller was developed to switch on a peristaltic pump 
and open one dedicated solenoid valve at a time for water quality sampling of each mesocosm. 
Samples were sent to a 4 mm quartz cuvette positioned between the measurement window of 
the spectrometer for analysis. The entire system was flushed with the new incoming sample 15 
seconds prior to the reading. Once the spectrometer reading was completed, the peristaltic 
pump would reverse pumping direction and route water back into the mesocosm. Each sample 
period took approximately 3 minutes from start to finish. The cuvette was serviced at maximum 
intervals of every 48 hr to prevent loss of data from fouling. During the service the cuvette was 
soaked in oxalic acid solution for up to 10 min before being rinsed with deionized (DI) water. 
Data stored on the spectrometer was also offloaded onto a field computer (Acer Inc., Taiwan) 
on regular intervals.  
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Figure 2: Spectro::Lyzer automatic UV-Vis spectrometer probe field setup. 
 

pH and dissolved oxygen (DO) were measured within the water column on grab sample 
days to evaluate daily changes. A Y60500 YSI® Professional Plus Multiparameter Instrument 
connected with a Y6124C YSI® Dual ISE/Dissolved Oxygen/Temp Cable with a Y6203 YSI® 
Polarographic Dissolved Oxygen Probe (Yellow Spring, OH) attached was used to measure 
dissolved oxygen (DO). pH was measured with a Mettler ToledoTM SevenGoTM pH portable 
field meter (Columbus, OH). Additionally, water temperature in the wetland mesocosms were 
monitored hourly using 8k HOBO pendant temperature sensors (Onset Computer Corporation, 
Bourne, MA). 

The impact of evapotranspiration on water chemistry was taken into account based on 
the changes in the water depth measured on a stage gage in each mesocosm and Cl- 
concentrations over the course of each experiment. N species and DOC concentrations were 
then adjusted to account for water loss through evapotranspiration.  

NO3-N and NH4-N concentration profiles above and below the sediment-water 
interface were evaluated at 1 cm intervals within the water and soil column of the wetland 
mesocosms two days after a NO3-N loading event during one experiment (Batch 18) in the 
summer of 2014 using two dialysis porewater samplers (Bírgand, 2000; Hesslein, 1976). 
Samplers allowed concentration profiles to be assessed by establishing equilibrium between 
surrounding water and the water in the sampler using a dialysis membrane. The samplers were 
installed in the mesocosm systems for 120 hours. Following removal from the mesocosms, 
each slot was sampled through the membranes using a hypodermic needle and syringe and 
transferred into 5 mL glass vials. A total of 60 samples were analyzed (30 from one mineral 
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and 30 from one organic wetland mesocosm) at the Soil Science Environmental and 
Agricultural Testing Laboratory with a Quikchem 8000 (Lachat, Milwaukee, WI). 

2.1.3 Wetland Substrate and Biomass Sampling and Analysis 
Analyses of wetland plant biomass and soils in each mesocosm were completed to 

determine average nitrogen and carbon content in these pools. Samples were taken at the 
beginning and completion of each growing season. Above ground and below ground biomass 
were collected from a 30 cm x 30 cm clip plot within each mesocosm, and were washed, oven 
dried, and ground for analysis at the end of each growing season. Biomass was analyzed for 
%N, %C, and residual moisture content by the BAE-EAL and SSC-EATS Lab to estimate 
these nutrient pools in the emergent macrophytes. Soil cores were collected at 0-15 cm and 15-
30 cm depths at the beginning and end of each growing season and were oven dried, ground, 
and passed through a 1 mm sieve. Soil cores were analyzed for %N, %C, residual moisture 
content, and other critical nutrients at the NCDA Soil Test Lab (Raleigh, NC) and SSC-EATS 
Lab. 

Soil conditions in the field-scale restored wetlands will be variable prior to receiving 
pumped drainage water, which will impact N removal rates. Therefore, antecedent soil 
moisture conditions/redox status was measured prior to each batch study. Additionally, soil 
redox readings were measured in each mesocosm on grab water quality sampling days during 
batch studies using an Accumet AP63 portable pH/mV meter (Fisher Scientific ®, Pittsburgh, 
Pa) attached to the redox lead and a portable KCl-saturated Ag/AgCl reference electrode 
(Jensen Instruments, Tacoma, WA) inserted in the wetland soil. Five readings at each depth 
were averaged to represent the redox condition at each depth within the mesocosms. 
Measurements were then adjusted using a correction factor of 204 mV (Richardson and 
Vepraskas, 2001). 

2.1.4 NO3-N Removal Rates (JNN) 
NO3-N removal rates over the 7 to 10 day experiment periods were determined based 

on initial and final NO3-N concentrations and volume of simulated agricultural drainage water 
applied and remaining at the completion of the experiment (Eq. 1).  

 

     Eq. 1 
 

where, NApplied was the applied NO3-N load (mg), NRemaining was the NO3-N remaining in the 
mesocosm water column at the completion of the experiment (mg), A was the surface area of 
the wetland mesocosm (m2), and t was the time period of the experiment (d). 

Equation 3.1 assumed a zero order removal rate. Therefore, to identify a range in NO3-
N removal rates throughout the batch studies, removal rates were evaluated between each grab 
sampling day (Days 1 to 2, 2 to 3, 3 to 5, 5 to 7, and 7 to 10) with Eq. 2.  

 

 Eq. 2 
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where, NSample1 was the NO3-N load at previous sampling point (mg), NSample2 was the NO3-N 
remaining in the mesocosm water column at the following sampling point of the experiment 
(mg), A was the surface area of the wetland mesocosm (m2), and t was the time period (d) in 
between successive sampling periods, and varied for 1 to 3 days. 

2. 1.5 Statistical Data Analysis 
Multivariate statistical analyses were completed to determine differences in NO3-N 

reductions between the two-wetland soil treatments and the controls over time using linear 
mixed effects model in SAS glimmix® (SAS Institute, Cary, NC): 

 
 Yijk=μ +αi + βj + αβij + εijk                                      Eq. 3 

 
where, μ is the overall mean response, αi is the fixed effects, βj are the random effects, αβij are 
the random effects due to interactions, and εijk is the error unaccounted for by the effects. i was 
the treatment type (Mineral, Organic, Control),  j was time, and k was the replication (1, 2, 3). 
Variability in NO3-N concentrations between treatments was adjusted using the following 
equation to allow for comparisons to be made between replicates and treatments with slightly 
different initial NO3-N concentrations: 

 
𝑦𝑦 (𝑡𝑡)′ = 𝑦𝑦(0)

𝑦𝑦(𝑡𝑡)
                                                Eq. 4 

 
where y’(t) was the ratio of the analyte concentration at time t  (y(t)) and the initial analyte 
concentration (y(0)). The overall mean response of each analyte was then evaluated. The 
effects of treatment, season, and N loading, were assessed utilizing Tukey honest significance 
tests in SAS glimmix®. All statistical tests were considered significant at α=0.05.  

2.2 Evaluation of Appropriate Models to Predict NO3-N Removal  
Five models were considered to predict NO3-N removal (Figures 3 and 4): zero order 

(ZO), first order (FO), efficiency loss (EL), tanks in series (TIS), and Monod (M). Observations 
from nine of the eighteen completed batch run studies were used to determine removal rate 
coefficients. Coefficients were calculated using NO3-N concentrations 24 hours following 
NO3-N loading (t1, to allow initial concentrations to stabilize in each mesocosm) and final 
NO3-N concentrations (tf) for each model. The kinetic model fits were then evaluated 
(validated) using the remaining nine experimental datasets from the batch run studies (Bowie 
et al. 1985). 
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Figure 3: Comparison of the five evaluated models relationship with NO3-N removal rate 
(JNN) and initial NO3-N concentration over time (Co). Scales are linear. Values presented are 
theoretical and not meant to represent observed NO3-N removal in this study. 
 
 

 
Figure 4: Comparison of the five evaluated models relationship with the NO3-N 
concentration over time (Ct) and hydraulic retention time (t). Values presented are theoretical 
and are not meant to represent observed NO3-N removal in this study. 
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Table 2: NO3-N Removal Kinetic Model Overview. Descriptions of models can be found in 
Appendix 1.  

Acronym Model Equation Variables 

ZO Zero Order 𝐽𝐽𝑍𝑍𝑍𝑍 = (𝐶𝐶1−𝐶𝐶𝑡𝑡)∗𝐷𝐷
𝑡𝑡

      

C1 was the NO3-N concentration in the wetland 
mesocosm 24 hours after simulated drainage was added to 
allow the system to be well mixed (mg L-1) 
 
Ct was the NO3-N concentration at end of the analysis 
(mg L-1)  
 
t was the residence time from 24 hours after simulated 
drainage water was added to the system (Day 1) to the 
final sampling day (Day 10 or the last sampling day 
where Ct>0.05)  
 
D was water depth (m) 

FO First Order 𝜌𝜌𝐹𝐹𝑍𝑍 = −�
𝐷𝐷∗𝑙𝑙𝑙𝑙𝐶𝐶𝑡𝑡𝐶𝐶1

𝑡𝑡
�  

ρFO, the mass transfer coefficient (cm d-1) 
 
C1 was the NO3-N concentration in the wetland 
mesocosm 24 hours after simulated drainage was added to 
allow the system to be well mixed (mg L-1) 
 
Ct was the NO3-N concentration at end of the analysis 
(mg L-1) 
 
t was the hydraulic retention time from 24 hours after 
simulated drainage water was added to the system (Day 1) 
to the final sampling day (Day 10 or the last sampling day 
where Ct>0.05) 
 
D was water depth (m) 
  

EL  Efficiency Loss 𝜌𝜌𝐸𝐸𝐸𝐸 = �(𝐶𝐶𝑡𝑡)1−𝛼𝛼−𝐶𝐶11−𝛼𝛼

𝑡𝑡
�
� 1
𝛼𝛼−1� 𝐷𝐷  

ρEL was the mass transfer coefficient (cm d-1) 
 
α was a unitless constant that varies between 0 and 1, D 
was water depth (cm) 
 
C1 was the NO3-N concentration in the wetland 
mesocosm 24 hours after simulated drainage was added to 
allow the system to be well mixed (mg L-1) 
 
Ct was the NO3-N concentration at end of the analysis 
(mg L-1) 
 
t was the hydraulic retention time from 24 hours after 
simulated drainage water was added to the system (Day 1) 
to the final sampling day (Day 10 or the last sampling day 
where Ct>0.05) 

TIS Tanks in Series 
𝜌𝜌𝑇𝑇𝑇𝑇𝑇𝑇 =

��𝐶𝐶𝑡𝑡𝐶𝐶1
�
−1𝑁𝑁−1�𝑁𝑁𝐷𝐷

𝑡𝑡
  

ρTIS was the mass transfer coefficient (cm d-1) 
 
C1 was the NO3-N concentration in the wetland 
mesocosm 24 hours after simulated drainage was added to 
allow the system to be well mixed (mg L-1) 
 
Ct was the NO3-N concentration at end of the analysis 
(mg L-1) 
 
t was the hydraulic retention time from 24 hours after 
simulated drainage water was added to the system (Day 1) 
to the final sampling day (Day 10 or the last sampling day 
where Ct>0.05) 
 
N was the number of tanks 
 
D (cm) is the water depth 
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Table 2cont.: NO3-N Removal Kinetic Model Overview. Descriptions of models can be 
found in Appendix 1.  

M Monod 𝐽𝐽𝑀𝑀 = 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚∗𝐶𝐶𝑜𝑜
𝐾𝐾𝑠𝑠+𝐶𝐶𝑜𝑜

  

JM was the area based NO3-N loss rate (mg m-2 d-1) 
 
Jmax was the maximum removal rate achieved by the 
system (mg m-2 d-1) 
 
Co (mg L-1) was the initial NO3-N concentration 
 
Ks (mg L-1) was the half saturation constant 

2.2.2 Temperature Adjustment of Removal Rate Coefficients 
The effect of temperature on the estimated removal coefficients of each batch run (J or 

ρ) was determined using a modified Arrhenius relationship (Dzakpasu et al., 2011): 
 

X = X20𝜃𝜃(𝑇𝑇−20)                                                       Eq. 5a 
 

where, X was either J, the area based NO3-N loss (mg m-2 d-1) at temperature T (°C), or ρ, the 
mass transfer coefficient (cm d-1) at temperature T (°C), X20 was either J20, the area based 
NO3-N loss (mg m-2 d-1) at 20°C, or ρ20, the mass transfer coefficient (cm d-1) at 20°C, and θ 
was an empirical temperature coefficient. A linear form was used to estimate J20 and ρ20 for 
each treatment using first 9 of the 18 batch run datasets: 

 

     log (X) = θlog(T − 20) + log (X20)                               Eq. 5b 
 

values of log(X) versus (T-20) were plotted and fit with a linear regression, where the slope 
and intercept were log θ and log (X20), respectively. 

2.2.3 Statistical Evaluation of Model Fit 
The accuracy and the reliability of the five models for predicting NO3-N removal rates, 

were compared utilizing six statistical parameters that are described in Table 3 (Naz et al., 
2009; Youseff et al., 2006): coefficient of determination (R2), relative root mean square error 
(RRMSE), model efficiency (MEF), mean error (ME), mean absolute error (MAE), and the 
normalized percent error (NPE). The statistical parameters were used to evaluate the 
correlation, differences, variations, and forecast error between the predicted and measured 
NO3-N removal rates only in the 9 batch studies that were used to validate the removal rate 
models. 
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Table 3: Statistical parameters evaluated for each kinetic model (Saeed and Sun, 2012; 
Janssen and Heuberger, 1995).  

Acronym Parameter Definition Range 
Increased 

strength as 
approaches: 

Equation 

R2 Coefficient of 
determination: 

Measures the extent 
of linear correlation 

between two 
datasets. 

0-1 1 
|∑ (𝑃𝑃𝑖𝑖 − 𝑃𝑃�)2(𝑂𝑂𝑖𝑖 − 𝑂𝑂�)2𝑙𝑙

𝑖𝑖=1 |
∑ (𝑃𝑃𝑖𝑖 − 𝑃𝑃�)2𝑙𝑙
𝑖𝑖=1 ∑ (𝑂𝑂𝑖𝑖 − 𝑂𝑂�)2𝑙𝑙

𝑖𝑖=1
 

RRMSE 
Relative root 
mean square 

error: 

Measures the 
differences between 

the predicted and 
the measured 

values. 

0 - ∞ 0 
 
�1
𝑛𝑛∑ (𝑃𝑃𝑖𝑖 − 𝑂𝑂𝑖𝑖)2𝑙𝑙

𝑖𝑖=1

𝑃𝑃�
 

MEF Model 
efficiency: 

Measures the 
variations 

accounted for by 
the model. 

-∞ to 1 1 1−  
∑ (𝑃𝑃𝑖𝑖 − 𝑂𝑂𝑖𝑖)2𝑙𝑙
𝑖𝑖=1

∑ (𝑃𝑃𝑖𝑖 − 𝑃𝑃�)2𝑙𝑙
𝑖𝑖=1

 

ME Mean error: 

Measures bias in 
the average values 

of the model to 
predictions and 
observations. 

-∞ - ∞ 0 ∑ (𝑃𝑃𝑖𝑖 − 𝑂𝑂𝑖𝑖)𝑙𝑙
𝑖𝑖=1

𝑛𝑛
 

MAE Mean absolute 
error: 

Measures the 
forecast error in a 

time series. 
0 - ∞ 0 ∑ |𝑃𝑃𝑖𝑖 − 𝑂𝑂𝑖𝑖|𝑙𝑙

𝑖𝑖=1

𝑛𝑛
 

NPE Normalized 
Percent Error: 

Measures the 
percent ratio of the 
observed value to 

the predicted value 

-100-100 0 100 𝑋𝑋
𝑃𝑃� − 𝑂𝑂�

𝑃𝑃�
  

Pi = predicted dataset; Oi = observed dataset; 𝑃𝑃�, Ō= mean values of P,O datasets, n = # of evaluated batch runs 

2.3 Nitrogen Tracer Study Experimental Setup  
The tracer studies were a subset of the 2-year series of NO3-N removal experiments. 

Two separate studies were conducted.   One mesocosm with Deloss soil and one with 
Scuppernong soil were used in the first study, while a second mesocosm with Deloss soil and 
a second with Scuppernong soil were used in the second study.   

2.3.1 Wetland Mesocosm Ar and Br- Solute Tracer Studies 
Each wetland mesocosm was outfitted with a recirculation system to replicate the 

conditions of drainage water moving through the wetland. The systems consisted of 13 mm 
Schedule 40 PVC and a Rio Plus 600 mini head pump (TAAM Inc.,CA), which allowed for 
drainage water to turnover once a day and assisted in mixing the tracers in the mesocosms 
homogeneously.  A coupled Ar gas tracer and Br- solute tracer study was completed in July 
2013 and July 2014 to determine the aeration coefficients within the mineral and organic 
wetland systems, to account for movement of gases during each experiment (Tobias, et al., 
2009). The aeration coefficient was essential for adequately estimating the N2 production from 
denitrification in the wetland mesocosms by approximating the transport time of N gases from 
the sediment/water interface to the water/air interface. Values were estimated by incorporating 
both the diffusivity of gas in water and the physical processes within the air/water interface 
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(e.g., wind, biomass density). The Br- solute tracer was added to the mesocosms to evaluate 
mixing and evapotranspiration. Four 66 L containers were filled with 50 L of water and sparged 
for 2 hours with Ar gas using a 13 cm diffuser (Pentair, Apopka, FL) at 10 psi. 3.5 g of NaBr 
was added to the containers during the final 30 minutes of the sparging to achieve a 
concentration of 6 mg L-1 Br- in each mesocosm. Following the sparging, the Ar and Br- 
saturated water was pumped into the two mesocosms as a single dose utilizing 12-V low flow 
submersible pumps (Waterra, WSP-12-5).  

During the aeration coefficient evaluation, duplicate samples were collected at 0 min, 
30 min, 1 hr, 2 hr, 4 hr, 8 hr, 12 hr, 16 hr, 20 hr, 24 hr, 30 hr, and 48 hr following the 
introduction of the Ar and Br-. Ar samples were taken utilizing a lab grade peristaltic pump 
(Cole Palmer, 57160) at approximately 15 cm into the water column at 0.9 m and 2.7 m along 
the length of the mesocosm. Samples were pumped for 3 minutes into 30 mL exetainers 
(Labco, Lampeter, UK), filling them the equivalent of 3 times. A bead of water was allowed 
to form along the top of the exetainer. They were then capped, and placed upside down in 1 L 
Nalgene bottles prefilled with distilled water to minimize gas loss during shipping. Samples 
were analyzed at the MSTC Analytical Instrumentation Laboratory at the University of 
Connecticut using a membrane inlet mass spectrometer (Bay Instruments, Easton, MD). 
Duplicate Br- samples were taken at the same time of each Ar sampling event. The samples 
were filtered with 0.45 μm filters and were evaluated at the Environmental and Agricultural 
Testing Service Laboratory at NCSU using a Quikchem 8000 (Lachat, Loveland, CO). 

2.3.2 Wetland 15N Enrichment Tracer Study 
15N enrichment tracers were utilized to trace applied 15NO3-N transformations through 

the entire wetland (Figure 5). N pool sizes in each mesocosm were estimated prior to 
enrichment to determine appropriate 15N mass required for each study. The water Npool (g) was 
calculated by multiplying NO3-N (g L-1), the initial mean NO3-N concentration in the water, 
by VAdded (L), the volume of water added into each mesocosm.  

 

𝑊𝑊𝑊𝑊𝑡𝑡𝑊𝑊𝑊𝑊 𝑁𝑁𝑃𝑃𝑃𝑃𝑃𝑃𝑙𝑙 = 𝑁𝑁𝑂𝑂3− − 𝑁𝑁 ×  𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴                              Eq. 6 
 

 

 
Figure 5: 15N enrichment to wetland mesocosm to determine the pools (soil, gas, water, and 
biomass) N species reside. 
 

The total nitrogen pool in the above and belowground biomass (g) was calculated as: 
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𝑃𝑃𝑃𝑃𝑊𝑊𝑛𝑛𝑡𝑡 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑊𝑊𝐵𝐵𝐵𝐵 𝑁𝑁𝑃𝑃𝑃𝑃𝑃𝑃𝑙𝑙 = 𝑁𝑁𝑁𝑁 × 𝑀𝑀𝑇𝑇𝑃𝑃𝑡𝑡𝑇𝑇𝑙𝑙 × 𝐴𝐴𝑀𝑀𝑀𝑀𝑠𝑠𝑜𝑜𝑀𝑀𝑜𝑜𝑠𝑠𝑚𝑚
𝐴𝐴𝑆𝑆𝑚𝑚𝑚𝑚𝑆𝑆𝑆𝑆𝑀𝑀

                              Eq. 7 

 

where the plant biomass NPool was the total N in the biomass (g), NC was the fractional N 
content in the biomass pool examined (i.e., %N/100), MTotal was plant mass in the pool 
evaluated in the mesocosms, AMesocosm was the total area of the mesocosm (3.15 m2), and 
ASample was the plant biomass sampling area (0.09 m2). 

The total nitrogen pool in the sediment was calculated using the following equation: 
 

𝑆𝑆𝑊𝑊𝑆𝑆𝐵𝐵𝐵𝐵𝑊𝑊𝑛𝑛𝑡𝑡  𝑁𝑁𝑃𝑃𝑃𝑃𝑃𝑃𝑙𝑙 = 𝐴𝐴 × 𝐷𝐷 × 𝑝𝑝𝑏𝑏 × 𝑁𝑁𝑁𝑁                                    Eq. 8 
 
where the sediment NPool was the total N in the sediment (g), NC was the fractional N 
content in the sediment pool evaluated (i.e., %N/100), A was the total mesocosm area (3.15 
m2), pb was the bulk density (g m-3), and D was the soil sample depth (0.15 m). Bulk 
densities were 1.06 and 0.49 g cm-3 for the mineral and organic soils, respectively. 

The first wetland mesocosm-scale 15N enrichment study began in August 2013. The 
target overall NO3-N load for the experiment was 0.9 g m-2; a load observed in agricultural 
drainage water at the future wetland restoration sites. Treatment time was predetermined to 
last 7 days with water depths of 30 cm. The second wetland mesocosm-scale 15N enrichment 
study began in July 2014 with overall target NO3-N load of 3.6 g m-2. Treatment time was 
extended to 10 days since previous non-tracer experiments indicated higher NO3-N loads 
required longer residence times (see Chapter 3). Each mesocosm was also enriched with 3.5 g 
of NaBr to achieve a concentration of 6 mg L-1 Br-, that was used as a conservative tracer to 
adjust NO3-N removal calculations for evapotranspiration. 

Based on N pools in each wetland mesocosm, drainage water was enriched with 15% 
and 29% 15N in the mineral and organic wetland mesocosms, respectively, in the 15N 
enrichment study with a target NO3-N load of 0.9 g m-2. Enrichment in the organic wetland 
mesocosm was larger because the total N pool in the mesocosm was twice that of the mineral 
wetland mesocosm. The enrichment solution of K15NO3 was prepared based on the mesocosm 
volume (L) and ambient NO3-N (mg L-1) concentrations. 9 g of K15NO3 and 4 g K15NO3 were 
added to the organic and mineral mesocosms, respectively. The solution was released as a 
single dose into each mesocosm while being filled with simulated NO3-N rich agricultural 
drainage water to achieve a 0.9 g m-2 NO3-14+15N load. 

The second enrichment study was completed in the two other wetland mesocosms that 
had not received 15N applications in the previous study. Mineral and organic wetland 
mesocosms were enriched with 15% and 19%, respectively, in the 15N enrichment study with 
a target NO3-N load of 3.6 g m-2. Therefore, 16 g of K15NO3 and 18 g K15NO3 were added to 
the organic and mineral mesocosms, respectively. The solution was again released as a single 
dose into each mesocosm while being filled with simulated agricultural drainage water to 
achieve a 3.6 g m-2 NO3-14+15N load. 

Duplicate water samples were collected to ensure the system was well mixed using a 
lab grade peristaltic pump (Cole Palmer, 57160) at approximately 15 cm below the water 
surface at 0.9 m and 2.7 m along the length of the mesocosm. NO3-15N and N2-15N samples 
were taken on days 1, 2, 3, 5, 7, and 10 (only in the 3.6 g m-2 experiment). Additional samples 
were taken 5 cm from the soil/water interface and 5 cm from the water/air interface during the 
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second experiment to evaluate possible differences in N2-15N, N2O-15N, and NO3-15N in the 
water column. During NO3-15N sampling, 90 mL of filtered water was placed into 125 mL 
amber polyethylene bottles, followed by a pellet of KOH to preserve the sample. 500 mL of 
water was pumped into 125 mL serum bottles for the N2-15N samples. The water discharge 
tube was placed in the bottom of the sample bottle, filled until all bubbles were removed, and 
a meniscus was formed along the top of the bottle. A KOH pellet was then added and a stopper 
with a needle to allow air to escape was used to secure the sample in the sample bottle. Once 
capped, the needle was removed from the stopper. N2-15N and NO3-15N samples were then 
placed in the laboratory refrigerator until shipped on ice to the USGS Stable Isotope Laboratory 
for analysis. Samples were analyzed for N2-15N and N2-14N using a Thermo Scientific Delta 
V Plus continuous flow IRMS (USGS 10-C16, Reston, VA). N2O-15N was evaluated in the 
second 15N experiment, where water was pumped for 3 minutes into the 30 mL exetainers 
allowing for the sample to fill the exetainer 3 times. A bead of water was allowed to form along 
the top of the exetainer. Samples were then capped, and placed upside down in 1 L Nalgene 
bottles prefilled with distilled water for shipping. Samples were analyzed at the UC Davis 
Stable Isotope Laboratory with a ThermoFinnigan GasBench + PreCon trace gas concentration 
system interfaced to a ThermoScientific Delta V Plus isotope-ratio mass spectrometer 
(Bremen, Germany). 

Sediment and biomass samples were taken in replicates of three to five prior to 
enrichment and at the end of the experiments to determine 15N in those pools. Biomass samples 
of the S. tabernaemontani were separated between live, dead, roots, and seeds to assess the 
distribution of 15N throughout the plant. Additionally, emergent, herbaceous biomass other 
than S. tabernaemontani growing in the wetland mesocosms was sampled. Samples were dried, 
ground, and encapsulated prior to delivery to the Duke Environmental Stable Isotope 
Laboratory (DEVIL) and analyzed for 15N/14N using a Thermo Finnigan Delta Plus XL 
continuous flow mass spectrometer with a Carol Erba Elemental Analyzer and zero-blank 
sampler connected to a Conflo III interface (Waltham, MA) in the first experiment. Due to 
limitations of sample enrichment that could be measured at the DEVIL, biomass and soil 
samples were analyzed in the second 15N enrichment study at the UC Davis Stable Isotope 
laboratory. Biomass samples were analyzed with a PDZ Europa ANCA-GSL elemental 
analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., 
Cheshire, UK), while the soil samples were analyzed with an Elementar Vario EL Cube or 
Micro Cube elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Germany) 
interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). 
Extractable NH4-N and 15NH4-N in the soil was also assessed in the second experiment at the 
MSTC Analytical Instrumentation Laboratory at the University of Connecticut using KCl 
extraction and a Hitachi UV/Vis spectrophotometer (Schaumburg, IL), respectively. 

Additional parameters measured on days 0, 1, 2, 3, 5, 7, and 10 included NO3-N, 
ammonium-N (NH4-N), dissolved organic carbon (DOC), N2O, dissolved oxygen (DO), redox 
measurements, pH, and water temperature. NO3-N and NH4-N water grab samples were 
evaluated at the Soil Science Environmental and Agricultural Testing Laboratory with a 
Quikchem 8000 (Lachat, Loveland, CO). DOC grab samples were evaluated by the North 
Carolina State University Biological and Agricultural Engineering Environmental Analysis 
Test Service Laboratory using the High-Temperature Combustion Method (Van Hall et al., 
1963) and a Teledyne Techmar Apoll 9000 (Mason, OH). N2O samples were taken utilizing 
the peristaltic pump at approximately 15 cm into the water column at the 0.9 m and 2.7 m 
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distances along the width of the mesocosm. Helium flushed serum bottles were filled with 10 
mL of water inserted with a 23G needle attached to a syringe. Samples were analyzed in the 
Environmental and Agricultural Testing Service Laboratory at NCSU with a Hewlett Packard 
Gas Chromatograph 6890 Series system (Palo Alto, CA) and gas chromatograph ChemStation 
software (Agilent Tech, Santa Clara, CA). The DO, pH, redox measurements, and water 
temperature were measured using parameter specific probes as described in Chapter 3. 

2.3.3 N Removal using NO3:Br- Ratio  
NO3-N is a biologically active ion meaning it is predominately taken up or removed 

from the water column in wetland systems. Br- is a conservative tracer, but has similar transport 
characteristics as NO3-N (Sparks et al., 2015). Therefore, the change in NO3:Br- ratios can 
indicate net biological removal of NO3

- in the wetland mesocosms. Br- concentrations also 
provided a baseline to account for potential evapotranspiration in the wetland, evidence that 
the system were well mixed, and a more accurate calculation of the NO3

- removal in the 
systems. 

2.3.4 15N Mass Balance Approach  
A mass balance of the 15N tracer added to the wetland mesocosm systems was 

completed to quantify the impacts of plant uptake and denitrification on NO3-N concentration 
reductions observed in the wetland mesocosm systems. Isotopic mass balance measurements 
provide the ability to quantify routes of 15NO3-N removal and assess the overall recovery of 
15N added to experimental systems. 

15NO3-N removal into various N pools was calculated by quantifying the distribution 
of 15N in the water, biomass, and sediment at to (prior to enrichment time) of the experiment 
and tF (final sampling time) of the experiment. Tukey’s t-tests were utilized to determine 
differences between mean to and tf enrichment 15N signatures in the water, soil, biomass, and 
gas pools of the two wetland mesocosms. Differences were considered significant at the α = 
0.05 level.  

δ15N values, the measure of the ratio of 15N:14+15N, received from the analysis labs were 
transformed to At% (100*Atom Fraction) using Eq. 14, where the AR was the absolute ratio 
of mole fractions (0.0036764 for N) and δ15N‰ was in permil. The conversion was necessary 
to determine the 15N percent recovery (Eq. 15) 

 

                        Eq.9 
 

The mass of 15N recovered from each pool at tf was derived using the following 
equation:  

 

    %15𝑁𝑁𝑅𝑅𝐴𝐴𝑅𝑅𝑃𝑃𝑅𝑅𝐴𝐴𝑅𝑅𝑦𝑦𝑃𝑃𝑃𝑃𝑃𝑃𝑙𝑙 =
𝑁𝑁𝑃𝑃𝑜𝑜𝑜𝑜𝑆𝑆 𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀(𝐴𝐴𝐹𝐹𝑡𝑡𝐹𝐹−𝐴𝐴𝐹𝐹𝑡𝑡𝑜𝑜)

𝑁𝑁𝑇𝑇15                                    Eq.10 
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where, the percent recovery for each pool (15NRecoverypool) was determined by multiplying the 
difference between initial (AFto) and final (AFtf) 15N atom fractions in each sample by the size 
of the total N in each pool for individual mesocosms (NPoolSize) and dividing by the total mass 
of the 15N tracer added to each mesocosm (15NT) (Harrison et al., 2012).  

The rates of denitrification were determined for each mesocosm utilizing a numerical 
first order reaction model spreadsheet that simulated transformations of 15NO3-N into 15N2-N 
gas (Tobias, 2014; Böhkle et al., 2004). Because 15N2-N measurements in this study were not 
continuous, the spreadsheet was used to model the transfer of 15N2-N into the atmosphere over 
a given time step (0.25 hr) by integration of 15N2-N produced over time. The model separated 
NO3-15N removal into two pools: denitrification (determined through the 15N2-N production 
rate) and biological uptake. The removal rates of 15NO3-N from the water column coupled with 
the 15N2-N production rates allowed the model to estimate the contribution of denitrification 
on the observed 15NO3-N removal. The model was calibrated using NO3-N, N2-N, 15NO3-N, 
and 15N2-N values from water samples taken throughout the experiments and gas-specific 
aeration coefficient determined from the Ar enrichment experiments. 

The gas-specific aeration coefficient for each wetland mesocosms was calculated using 
the following equation (Tobias et al., 2009): 

 

𝑘𝑘𝑁𝑁2𝑁𝑁2𝑍𝑍 = �−ln �
𝐴𝐴𝐴𝐴
𝐵𝐵𝐴𝐴𝑇𝑇𝑡𝑡 𝑡𝑡𝑜𝑜
𝐴𝐴𝐴𝐴
𝐵𝐵𝐴𝐴𝑇𝑇𝑡𝑡 𝑡𝑡𝐹𝐹

� × 1
𝑡𝑡
� × 𝑆𝑆𝑆𝑆                                       Eq. 11 

 
Ar and Br- were the dissolved Ar and Br- concentrations at the initial (to) and final (tF) 

sampling times, respectively, and t was the experimental period (24 hrs). Sc was a correction 
factor to convert the aeration coefficient derived from Ar (369) to N2 (413) or N2O (431) based 
upon the ratio of the Schmidt numbers for each gas to that of Ar (Tobias et al., 2009; 
Wanninkhof, 1992). 

Total recovered 15N (%), i.e., the portion of 15N accounted for in all evaluated pools 
(water, plant biomass, sediment, and gas), was then calculated as: 

 

% 𝑁𝑁15
𝑅𝑅𝐴𝐴𝑅𝑅𝑃𝑃𝑅𝑅𝐴𝐴𝑅𝑅𝐴𝐴𝐴𝐴 = % 𝑁𝑁𝐺𝐺𝑇𝑇𝐺𝐺 + % 𝑁𝑁𝑃𝑃𝑙𝑙𝑇𝑇𝑙𝑙𝑡𝑡 𝐵𝐵𝑖𝑖𝑃𝑃𝐵𝐵𝑇𝑇𝐺𝐺𝐺𝐺 + % 𝑁𝑁𝑇𝑇𝐴𝐴𝐴𝐴𝑖𝑖𝐵𝐵𝐴𝐴𝑙𝑙𝑡𝑡15 + % 𝑁𝑁𝑊𝑊𝑇𝑇𝑡𝑡𝐴𝐴𝑅𝑅

151515      Eq. 12 
 

Other protocols developed during this study for the mesocosm 15N enrichment 
experiments can be found in Appendix 2.  
3. Results and Discussion 
3.1 Wetland Mesocosm Batch Runs 

3.1.1 Initial Wetland Substrate Conditions 
The physiochemical parameters of the two substrates are shown in Table 4. The 

wetlands with Scuppernong and Deloss soils will be referred to as organic and mineral 
wetlands, respectively, for the remainder of this article. 
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Table 4: Description of the wetland substrate conditions: pH, Nitrate-N (NO3-N), Total 
Phosphorus (TP), Humic Matter (HM), Total Nitrogen (TN), Total Carbon (TC) and TC:TN 
ratios. * % represents g/100 g soil. 

Wetland Season pH 
NO3-N TP HM TN TC 

TC:TN TN:TP (g m-3) (g m-3) (kg m-3) (%) (%) 

Organic 

2011 Fall 3.5 35 18 88 0.75 22.48 29.97 44.91 
2012 

Spring 3.8 < 5 18 70 0.8 25.38 31.73 47.90 

2012 Fall - - - - 0.85 23.87 28.08 - 
2013 

Spring 4 < 5 18 71 0.68 21.27 31.28 40 

2013 Fall - - - - 0.91 26.85 29.51 - 
2014 

Spring 4.3 < 5 18 79 0.74 22.3 35.02 42.77 

2014 Fall - - - - 0.93 27.64 34.82 - 

Mineral 

2011 Fall 5 21 57 25 0.16 3.50 21.88 2.66 
2012 

Spring 5.4 < 5 55 21 0.18 3.96 22 3.11 

2012 Fall - - - - 0.18 3.96 22 - 
2013 

Spring 5.3 < 5 41 23 0.15 3.42 22.8 3.51 

2013 Fall - - - - 0.15 3.47 23.13 - 
2014 

Spring 5.7 < 5 47 19 0.19 4.59 28.56 3.8 

2014 Fall - - - - 0.14 3.36 27.52 - 

 
Wetland soils with higher organic matter have been shown to impact microbial 

communities and result in higher NO3-N removal rates (Burchell et al., 2007). As expected, 
the organic wetland soil had a significantly higher total carbon (TC) content compared to the 
mineral soil (α = 0.05). The mineral wetland soil TC values ranged from 3.36 to 4.59%, while 
the organic soil values ranged from 21.27 to 27.64%. Significantly higher total nitrogen (TN) 
was found in the organic wetland soil compared to the mineral soil (α = 0.05), where the 
mineral soil TN values ranged from 0.14 to 0.19% and the organic soil values ranged from 
0.68 to 0.91%. Similar findings were reported by Ewing et al. (2012) during an evaluation of 
wetland soil morphological and chemical properties following 15 to 30 years of agricultural 
production for organic, histic epipedons, and mineral soils. The study found that extractable 
nutrients from the substrates increased as the period the soils were used for crop production 
increased. The organic soils had TC and TN content of 29-35% and 0.7 to 0.9% in the top 30 
cm, respectively, while the mineral soils had TC and TN content of 6-7% and 0.2 to 0.3% in 
the top 27 cm. Hunt et al. (2014) evaluated 28 restored wetland sites in North Carolina, 
Virginia Delaware, and Maryland. Soil C content was reported from the study to range from 
1.8 and 2.0%, while soil N content was reported ≤ 0.2% in the study, much less than the C and 
N content observed in the organic soil, but similar to the mineral soil evaluated in this study. 
Therefore, both substrates investigated in this study were considered to have a relatively high 
carbon content compared to other restored wetland soils, while the mineral soils had low TN 
content and the organic soils had high TN content.  
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The TC:TN ratios were also high in our study for both substrates, which is important 
for optimal denitrifying conditions. Li et al. (2011) reported wetland N removal efficiencies 
decreased as C:N ratio approached 5:1 in a study investigating N removal in a dominant 
broadleaf/conifer natural wetland system adjacent to farmland. Therefore, both wetland 
systems appeared to not be carbon limited. Ewing et al. (2012) also evaluated total extractable 
phosphorus (TP) in the wetland substrates to range from 19 to 55 g m-3 and 41 to 95 g m-3 in 
the organic and mineral soils, respectively. The organic substrate evaluated in this study had 
low TP (18 g m-3), while the mineral soil had higher TP (41 to 57 g m-3) likely since the mineral 
soils were recently used for agricultural production (Ewing et al., 2012). Additionally, the soil 
pH was significantly lower in the organic wetland soil (which is commonly observed in these 
soils) compared to the mineral wetland soil (α = 0.05). Soil pH values ranged from 3.5 to 4.3 
in the organic soils and 5 to 5.7 in the mineral soils.  

3.1.2 Wetland Mesocosm NO3-N Removal Rates  
Average N load and removal rates for each batch run study are presented in Table 4. 

Initial NO3-N concentrations were within 10-20% of the initial target concentrations. 
Significant differences were observed between initial and final NO3-N concentrations in the 
mineral and organic treatment wetland systems for all batch runs (α=0.05).  Significant NO3-
N mass reduction was observed in both the mineral and organic wetland systems, with 
reductions as high as 98% (Table 5; Figure 6). It should be noted that the final sampling point 
used in each batch study was determined as either sampling day 10 or sampling day just prior 
to when NO3-N concentrations reached <0.05 mg L-1, since this was the NO3-N threshold limit 
for the Quikchem 8000 instrument. NO3-N removal in the controls was not significant during 
any batch study (α=0.05) (Figure 6). 
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Table 5: Summary of selected water quality parameters during batch studies, NO3-N removal rate means (JNN) ± standard deviations 
(SD), and first order mass transfer coefficient (ρ) ± standard deviations (SD). 
† - % reduction was 100% at the following sampling day. *Shaded rows are experiments that had significant differences between removal rates (α = 0.05). 

Season Load Water 
Depth 

Mean Water 
Temperature 

Mean NO3
—N 

(Initial - Final) 

Time Required to Achieve 
Reported % Reduction Mean NO3

-N % Reduction 
 

ρ  ± SD 
JNN ± SD  

(Average for Day 0 to  
Final Sampling Day) 

WET-Min WET-Org WET-Min WET-Org WET-Min WET-Org WET-Min WET-Org WET-Min WET-Org 
 g m-2 d-1 cm °C  ---------------mg L-1------------ --------------d ---------------- ----------------%--------------- -----------cm d-1---------- -----------mg m-2 d-1---------- 

Fall 2013 0.6 18 18 3.56 – 0.22 3.56 – 0.14 7† 10 94 96 6.17 ± 0.27 5.63 ± 0.56 134 ± 4 103 ± 18 

Winter 2013 0.6 15 9 2.28 – 1.02 2.28 – 1.00 10 10 55 56 1.23 ± 0.48 1.04 ± 0.57 14 ± 3 13 ± 1 

Spring 2013 0.6 18 25 3.45 – 0.89 3.45 – 0.13 3† 7† 74 96 5.43 ± 0.41 7.35 ± 1.18 116 ± 21 72 ± 3 

Summer 2014 0.6 18 26 3.38 – 0.13 3.38 – 0.53 3.3† 3.3† 96 84 14.31 ± 4.19 8.25 ± 1.51 183 ± 38 127 ± 6 

Fall 2012 0.9 18 17 4.7 – 0.91 5.00 – 0.99 10 10 81 80 3.12 ± 0.24 3.50 ± 1.83 69 ± 13 59 ± 16 

Winter 2013 0.9 18 11 6.13 – 2.63 6.13 – 2.94 10 10 57 52 1.02 ± 0.57 0.78 ± 0.30 56 ± 15 42 ± 14 

Spring 2014 0.9 18 20 6.02 – 0.14 6.02 – 0.23 6.9† 6.9† 98 96 9.41 ± 2.1 7.94 ± 1.14 127 ± 28 88 ± 16 

Summer 2014 0.9 18 26 6.49 – 0.35 6.49 – 0.10 3† 5† 95 98 11.68 ± 2.36 9.37 ± 3.10 322 ± 61 215 ± 34 

Fall 2012 0.9 30 22 2.35 – 0.15 2.35 - .0.72 9 9 94 69 6.22 ± 0.91 2.97 ± 0.31 62 ± 9 63 ± 16 

Fall 2014† 0.9 20 27 3.25 – 0.33 3.25 – 0.09 3† 4.9† 90 97 17.09 ± 5.84 14.72 ± 0.88 275 ± 23 173 ± 1 

Spring 2014 0.9 30 26 3.29 – 0.11 3.29 – 0.38 5† 5† 97 89 25.70 ± 6.85 15.34 ± 3.20 216 ± 44 164 ± 5 

Summer 2013 0.9 30 27 3.09 – 0.36 3.09 – 0.09 5† 10 88 97 11.68 ± 2.36 9.15 ± 1.45 137 ± 18 98 ± 9 

Summer 2013 0.9 30 25 3.66 – 0.27 3.66 – 0.27 6.8† 6.8† 93 93 10.64 ± 1.97 11.36 ± 3.6 144 ± 4 144 ± 5 

Fall 2012 2.2 30 11 6.44 – 3.41 6.52 – 3.17 10 10 47 51 1.99 ± 0.38 2.22 ± 0.46 45 ± 2 176 ± 12 

Summer 2013 2 30 27 3.66 – 0.27 6.64- 1.01 6.9† 6.9† 95 85 12.62 ± 3.10 7.68 ± 1.89 283 ± 17 212 ± 31 

Fall 2013 3.6 30 16 14.32 – 2.84 14.32 – 4.47 10.2 10.2 80 69 4.21 ± 0.02 2.92 ± 1.03 316 ± 2 260 ± 40 

Spring 2014 3.6 30 25 11.88 - 1.19 11.88 – 3.19 10.1 10.1 90 73 6.52 ± 1.02 3.54 ± 0.22 288 ± 14 234 ± 5 

Summer 2014 3.6 30 25 12.97 – 0.38 12.97 – 1.01 7† 9.9 97 92 17.49 ± 6.08 6.85 ± 1.86 603 ± 140 344 ± 8 
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Figure 6: Average NO3-N initial and final concentrations for all batch runs assuming zero 
order. *Red points are batch runs that had average water temperatures below 12° C. **The 
1:2 line represents 50% NO3-N removal at the completion of the batch study. 
 

NO3-N removal rates were highest in the mineral wetland mesocosms. Mineral 
removal rates ranged from 62 to 603 mg m-2 d-1, while removal rates in the organic wetland 
systems were from 58 to 344 mg m-2 d-1 during the growing season when water temperatures 
were above 12° C. Both wetland system NO3-N removal rates were similar to removal rates 
found in other microcosm and mesocosm wetland studies during the growing season. 
Gebremariaum and Beutel (2008) reported comparable NO3-N removal rates (175-500 mg m-

2 d-1) in an evaluation of surface flow constructed treatment wetland mesocosms spiked with 
NO3-N at 15 mg L-1 during the summer. Stringfellow et al. (2013) investigated three wetland 
restoration substrates receiving agricultural drainage water during the growing season utilizing 
microcosms and reported mean areal NO3-N removal rates to range from 142 – 380 g m-2 d-1, 
also consistent with the estimated wetland mesocosm NO3-N removal rates in this study during 
the growing season. Removal rates in the mineral and organic wetland systems during periods 
the water temperature was below 12° C ranged from 16 to 40 g m-2 d-1 and 15 to 54 g m-2 d-1, 
respectively. Although removal rates were low during batch studies completed when the water 
temperature was below 12° C, the wetland mesocosm treatment systems still provided at a 
minimum 51% and 47% NO3-N removal in the mineral and organic wetland systems, 
respectively. A complete summary of the 18 batch studies can be found in Appendix 3. 
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3.1.3 Other Nitrogen Species 
NO3-N was our primary focus in this study because this is typically the dominant N 

species in agricultural drainage water and contributes much of the total N loads to downstream 
ecosystems. However, observations of other N species were conducted in this study. NH4-N 
concentrations initially ranged between 0.3 to 0.6 mg L-1 and 0.1 to 0.4 mg L-1 in the organic 
and mineral wetland mesocosms, respectively, and decreased to below minimum detection 
limits (< 0.05 mg L-1) within 72 hours following the beginning of each batch study. ON 
concentrations ranged between 1.4 to 1.7 mg L-1 and 0.7 to 1.5 mg L-1 in the organic and 
mineral wetland mesocosms respectively throughout the experiments. Notable changes in ON 
concentrations were not observed between the beginning and completion of the batch run 
experiments, which was expected because they were in the range of background concentrations 
of natural wetlands (Moore et al., 2012).   

3.1.4 Divergence in Mineral and Organic NO3-N Removal Curves 
The mineral wetland reduced NO3-N significantly faster than the organic treatment in 

10 of the 18 batch run studies (α=0.05). Mineral and organic NO3-N removal curves began to 
diverge around day 3 of batch runs particularly during both the growing season and larger N 
load evaluations (Figure 7). The divergence of NO3-N removal curves was a recurring 
phenomenon, and led to the significant differences observed between organic and mineral 
wetland NO3-N removal rates during the growing seasons (Table 6). 

Of course water temperature significantly interacted with season (p < 0.0001), but it 
was not found to be significantly different between mesocosms during each batch run study 
(α=0.05). Therefore, physical and biogeochemical processes that occurred within the wetland 
systems during various seasons were determined to have the overarching impact on observed 
differences in NO3-N removal performances between wetland treatments. Reduction of NO3-
N concentrations observed between the mineral and organic wetland systems during the spring 
was significantly different within 7-10 days following NO3-N loading. Significant differences 
between the organic and mineral wetland mesocosm NO3-N removal curves were also 
observed in many of the summer and fall batch studies. 
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Figure 7: 3.6 g NO3-N m-2 load for a. Fall, b. Spring, and c. Summer. 

 
Table 6: Statistics for batch run studies that had significant differences in NO3-N removal 
between the organic and mineral wetland mesocosm systems. The day specified is the day 
the significant differences began to occur between the mineral and organic wetland 
mesocosms. Significant differences were determined for α=0.05. 

Differences Between Mineral and Organic Mesocosms Day p-value 
Spring (0.6 g m-2) 10 0.0381 
Spring (0.9 g m-2) 7 0.0355 
Spring (3.6 g m-2) 10 <0.001 

Summer (0.9 g m-2) 7 <0.0001 
Summer (2.2 g m-2) 10 0.0116 
Summer (3.6 g m-2) 10 0.0251 

Fall (0.6 g m-2) 10 0.0061 
Fall (0.9 g m-2) 10 0.0144 
Fall (3.6 g m-2) 10 0.0002 

 
Potential causes for the observed differences in NO3-N removal curves between the 

mineral and organic wetland treatments were further investigated. Plant uptake and 
denitrification were the two removal mechanisms considered most important in this study. 
Walbridge and Lockaby (1992) completed a review on N removal mechanisms of forested 
wetlands and reported denitrification could account for up to 95.9 mg N m-2 d-1, while plant 
uptake could account for up to 14.2 mg N m-2 d-1. Therefore, plant uptake and denitrification 
were further assessed. 

3.1.5 Biomass Establishment and N Plant Uptake 
The S. tabernaemontani was allowed 16 months to establish prior to the initial batch 

run. Above ground biomass remained nearly unchanged from 2011 to 2014 in the mineral 
wetland systems with average plant heights that ranged from 120 to 130 cm. Above ground 

b. a. 

c. 
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biomass increased in the organic wetland systems in terms of mass, height (64 to 121 cm during 
the experiment period), and diameter (Figure 8). Below ground biomass increased dramatically 
from 2011 to 2013 in both wetland systems. Prior to the addition of nitrogen rich drainage 
water in 2013, the mineral treatment had over 2X more below ground biomass compared to 
the organic wetland treatment. Following the initiation of the batch run experiments below 
ground biomass became more similar between the two wetland treatments. However, the effect 
of nitrogen addition or soil type causing these changes required further investigation. Biomass 
weight per unit area was in the range of other mesocosm studies that have evaluated S. 
tabernaemontani over two years of establishment, which has ranged from 0.1 to 5.5 kg m-2 in 
the aboveground and 0.1 to 1.5 kg m-2 in the belowground (Burchell et al., 2007; Svengsouk 
and Mitsch, 2001). However, the above ground biomass was at the lower end and the below 
ground biomass was at the higher end of reported values from past studies. S. tabernaemontani  
growth can be negatively impacted by water-level drawdown, which may have contributed to 
the lower above ground plant growth in this study (Hunter et al., 2000), since water-level often 
resided at the soil/water interface in between batch run studies. 
 

 
Figure 8: Yearly average above and below ground biomass of S. tabernaemontani.  Error bars 
represent ± 1 standard deviation. 
 

Total nitrogen incorporated into the biomass between the mineral and organic 
treatments was also measured. The results of TN in the biomass pools can be found Figure 9. 
Recall the organic systems had more soil nitrogen compared to the mineral systems. TN values 
in the below and above ground biomass were significantly different between the mineral and 
organic treatments prior to adding NO3-N rich drainage water into the mesocosms (2011-2012) 
(α=0.05). However, after NO3-N removal experiments began, significant differences were no 
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longer observed between the TN biomass pools in the above and below ground biomass (2013-
2014) (α=0.05). Higher plant TN content in the below and above ground biomass of the organic 
systems compared to the mineral system suggests plants were assimilating more soil nitrogen 
for growth in 2011 and 2012 prior to the addition of simulated NO3-N rich drainage water.  
 

 
Figure 9: Mean above and below ground biomass total nitrogen content of S. 
tabernaemontani  near the end of the growing season in each treatment.  

3.1.6 Assessment of the Impact of Denitrification Limiting Parameters 
Environmental factors that have been found to influence NO3-N reduction efficiencies 

in wetlands were compared between the control, mineral, and organic wetland systems. The 
most significant impact on NO3-N reduction over time in both the mineral and organic systems 
was seasonal variations (p < 0.001). However, denitrification has been found to also be highly 
variable and dependent on DO concentrations, N load, soil redox, water pH, temperature, and 
DOC concentrations (Puckett, 2004). Therefore, each parameter was evaluated throughout the 
batch run experiments to determine if conditions suitable for denitrification existed in the 
wetland mesocosms and evaluate if denitrification could have impacted observed differences 
between treatment NO3-N removal rates. P-values for differences between water temperatures, 
DO concentrations, DOC concentrations, water pH, and redox values between mesocosms for 
each season are displayed in Table 7 and Figures 10-12. Significant differences observed 
between mesocosms during the growing season were primarily water pH and DOC 
concentrations.  
 
Table 7: P-values observed for comparisons of denitrification limiting parameters between 
the mineral and organic treatments. Significant differences are highlighted in red  (p < 0.05). 

Parameter Seasonal Differences Between Mesocosms 
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Fall Spring Summer Winter 
Temperature 0.9316 0.9959 0.9666 - 

Dissolved Oxygen 
(5 cm from soil/water interface) 0.5056 0.0641 0.0049 0.4992 

Dissolved Oxygen 
(5 cm from air/water interface) 0.007 0.0979 <0.001 0.6318 

Dissolved Organic Carbon <0.001 <0.001 <0.001 <0.001 
Water pH <0.001 <0.001 <0.001 <0.001 

Redox (5 cm) 0.2048 0.1409 0.0295 0.008 
Redox (15 cm) 0.6897 0.1542 0.0026 0.7553 

 
 

  
Figure 10: Average NO3-N removal rates with standard deviations for the mineral and 
organic mesocosms compared to the average redox values at 5 cm soil depths for the two 
mesocosm wetland treatments. *The black separator line distinguishes batch runs without 
significant differences in NO3-N removal rates (JNN) (to the left) and those with significant 
differences (to the right) between the two mesocosm treatments. 
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Figure 11: Average NO3-N removal rates with standard deviations for the mineral and 
organic mesocosms compared to the water column pH values at the final sampling time (tF) 
for the two mesocosm wetland treatments. *The black separator line distinguishes batch runs 
without significant differences in NO3-N removal rates (JNN) (to the left) and those with 
significant differences (to the right) between the two mesocosm treatments. 
 

 
Figure 12: Average NO3-N removal rates with standard deviations for the mineral and 
organic mesocosms compared to the water column dissolved organic carbon (DOC) 
concentrations at the final sampling time (tF) for the two mesocosm wetland treatments. The 
black separator line distinguishes batch runs without significant differences in NO3-N 
removal rates (JNN) (to the left) and those with significant differences (to the right) between 
the two mesocosm treatments. 
 

All denitrification enzymes are inhibited by oxygen (Ishida et al., 2006; Sylvia et al., 
1998). Trevors (1985) did not observe denitrification during periods where the O2 
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concentrations exceeded 4.5 mg L-1 in the water column of an agricultural soil study, which 
were similar to water O2 values observed in this study. However, Crumpton and Phipps (1992) 
reported wetland systems with water column DO concentrations between 6-10 mg L-1 
simultaneously having DO concentrations <0.01 mg L-1 within 2 mm from the soil-water 
interface. Dissolved oxygen was monitored at the top and bottom of the water column 
throughout each batch run study in this experiment. Initial concentrations ranged from 6.9 to 
13.2 mg L-1 in the organic systems and 7.4 to 12.4 mg L-1 in the mineral wetland system at the 
air/water interface during the growing season. Observed DO concentrations at the completion 
of batch studies at the air/water interface ranged from 0.5 to 10.0 mg L-1 and 1.3 to 9.9 mg   L-

1 in the organic and mineral wetland systems, respectively during the growing season. Smaller 
ranges in DO concentrations at the completion of the batch studies were observed in both 
wetland systems at the soil/water interface, with concentrations ranging between 0.7 and 5.8 
in the organic systems and 1.5 to 7.2 in the mineral systems during the growing season. 
Average DO concentrations decreased over time during each experiment in both wetland 
systems. Higher average DO concentrations were observed at the completion of each batch 
study when average water temperatures were below 11 °C (> 5 mg L-1) compared to warmer 
average water temperatures (< 5 mg L-1), since water retains more oxygen as temperatures and 
microbial activity decrease. Additional, although DO concentrations were significantly 
affected by season (α=0.0001) and were significantly lower in the organic wetland systems 
during the summer and fall compared to the mineral systems (α=0.01), the mineral system was 
observed to provide higher NO3-N removal rates than the organic wetland system. This was 
surprising since facultative anaerobes that complete denitrification prefer O2 over NO3

-, 
leading to the expectation of more NO3-N removal in the organic system compared to the 
mineral system, which was not observed. Therefore, water column DO concentrations likely 
did not contribute to significant differences in NO3-N removal between mesocosms. 

Soil redox was utilized in this study to assess the oxidation state in the soil column at 
15 and 30 cm depths. Mean soil redox was below 250 mV at the beginning of all 18 batch run 
studies at both depths and remained relatively constant throughout the course of each 
experiment Figure 10). Patrick (1960) found denitrification rates became limited at redox 
potentials higher than 250 mV, with decreasing NO3

--N concentrations associated with 
decreasing redox potential. Cey et al. (1999) also used redox potentials to provide supporting 
evidence of denitrification occurring within a riparian zone in southern Ontario. A sharp 
decline in NO3

--N concentrations was observed in that study as redox readings dropped below 
200 mV. In our study, average soil redox values conducive for denitrification were observed 
throughout the experiments (-61 to 237 mV), which indicated low dissolved oxygen 
concentrations below the soil/water interface in both wetland systems. Additionally, since the 
redox values were low in both the mesocosm treatment wetlands and were not significantly 
different between treatments during most seasons (α=0.05), it was not able to explain removal 
rate differences between the two wetland systems. 

pH is also critical to denitrification rates because denitrifying bacteria have been found 
to function best near neutrality. Denitrifiers have been found to prefer pH ranges between 5.5 
and 8.0 (Rust et al., 2000). Lower soil pH (<4) has been found to inhibit enzyme activity that 
controls denitrification rates (Sylvia et al., 1998), but denitrification has been observed to 
remain an important NO3-N removal mechanism even at low pH values (Cleemput et al., 
1975). Acidic soils, like the ones used in this experiment, can limit the functionality of 
denitrification enzymes used by microorganisms by hindering the process or prematurely 
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stopping denitrification after the formation of nitrite and/or N2O and allow for nitrite build to 
levels toxic to plants further reducing NO3-N removal rates (Tari and Casiszár, 2003; Sylvia 
et al., 1998; Rivett et al., 2008). pH was significantly different between the two soils and within 
the water column of the two treatments during the growing season (α=0.0001), with the organic 
wetland being more acidic. Water pHs ranged between 4.8-6.6 and 6.0-7.5 in the organic and 
mineral wetlands, respectively, during the 7 to 10 days of inundation periods (Figure 11). The 
difference in the pH values may have contributed to removal rate differences associated with 
denitrification between the organic and mineral wetland systems by inhibiting denitrification 
in the organic soils during the growing season. 

The presence and quality of organic carbon, often the primary limiting agent for 
denitrification in restored and constructed wetland systems, serves as a critical electron donor 
and source of carbon for microbial biomass production (Warneke et al., 2011; Burchell et al., 
2007). Significant differences were observed between the organic and mineral wetland 
mesocosms DOC concentrations throughout the year (α=0.0001). DOC concentrations ranged 
between 7 to 133 mg L-1 with an average of 39 mg L-1 in the organic wetland system, while 
concentrations ranged from 3 to 26 mg L-1 with an average of 9 mg L-1 in the mineral wetland 
systems. Carbon source availability can vary depending on past land use, vegetative structure 
and type, litter, soil type, age of wetland, and season (Liu et al., 2010; Hefting et. al, 2005). 
Burchell et al. (2007) found that NO3-N reductions were faster after the addition of organic 
matter to wetland mesocosm soils that were carbon-limited, supporting the importance of 
available carbon in these environments. DOC concentrations had an inverse relationship to 
NO3-N removal rates in this study. However, both the organic and mineral mesocosms in this 
study had high DOC concentrations, much higher than 4-8 mg L-1 particularly in the organic 
system (Figure 12), which is sufficient to support denitrification (Knies, 2009; Spruill et. al, 
1997). Therefore carbon limitations did not appear to be a major factor in observed differences 
in NO3-N removal rates through potential denitrification between treatments. 

Finally, although DO concentrations were not measured in the porewater of this study, 
redox measurements were indicative of low concentrations at 5 and 15 cm deep.  Water quality 
measurements from dialysis porewater samplers indicated that NO3-N concentrations were 
below 0.05 mg L-1 within 1 cm of the soil-water interface of the mineral and wetland 
mesocosms 72 hours following the addition of NO3-N. This may indicate low DO 
concentrations even closer to the soil/water interface, and any NO3-N present in the water 
column that diffused into the anaerobic soil layer likely quickly underwent denitrification 
(Reddy and DeLaune, 2008). Therefore, the likelihood of denitrifying conditions being 
satisfied and denitrification occurring was high in both the mineral and organic wetland 
systems. Concentrations profiles from the evaluation are displayed in Figures 13 and 14.  
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Figure 13: NO3-N and NH4-N concentration profiles in the mineral wetland mesocosms. The 
black line represents the soil/water interface with the water column above and the soil 
column below. 
 

 
Figure 14: NO3-N and NH4-N concentration profiles in the organic wetland mesocosms. The 
black line represents the soil/water interface with the water column above and the soil 
column below. 

 

3.1.7 Contribution of Plant Uptake and Denitrification 
Plant uptake is generally assumed to be a secondary contributor to NO3-N reduction in 

wetlands. However, total uptake of N from nutrient enriched water by wetland plants is 
difficult to measure, but has been estimated to vary between 16 to 75% (Burchell et al., 2007; 
DeBusk and Reddy, 1987). During the first year of establishment, significant differences in 
TN per unit area of the above ground S. tabernaemontani were not observed between the two 
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treatments (α=0.05). Significantly higher TN per unit area of S. tabernaemontani was observed 
in the organic wetland systems compared to the mineral systems from 2012 to 2014 (α=0.05) 
(Figure 15). Min et al. (2011) observed higher mineralization, which would produce NH4

+-N 
and NO3-N for plant uptake, in lower pH wetland soils (5.2 to 6.4) at the microcosm scale 
compared to higher pH soils (7.0 to 7.4). Additionally, they observed mineralization to 
decrease as NH4

+-N and NO3-N were added to the systems in lower pH soils, but have little 
effect on the higher pH soils. Therefore, the mineral wetland plants may have had more limited 
opportunities to obtain N from the their higher pH soils through mineralization than the organic 
wetland plants, essentially resulting in more NO3-N removal from the water N pool in the 
mineral systems comparison with the organic systems. 
 

 
Figure 15: Total nitrogen per unit area in biomass from fall 2011-2012 (before N loading) 
and fall 2013-2014 (after N loading). 

 
In this study, distinct visual coloration differences between the S. tabernaemontani in 

the organic and mineral treatments were also observed (Figure 16). Nitrogen deficiencies have 
been found to cause plant stems to become light green or yellow in color (Evans, 2003). The 
organic wetlands had dark green stem colors both before and after N loading. However, the 
mineral wetland plants had dark green stems in 2011 immediately following planting, light 
green stems in 2012, dark green stems in 2013 and 2014, and light green stems in 2015. Recall 
simulated NO3

—N rich drainage water was not added until 2013 and batch run studies were 
completed at the end of the growing season of 2014. The color differences alone suggest the 
plants in the mineral wetland systems utilized more of the nitrogen in the simulated drainage 
water to overcome nitrogen limitations in the soil. The obvious exception was in 2011, but 
since the bulrush were planted as plugs that included plant nutrients, this likely masked 
nitrogen deficiencies early on.  Additionally, the higher availability of N in the organic soils 
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likely resulted in the organic treatments having more N available for luxury uptake from the 
soil N pool, particularly based on TN results of the below ground biomass. Svengsouk and 
Mitsch (2001) suggested similar hypotheses in a mesocosm study with S. tabernaemontani, 
where following fertilization, the plants had an increase in tissue nutrients believed to be from 
the plants’ high absorption capacity and nutrient storage in the roots. However, the 
contributions of N in the biomass from applied drainage water and the soils remains unclear 
using the methods discussed in this paper.  

 
 

 
  
 

   
 
 
 
 
 
 
Figure 16: Photograph of mesocosms in a. June 2012, b. 
July 2013, and c. June 2015. *Note the lighter green 
mesocosms are the mineral treatments **M represents 
mineral mesocosms and O represents organic mesocosms. 
 

A simplified mass balance analysis was attempted in this study for the wetland 
mesocosms during the growing seasons of 2012 thru 2104 to estimate the maximum potential 
plant uptake had on NO3-N removal from the water column. Estimates were based on the 
assumption that plant uptake of N was linear through time and all N taken up by plants was 
obtained from the water column. Based on TN in above and below ground biomass and the 
growing season (210 days) plants were estimated to have an average daily N uptake rate of 58 
and 93 mg m-2 day-1 in the mineral and organic wetland mesocosms, respectively, in 2013, 
while average daily N uptake rates were estimated to be 59 and 136 mg m-2 day-1 in the mineral 
and organic wetland mesocosms, respectively, in 2014. 

All remaining NO3-N reduction not accounted for by plant uptake was assumed to be 
due to denitrification, since conditions appeared favorable for this process to proceed. The 
minimum removal of applied yearly NO3-N from the water column through denitrification was 
estimated to be 45% and 70% in the organic and mineral systems, respectively. These results 
were similar to those observed in Burchell et al. (2007), which estimated denitrification to 
account for 65 to 78% of NO3-N removal in a wetland mesocosm study using a similar method 
and assumptions. However, the assumption that plant N uptake only came from the NO3-N 
rich drainage is undoubtedly inaccurate, but results are a potentially conservative estimate of 
loss through denitrification. Therefore, to better define the roles of plant uptake and 
denitrification on observed NO3-N reductions in drainage water a 15N tracer enrichment study 
was completed and is further discussed in Section 4. 

b. a. 

c. 
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3.1.8 Mass Spectrometer Hourly Results  
Readings from the UV-Vis spectrometer provided more insight into NO3-N and DOC 

concentrations in the water column that occurred on an hourly basis, rather than daily. Changes 
at this frequency have rarely been available in the past. Spectrometer readings were calibrated 
with NO3

--N and DOC concentrations from grab samples and evaluated in R Studio (RStudio, 
Inc., Boston) using PLSR code developed by Etheridge et al. (2014).  

The mineral, organic, and control wetland treatments had high correlations between 
spectrometer readings and laboratory-measured NO3-N concentrations (Appendix 4). NO3-N 
was calibrated with water quality grab samples collected in the batch studies and were 
evaluated individually for each mesocosm and batch runs. Only three DOC grab samples were 
collected during each batch study from individual mesocosms for spectrometer calibrations. 
Therefore, DOC readings from the spectrometer were calibrated using all batch study DOC 
grab sample concentrations in one calibration simulation for each treatment (organic, mineral, 
and control) instead completing numerous calibrations for individual mesocosms and batch 
runs as completed in the NO3-N assessment. Photosynthetic radiation rates were collected from 
a State Climate Office weather site approximately 1 mile from the study location (REED). 
Prominent diurnal cycles were observed in both NO3-N and DOC readings from the UV-Vis 
spectrometer in most runs completed during the growing season. Two processes likely had the 
largest impact on these observations: photochemical mineralization and nitrification. 

NO3-N concentrations were observed to decrease daily after noon, or approximately 7 
hours after sunrise, and continued into the early evening hours of this study (Figures 17 and 
18). These UV-Vis spectrometer measurement trends were confirmed with 6 hour grab samples 
during one of the batch studies. Penton et al. (2013) observed a 7 hour lag time in both O2 flux 
and N2 production after the initiation of light in a flooded agroecosystem in Hawaii. NO3-N 
concentrations occasionally increased during the 6 hour lag period after sunrise of this study. 
NO3-N concentrations in the organic systems increased by as much as 0.08 mg L-1 hr-1 and 
0.04 mg L-1 hr-1 in batch studies during the growing season with N loads of 0.9 g m-2 and 3.6 g 
m-2, respectively; however, smaller increases were observed in the mineral systems (0.05 mg 
L-1 hr-1 and 0.02 mg L-1 hr-1 N loads of 0.9 g m-2 and 3.6 g m-2, respectively). These increases 
may have been due to NH4

+-N, produced from direct photochemical mineralization, that was 
nitrified to NO3-N as O2 was released at the root tips during photosynthesis and diffused into 
the water column (Rysgaard et al., 1995). Direct photochemical mineralization is a process 
where sunlight is absorbed into dissolved organic matter (DOM) reducing the molecular 
weight of the material and forming photoproducts (Zepp et al., 1995). NH4

+-N has been 
observed as a photoproduct of direct photochemical mineralization of humic substances and 
bulk DOM in wetland, estuary, river, and pond studies (Bushaw et al., 1996). 
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Figure 17: Hourly NO3-N concentrations from the Spectro:Lyzer and photosynthetic 
radiation rates for 3.6 g m-2 N load batch run experiment completed in Summer 2014. R2= 
94.61 (organic), 99.72 (mineral), and 99.98 (control) between observed and UV-spectrometer 
NO3-N values. 

 

 
Figure 18: Hourly NO3-N concentrations from the Spectro:Lyzer and photosynthetic 
radiation rates for 3.6 g m-2 N load batch run experiment completed in Fall 2013. R2= 97.21 
(organic), 98.66 (mineral), and 59.11 (control) between observed and UV-spectrometer NO3-
N values. 
 

Nitrification has been observed to preferentially occur during the daytime due to 
production of oxygen from photosynthesis, while NO3-N removal rates increase in the water 
column often at night due to the high oxygen demand of microbial mineralization and low 
oxygen concentrations (Rysgaard et al., 1995), which supports the diurnal NO3-N observations 
observed in this study. The larger observed daily increases in NO3-N concentrations in the 
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organic systems compared to the mineral system may have contributed to the differences in 
removal rates between the two systems, since the organic system may have had a larger internal 
source of NO3-N. Vähätalo and Wetzel (2013) evaluated the long-term photochemical and 
microbial decomposition of DOM of wetland derived humic DOM at the microcosm scale 
using a C13 isotope enrichment study. Photochemical mineralization was found to reduce 
decomposition time of common rush (Juncus effusus) by approximately 50% (459 days) 
compared to biological decomposition in darkness (898 days). NH4

+-N produced from 
photochemical mineralization of organic matter in estuarine surface water has been observed 
to range between 0.005 to 0.027 mg NH4

+-N L-1 hr-1 during the day, with NH4
+-N production 

increasing as pH decreased from 6.0 to 3.5 (Wang et al., 2000). Therefore, photochemical 
mineralization may have additionally impacted the observed differences in removal rates 
between the wetland systems observed in our study because even more NH4

+-N may have been 
produced in the more acidic organic soil system compared to the mineral soil system. 

 

 
Figure 19: Hourly DOC concentrations from the Spectro:Lyzer and photosynthetic radiation 
rates for 3.6 g m-2 N load batch run experiment completed in Summer 2014.           * Control 
values were unable to be calibrated for this experiment. R2= 97.32 (organic) and 98.99 
(mineral) between observed and UV-spectrometer NO3-N values. 
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Figure 20: Hourly DOC concentrations from the Spectro:Lyzer and photosynthetic radiation 
rates for 3.6 g m-2 N load batch run experiment completed in Fall 2013. * Control values 
were unable to be calibrated for this experiment. R2= 97.32 (organic) and 98.99 (mineral) 
between observed and UV-spectrometer NO3-N values. 
 

DOC appeared to increase overnight during our study and likely allowed the gradient 
between the soil/water interface begin to equilibrate while photochemical mineralization was 
not occurring. As dissolved organic matter (DOM) mineralizes a gradient is created between 
the surface water and soil pore water (Reddy and DeLaune, 2008). The concentration gradient 
between the sediment-water interface enables diffusion between the lower DOM 
concentrations and higher DOM concentrations until equilibrium is formed between the pore 
water and water column. Therefore, the DOC observations also support our theory that 
photochemical mineralization likely occurred within these systems and provided an internal 
NO3-N source, particularly in the organic wetlands.  

The mineral wetland systems had larger observed water column DOC fluctuations (3 
to 5 mg L-1) compared to the organic system (1 to 3 mg L-1). Recall DOC concentrations had 
an inverse relationship to NO3-N removal rates in this study. The mineral soil in this study was 
used for agricultural production for decades, while the organic soil was only used for 
silviculture and had been out of production for over 20 years. Liu et al. (2010) evaluated land 
use effects on labile carbon fractions for a natural wetland, uncultivated and degraded wetland, 
and cultivated wetland comprised of the same soil types. Labile carbon contents were 
significantly higher in cultivated soils compared to uncultivated and natural wetland soils. 
Therefore, the mineral soils in this study may have had more labile carbon available for 
denitrification compared to the organic soils resulting in higher NO3-N removal rates. 

 

3.2 NO3-N Kinetic Models 

3.2.1 Kinetic Model Fit to Individual Batch Run Observations  
Observed daily NO3-N concentrations were plotted over time for the batch runs to 

evaluate if the dataset’s fit the zero order and first order models. Zero order values were 
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evaluated by fitting a linear line to NO3-N concentration at time t versus time, while the first 
order model fit was evaluated by plotting the initial NO3-N concentration divided by the NO3-
N concentration at time t versus time. The zero order kinetic model had a R2 that ranged 
between 0.78 and 0.99 with an average of 0.97 in the mineral system, while the organic wetland 
systems had a R2 that ranged from 0.81 to 0.99 with an average of 0.97. Mineral wetland 
treatments had an R2 that ranged between 0.70 and 0.99 with an average of 0.95 in the first 
order model, while the organic wetland systems had an R2 that ranged from 0.73 to 0.99 with 
an average of 0.94 for individual batch runs. The lower R2 values were observed during the 
winter months when average water temperature was below 12 °C. All evaluations during the 
growing season had R2 values above 0.90 for both the zero and first order fits to observed 
datasets.  

The fit for the TIS model over time was evaluated by plotting ��𝐶𝐶𝑡𝑡
𝐶𝐶𝑜𝑜
�
−1
𝑁𝑁 − 1�𝑁𝑁 against 

time, where N was the number of tanks, which was assumed to be number of times water was 
circulated in the mesocosms or the hydraulic retention time since the turnover rate was once 
per day. The TIS model displayed strong fits for all of the evaluated runs with a R2 that ranged 
between 0.98 and 1 with an average of 0.99 for both the mineral and the organic wetland 
systems, which was likely because of the impact of the N overriding the effect of concentration 
changes over time. The removal rate coefficients were then determined at 20 °C using the 
Arrhenius relationship for each of the three models since all exhibited strong fits. 

The efficiency loss model was evaluated in R Studio to empirically solve for ρEL and 
α for individual mesocosms during batch run using NO3-N concentration observations at each 
sampling point. The two unknown values (α and ρEL) were able to be determined for 80% of 
the total collected datasets and had good fits (p>0.01 for ρEL and p>0.2 for α). The mineral 
wetland treatments had an R2 that ranged between 0.93 and 0.99 with an average of 0.98, while 
the organic wetland systems had an R2 that ranged from 0.95 and 0.99 with an average of 0.98. 
ρEL was then determined for 20 °C using the Arrhenius relationship. R studio was unable to 
solve for α values in several runs due to limited datasets from quick NO3-N removal periods 
or the NO3-N change over time resembling a zero or first order decay relationship resulting in 
an α of 0 or 1, respectively. A α value that represented the individual wetland systems was 
difficult to determine since empirically determined α values often varied between 0-1 within 
the same treatment and batch run. Interactions between the α values and season, NO3-N load, 
temperature and DO were not observed. However, differences between the α values and water 
depth were observed particularly in the mineral wetland systems. Therefore, α values 
empirically determined in R Studio were separated into treatment and initial water depths (18 
and 30 cm). Average α values were then calculated based on initial water depth for each 
treatment and used as the initial input of α for the efficiency loss model to fit observed NO3-
N removal rates in the 9 of 18 batch run studies. The α values were then adjusted until the best 
fit was found between observed and predicted values. 

The first nine of the 18 batch runs were used to determine Ks and Jmax values for the 
two distinct wetland systems (Figure 21). Ks was the concentration at which point the NO3-N 
removal rate was at half of the maximum NO3-N removal rate (Jmax) for the mineral and 
organic systems. The relationship between JNN and Cf was evaluated using a Lineweaver-
Burke plot to empirically determine the maximum areal removal rate (Jmax) and the half-
saturation constants (Ks) for the Monod model for each mesocosm and replicate. Jmax and Ks 
were then averaged for replicates of each treatment. The organic wetland system had an 
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average maximum removal rate (Jmax) of 0.38 ± 0.10 g m-2 d-1, while the mineral systems had 
an average maximum removal rate of 0.50 ± 0.08 g m-2 d-1. The average half-saturation 
constants (Ks) were 5.96 ± 2.84 and 5.63 ± 2.45 mg L-1 for the mineral and organic systems, 
respectively. The first-order mass transfer coefficient (ρM) is often estimated assuming 
Co<<Ks. However, this was not always true for our batch studies and may have led to 
inaccurate removal rate predictions by this model. 
 

 
Figure 21: Areal removal rate (JNN) versus initial NO3-N concentration (C0) to determine Ks 
and Jmax. Nine of the 18 batch run datasets were used to estimate half-saturation constant 
(Ks) and maximum removal rate (Jmax). 

3.2.2 Development of Removal Rate Coefficients 
Removal rate coefficients were calculated for each model using the first 9 of 18 batch 

runs. Computed values can be found along with published values from past mesocosm and 
full-scale wetland studies for comparison in Table 8. To our knowledge, no studies have 
reported using the efficiency loss and zero order models at the mesocosm scale, therefore, 
comparisons were made with full-scale systems. In general, our results were consistent with 
observed values from past published wetland studies.  

 
 

Ks_Min 

Ks_Org 
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Table 8: List of areal nitrate-N removal rate coefficients and efficiency loss constants (α) for average water temperature of 20 °C.  
  

 
 

 
  
 
 
 
 

*[θ: r2] represents the calculated theta and R2 to determine the NO3-N coefficients at average water temperature T=20°C.

Wetland System 
Initial Target 
Concentration  

(mg L-1) 

 
NO3 —N Removal Rate Coefficients for T20 

 EL Constant (α) 
 (unitless)  Reference JZO (mg m-2 d-

1) 
[θ: R2] 

ρFO  (cm d-

1)  
[θ: R2] 

ρEL  (cm d-

1) 
[θ: R2] 

ρM  (cm d-1) 
[θ: R2] 

ρTIS  (cm d-1) 
[θ: R2] 

Mineral Mesocosm 2.5 – 15 
94 ± 11 

[1.03 ± 0.10: 
0.58 to 0.66] 

4.92 ± 0.8 
[1.15 ± 

0.02: 0.89 to 
0.98] 

10.2 
[1.10: 0.72] 

9.96 ± 2.26 
[No Correlation] 

5.78 ± 1.08 
[1.16± 0.02: 
0.89 to 0.97] 

0.6  (15 cm 
depth)  

0.7 (30 cm depth) 
This study 

Organic Mesocosm 2.5 – 15 
92 ± 8 

[1.04 ± 0.01: 
0.06 to 0.15] 

4.1 ± 1.0 
[1.09 ± 

0.06: 0.82 to 
0.93] 

8.0 
[1.18: 0.67] 

6.79 ± 1.48 
 [No 

Correlation] 

4.79 ± 1.17 
[1.15± 0.03: 
0.83 to 0.90] 

0.7  (15 cm 
depth) 

 0.7 (30 cm 
depth) 

This study 

Constructed Treatment 
Mesocosm 19  2.1 -2.9     Gebremariam and 

Beutel (2008) 
Restored Riparian 

Microcosm 8.9    9.39   Karpuzcu and 
Stringfellow, 2012 

Surface-Flow 
Constructed 
Mesocosm 

32 - 117  5.7 – 16.5   
 

 Burchell et al., 2007 

Fluvial Wetlands 0.1 – 3.7   3 – 9.3   Not Reported Wollheim et al., 2014 
Free Surface 

Constructed Wetlands  10 - 26 200 – 5,000      Horne, 1995 

Event Driven 
Constructed Wetlands 0.05 – 2     34.5  Kadlec, 2010 

Continuous Flow 
Constructed Wetlands 

Mesocosms 
     9.9  Kadlec, 2010 
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3.2.3 Comparison of Kinetic Model Fits 
Observed NO3-N removal rates from the remaining 9 batch run datasets (not used for 

calculating removal rate coefficients) were used to compare the predicted values produced by 
each of the kinetic models developed and evaluate the goodness of fit for each model. Initial 
and final concentrations along with estimated removal rate coefficients adjusted for average 
water temperature and the efficiency loss constant (α) developed (Table 9) were used to make 
predictions and compared to the observed removal rates to evaluate the goodness of fit of each 
of the kinetic models. A regression of the average JPredicted vs. JObserved for each of the five 
models are displayed in Figure 23. The first order, efficiency loss, and TIS models had the 
strongest fits between the predicted and measured values with R2 ≥ 0.95, but the efficiency loss 
model had a slightly better fit than the first order and TIS models (Table 9).  

The fit of the zero order and Monod models was weak between the predicted and 
observed JNN for all statistical parameters (Table 9). The zero order model consistently under 
predicted the JNN for all NO3-N loads, while the Monod model over predicted rates at low 
concentrations and under predicted NO3-N removal rates at higher concentrations. Therefore, 
it was determined that the zero order and Monod models were not adequate predictors for NO3-
N removal in these wetland systems and were excluded from further analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 54 

Figure 22: Regression of the a.) zero order, b.) first order decay, c.) efficiency loss, d.) tanks 
in series, and e.) Monod kinetic models for correlating predicted and observed average NO3-
N removal rates for the two restored wetland systems adjusted for average water temperature. 
 

a.) 

b.) 
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d.) 

c.) 
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Table 9: Statistical parameters used to evaluate goodness of fit of predicted versus observed 
NO3-N removal rate for each kinetic model.  

Wetland System 
Mineral Organic 

ZO FO EL TIS M ZO FO EL TIS M 
R2 0.06 0.96 0.97 0.96 0.46 0.08 0.95 0.96 0.96 0.46 

RRMSE 0.61 0.12 0.10 0.10 3.68 0.61 0.20 0.10 0.11 0.82 
MEF -1.59 0.90 0.94 0.93 -0.22 -0.81 0.81 0.96 0.94 0.42 

ME (g m-2 d-1) 0.10 0.02 -0.01 0.01 -0.17 0.08 0.03 0.00 0.01 -0.06 
MAE (g m-2 d-1) 0.10 0.02 0.07 0.02 0.17 0.08 0.03 0.10 0.02 0.68 

NPE (%) -
49.86 -9.07 4.10 -5.23 36.85 -42.79 -16.46 1.10 -7.23 58.79 

*Statistical acronyms represent: Coefficient of determination (R2), Relative root mean square 
error (RRMSE), Model efficiency (MEF), mean error (ME), mean absolute error (MAE), and 
normalized percent error (NPE). **Kinetic acronyms represent: Zero order (ZO), first order 
(FO), efficiency loss (EL), tanks in series (TIS), and Monod (M) models. 
 

The weak fits between the predicted and observed JNN were not surprising for the zero 
order and Monod models. Based on assumptions for the zero order model, JNN is not affected 
by increased loads of NO3-N. During every season, as NO3-N loads increased the observed 
removal rates also increased. Therefore, the assumptions required to use the zero order model 
were not met for these systems. Ks values, empirically calculated as 5.96 mg L-1 for the mineral 
system and 5.63 mg L-1 for the organic system, were not significantly larger than Co (initial 
concentrations) in batch runs where target Co were 2.5 mg L-1. Ks values were assumed to be 
significantly greater than C0 to estimate ρM, which likely resulted in inaccurate estimates. Zero 
and Monod kinetic models are often used in wastewater treatment wetland systems where high 
initial NO3-N concentrations allow for the systems to become saturated resulting in a 
maximum removal rate (Jzo), which in this case would be equivalent to the Jmax of the Monod 
kinetic model. However, based on observed removal rates, the wetland mesocosm systems 
never reached a saturation point likely resulting in inaccurate estimates for the removal 
coefficients for the zero order and Monod kinetic models. Therefore, these models are not 

 

e.) 
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recommended to be used for lightly loaded wetlands receiving low NO3-N concentrations, 
similar to the systems evaluated in this study. 

Stronger statistical results were observed for the first order, efficiency loss, and TIS 
models. Each of the models predicted NO3-N removal rates based on initial NO3-N loads and 
did not require the determination of saturation coefficients such as Ks. The first order model 
and TIS model had similar fits. The efficiency loss model had the best fit between predicted 
and observed NO3-N removal rates. Therefore, since the first order model is the most common 
model used for these systems, a more thorough investigation was conducted between the first 
order and efficiency loss models to determine the best method of modeling the full scale 
wetland systems. The TIS model was not included since it had similar fits to the first order 
model and required an extra parameter (N) that may be difficult to determine at the field scale. 

Hydraulic retention time of surface water must stay within the range of 1 to 10 days in 
the full-scale wetland environments to preserve established and recently planted trees (Petru et 
al., 2014; Teskey and Hinckley, 1977). Therefore, NO3-N concentrations predicted to leave 
the wetland systems after a hydraulic retention time of 7 days were compared between the first 
order and efficiency loss models along with observed concentrations for each batch run study 
(Figures 23 and 24).  
 

 
Figure 23: Predicted NO3-N concentrations after 7 days of residence time (C7) in the mineral 
wetland system for the efficiency loss and first order kinetic models compared to observed 
values. 
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Figure 24: Predicted NO3-N concentrations after 7 days of residence time (C7) in the organic 
wetland system for the efficiency loss and first order kinetic models compared to observed 
values. 

 
Predicted C7 (NO3-N concentrations after 7 days within the wetland mesocosm) values 

from the first order model over predicted NO3-N concentrations on average 0.09 mg L-1 more 
than observed NO3-N concentrations, with a maximum over prediction of 1.97 mg L-1 and 
under prediction of 1.59 mg L-1 compared to observed C7 values. The efficiency loss model 
predicted C7 values to under predict NO3-N concentrations after 7 days on average by 0.4 mg 
L-1, with maximum over predictions of only 0.98 mg L-1 and under prediction by as much as 
2.1 mg L-1. Differences between the two fitted models’ predictions of NO3-N concentrations 
can be explained with the assumption criteria for each kinetic model. In the efficiency loss 
model, as NO3-N becomes more limited the model accounts for additional demand by plants 
and microbes. The first order model instead assumes the demand for NO3-N will remain 
constant throughout the evaluated time period (O’Brien et al., 2007). Both fitted models had a 
tendency to predict lower final NO3-N concentrations during the end or outside the growing 
season than was observed, when average water temperatures were often below 11 °C. 
However, during the growing season the first order model tended to predict higher NO3-N 
concentrations during the growing season, while the efficiency loss model often predicted 
lower NO3-N concentrations when compared with observations. Therefore, the first order 
model should provide slightly more conservative predictions than the efficiency loss model 
particularly during the growing season. Hydraulic retention time was most limited during the 
growing season due to constraints to preserve established and newly planted tree health at 
restoration sites. However, less conservative predictions were expected outside the growing 
season and longer retention times are recommended since inundation periods will not have as 
great of an impact on tree health during these times.  

The first order decay model was further evaluated by accounting for predicted and 
measured removal rates between each sampling point (Day 1 to 2, 2 to 3, 3 to 5, 5 to 7, and 7 
to 10). Although the removal rates varied throughout each batch run (based on residence time, 
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NO3-N concentrations in the water column, season, etc.), the first order model remained a 
reasonable fit for all sampling intervals evaluated (R2

Org=0.70 and R2
Min=0.73). Average ρFO 

values at 20 °C increased as retention time increased ranging from 4.52 cm d-1 with 1 day 
retention and peaking at 10.0 cm d-1 after 5 days of residence time in the organic systems. The 
mineral systems had similar trends with average ρFO values at 20 °C increasing from an average 
4.8 cm d-1 with 1 day retention and peaking at 10.7 cm d-1 after 7 days of residence time in the 
wetland mesocosms. The ρFO values that were not adjusted for temperature were observed to 
be as high as 35.0 cm d-1 and 36.0 cm d-1 in the organic and mineral wetland mesocosms, 
respectively, during the temperatures above 25 °C in the growing season. 

Although the efficiency loss model had a slighter stronger ability to predict final NO3-
N concentration than the first order decay model, the α constant must be empirically calculated 
for several batch runs to be accurately determined, which is often not practical for wetland 
designers. Therefore, the first order decay model was recommended to predict maximum NO3-
N removal rates for the full-scale wetland restorations. 

3.2.4 Theoretical Wetland Predictions 
A theoretical wetland with a size of 210 ha, similar to the Phase 1 of the wetland 

restoration in Hyde County, was used to provide an initial estimate of the maximum hydrologic 
loading capacity for the two wetland soils (mineral and organic), based on the first order NO3-
N removal model developed. The sites were expected to receive agricultural drainage with 
NO3-N concentrations of 2.5 mg L-1. The maximum hydrologic loading capacities for the 
wetlands with NO3-N concentrations leaving the wetland with 0.1 mg L-1 (96% reduction), 0.5 
mg L-1 (80% reduction), 1.0 mg L-1 (60% reduction), and 1.75 mg L-1 (30% reduction) were 
evaluated at various average water temperatures.  

Based on the estimated removal rates, the maximum loading rates of agricultural 
drainage water that could be applied were estimated to meet the range of target outflow 
concentrations at the end of wetland areas (Ceff) utilizing the following equation (Burchell et 
al., 2007; Reed et al., 1995):  

 

𝐿𝐿 = 𝑙𝑙∗𝜌𝜌20

ln 
𝐶𝐶𝑀𝑀𝑒𝑒𝑒𝑒
𝐶𝐶𝑆𝑆𝑖𝑖

𝜃𝜃(𝑇𝑇−20)                                                       Eq. 13 

 

where L is the maximum loading rate into the wetland (m d-1), Ceff is the effluent NO3-N 
concentration (mg L-1), Cin is the influent NO3-N concentration (mg L-1), T is the temperature 
(C°), ρ20 is the NO3-N mass transfer coefficient (0.049 m d-1 and 0.041 m d-1 for the mineral 
and organic systems, respectively) at 20 °C, n is the porosity (approximately 0.95 in surface 
flow wetlands), and θ (1.15 and 1.09 for the mineral and organic systems, respectively). The 
ρ20 and θ were values determined by fitting observed data from the mesocosm batch studies to 
first order decay model (Table 10).  

Maximum hydrologic loading capacities for the two wetland systems for varying NO3-
N removal goals and average water temperatures can be found in Table 10. Based on 96% 
removal goals, the mineral and organic wetland systems have the predicted capacity to receive 
1.5 and 1.2 cm day-1, respectively, assuming average water temperature are 20 °C. However, 
if the goal was only to comply with the Tar Pamlico River Basin Rule (30% removal), the 
mineral and organic wetland systems have the predicted capacity to receive up to 13.1 and 10.8 
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cm day-1, respectively, and meet the target removal threshold.  This table provides an example 
of how powerful these decay constants can be in determining how wetlands like these can be 
managed. 

 
Table 10: Predicted maximum hydrologic loading capacities for the future restored wetlands 
assuming n of 0.95, and Cin of 2.5 mg L-1 using the first order decay kinetic model assuming 
steady flow conditions 365 day yr-1. 

NO3-N % 
Reduction 96% 80% 60% 30% 

Target Ceff 
(mg L-1) 0.1 0.5 1.0 1.75 

Avg. Water 
Temperature 

(C°) 

Mineral 
(cm day-1) 

Organic 
(cm day-1) 

Mineral 
(cm day-1) 

Organic 
(cm day-1) 

Mineral 
(cm day-1) 

Organic 
(cm day-1) 

Mineral 
(cm day-1) 

Organic 
(cm day-1) 

10 0.4 0.5 0.7 1.0 1.3 1.8 3.2 4.6 

15 0.7 0.8 1.4 1.6 2.5 2.7 6.5 7.0 

20 1.5 1.2 2.9 2.4 5.1 4.2 13.1 10.8 

25 2.9 1.8 5.8 3.7 10.3 6.5 26.4 16.6 

30 5.9 2.8 11.7 5.7 20.6 10.0 53.0 25.6 

 

3.3 15N Enrichment Studies 

3.3.1  Observed overall NO3-N removal 

Water temperatures during the 15N enrichment studies ranged from 20 to 30 °C. All 
studies were initiated around 12 PM and weather during the day was predominately sunny 
throughout the experiments. Water movement through the wetland mesocosms was 
approximately 1000 L day-1. 14+15NO3

—N concentrations were reduced by 92% and 91% within 
7 days in the organic and mineral wetland mesocosms, respectively, in the 0.9 g m-2 15N isotope 
enrichment study (Figure 25; Table 11). Similarly, 14+15NO3

—N concentrations were reduced 
by 90% and 99% within 10 days in the organic and mineral wetland mesocosms, respectively, 
in the 3.6 g m-2 15N isotope enrichment study (Figure 26). The removal of NO3-N was 
significantly faster in the mineral wetland systems compared to the organic systems during the 
3.6 g m-2 loading experiments (p < 0.05), while significant differences in NO3-N removal 
between treatments were not observed in the 0.9 g m-2 load experiment.  
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Figure 25: 14+15NO-N reductions in the 0.9 g 14+15NO3-N m-2 load 15N enrichment study with 
average daily water temperature. 

 

 
Figure 26: 14+15NO-N reductions in the 3.6 g 14+15NO3-N m-2 load 15N enrichment study with 
average daily water temperature. 
 
Table 11: Summary of 15N isotope enrichment experiments. 

 
Conditions favorable for denitrification were observed in both experiments (Rivett et 

al., 2008; Puckett, 2004). Dissolved oxygen in the water column decreased to <5 mg L-1 during 
both studies. Wetland systems with dissolved oxygen concentrations as high as 6 - 10 mg L-1 
in surface water have been found to reduce dissolved oxygen concentrations to <0.01 mg L-1 
within 2 mm from the soil-water interface (Crumpton and Phipps, 1992). Low soil redox values 
were measured during this study (-93 - 125 mV) further supporting the likelihood of low 
dissolved oxygen concentrations in the soil column and high denitrification potential, since 

Study Mean Water 
Temperature 

Water 
Depth Load 

Mean NO3
—N % Reduction JNN ± SD 

WetlandMin WetlandOrg WetlandMin WetlandOrg 
 °C cm g m-2 --------------%------------- --------mg m-2-------- 

Exp. 1 22 – 28 30 0.9 92 91 150 150 
Exp. 2 23 – 28 30 3.6 98 90 544 394 
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readings below 250 mV have been found to provide conditions favorable for NO3
--N reduction 

through denitrification (Cey et al.,1999; Patrick, 1960). The wetland mesocosms had DOC 
concentrations that ranged from 7 to 16.4 mg L-1 in the mineral system and 11 to 60 mg L-1 in 
the organic system, much higher concentrations than those that have been observed to support 
denitrification (4-8 mg/L) particularly in the organic systems (Sloan et al, 1999; Spruill et. al, 
1997; Obenhuber and Lowrance, 1991; Lowrance and Smittle, 1988). Water pH ranged from 
5.9 to 6.4 in the organic systems and 6.0 to 6. 5 in the mineral systems. Denitrifying bacteria 
have been found to function best near neutrality, because low pH inhibits enzyme activity and 
thus denitrification rates, which may have impacted differences in observed removal rates 
between treatments (Sylvia et al., 1998; Broome, 1990). NH4

+-N concentrations in the water 
column decreased from 0.59 to 0.48 mg L-1and 0.68 to 0.63 mg L-1 in the organic and mineral 
wetland systems, respectively, to below detectable values (<0.05 mg L-1) within 48 hours of 
enrichment supporting NO3-N as the primary form of N in the water column. 

Addition of the 15NO3-N and Br- solution increased 15NO3-N and Br- concentrations in 
the water column of the mesocosms in both 15N enrichment tracer studies. Br- concentrations 
stabilized within 24 hours, which indicated the system was well mixed and the enrichment 
solution was mixed into the system adequately (Figures 27 and 28). Concentrations remained 
relative consistent following 2 days of water recirculating through the mesocosm in the organic 
systems, while concentrations increased slightly in the mineral systems. Br- concentrations 
were then used to adjust water quality measurements (NO3-N, NH4

+-N, DOC, 15N2-N, and 
15NO3-N) to account for evapotranspiration within the systems. NO3

-/Br- ratios decreased 
throughout the experiment indicating biological removal of NO3-N occurring within the 
wetland mesocosms, while Br- remained in the water column. 

 
Figure 27: Surface water chemical concentrations in the wetland mesocosms through time for 
the first 15N enrichment study with target NO3-N load of 0.9 g m-2. 
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Figure 28: Surface water chemical concentrations in the wetland mesocosms through time for 
the second 15N enrichment study with target NO3-N load of 3.6 g m-21. 

3.3.2 15N Enrichment of the Mesocosms 
Following the 15N enrichments, there was a significant increase from the initial δ15N 

natural abundance signatures in each N pool (Table 12 and 13). The natural occurring 15N in 
the system (often assumed 0.364 At% or 0.364% of all natural occurring 14+15N) was important 
to identify to accurately calculate the percent 15N recovery and reduce error (Harrison et al., 
2012). Non-enriched values were found to be within the expected range. All changes in δ15N 
from pre to post enrichment were found to be significant in the biomass, soil, gas, and water 
pools (α=0.05). These differences meant % enrichment at the onset of the experiments was 
enough to use the tracer to distinguish 15NO3-N transformation routes.  
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Table 12: Summary of biomass and soil enrichment measurements for the 0.9 g NO3-N m-2 load 15N  enrichment study. N=3 for each 
category of soil and biomass non-enriched and enriched samples. 

 
τ Biomass was S. tabernaemontani.  ΨBiomass was species other than S. tabernaemontani. 

 
 
 



 

 

       65 

Table 13: Summary of biomass and soil enrichment measurements for the 3.6 g NO3-N m-2 load 15N enrichment study. N=5 for each 
category of soil and biomass non-enriched and enriched samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

τ Biomass was S. tabernaemontani.  ΨBiomass was species other than S. tabernaemontani. 
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3.3.3 15N Mass Balance Method 
A mass balance was completed to evaluate N transformations occurring within each 

wetland mesocosm during the two 15N enrichment studies. 279 and 127 mg 15NO3-N m-2 was 
added into the organic and mineral wetland mesocosms, respectively, at the beginning of the 
0.9 g m-2 15N enrichment experiment. Following 7 days of enrichment only 22 and 11 mg 
15NO3-N m-2 or 8 and 9% of the added 15N remained in the water of the organic and mineral 
wetland systems, respectively. 784 and 587 mg 15NO3-N m-2 was added to the organic and 
mineral wetland mesocosms, respectively, at the beginning of the 3.6 g m-2 15N enrichment 
experiments. Following 10 days of enrichment 97 and 6 mg 15NO3-N m-2 or 12 and 1% of the 
added 15N remained in the water of the organic and mineral wetland systems, respectively. 
Other pools (plant biomass, soil, and gas) were then investigated to determine the fate of the 
15NO3-N within the wetland systems. The percent of 15N recovered in each pool was assumed 
to be equivalent for the distribution of 14+15N added to the each pool. 

3.3.3.1 Biomass and Soil Pools 
Plant uptake accounted for 25-48% of the 15N recovered in the two wetland mesocosm 

studies. Following 7 days of enrichment in the 0.9 g m-2 study 134 and 43 mg 15NO3-N m-2 or 
48 and 34% of the removed 15N was accounted for in the plant biomass in the organic and 
mineral systems, respectively. After 10 days of enrichment in the 3.6 g m-2 study, 195 and 151 
mg 15NO3-N m-2 or 25 and 26% was recovered in the organic and mineral plant biomass, 
respectively. Similar results were reported in a study of 15N enrichment study of two oxbow 
wetlands, where plants accounted for 0-39% of 15N removal (Harrison et al., 2012). Samples 
in this study were broken into various portions of the S. tabernaemontani (Figures 29 and 30): 
live, dead, seed, and roots. The dominant quantity of 15N incorporated into the S. 
tabernaemontani in the organic systems was in the roots for the two enrichment experiments. 
However, significant amounts of 15N was incorporated in the both the roots and aboveground 
live biomass during the 0.9 g m-2 NO3-N load experiment, while the majority of the 15N was 
incorporated into the roots of the S. tabernaemontani in the 3.6 g m-2 NO3-N load experiment 
in the mineral treatment. Assuming that 14N was taken up at the same rate of 15N the 14+15NO3-
N removal incorporated into the biomass ranged from 285 to 464 mg m-2 in the 0.9 g m-2 
experiment and 994 to 1,006 mg m-2 in the 3.6 g m-2 experiment.  
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Figure 28: Estimated 14+15N distribution in N pools within the wetland biomass and soil pools for the 0.9 g m-2 NO3-N load wetland 
mesocosm experiment 7 days following isotope enrichment. N=3 for each category of soil and biomass non-enriched and enriched 
samples. 
 

 
Figure 29: Estimated 14+15N distribution in N pools within the wetland biomass and soil pools for the 3.6 g m-2 NO3-N load wetland 
mesocosm experiment 10 days following isotope enrichment. N=5 for each category of soil and biomass non-enriched and enriched 
samples.
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A substantial amount of 15N was recovered in the soil pool (Figures 29 and 30). 15N 
accounted for in the sediment ranged from 16-35% in the two wetland 15N enrichment studies. 
Following 7 days of enrichment in the 0.9 g m-2 study 86 and 22 mg 15NO3-N m-2 or 31 and 
17% was accounted for in the top 15 cm of sediment in the organic and mineral systems, 
respectively. After 10 days of enrichment in the 3.6 g m-2 study 126 and 207 mg 15NO3-N m-2 
or 16 and 35% was accounted for in the organic and mineral sediment, respectively. 14+15NO3-
N removal incorporated into the soil, assuming 14N was taken up at the same rate of 15N, ranged 
from 146 to 296 mg m-2 in the 0.9 g m-2 experiment and 646 to 1,363 mg m-2 in the 3.6 g m-2 
experiment. 

The majority of the 15N in the soil was observed in the top 0-1 cm particularly in the 
3.6 g m-2 study. The soil pool also had the largest error associated with it due to its variable 
%N within the 3 (0.9 14+15N g m-2 enrichment experiment) to 5 replicates (3.6 14+15N g m-2 
enrichment experiment) for each evaluated soil depth and variable 15N sample concentrations, 
which may have been due to difficulties avoiding 15N contamination from fine plant roots and 
overlying 15N enriched water during sampling on Day 7 or 10. The mineral soil had higher 
error than the organic system potentially due to its lower permeability, which may have 
allowed water to infiltrate less uniformly, compared to the organic wetland systems. Sample 
sizes of at least 10 for each soil depth evaluated would be recommended for future 15N 
enrichment experiments to reduce error.  

3.3.3.2 15N Gas Pool 
A large amount of the 15N was not recovered in the water, sediment, and plant biomass 

pools (Figures 29 and 30). Often unrecovered 15N is assumed to be denitrification (Harrison et 
al., 2012). In this study, the release of 15N2 was evaluated to estimate directly denitrification 
rates within the two wetland mesocosm systems. Water temperature and water velocity 
significantly affect the rate of gas exchange across the air-water interface in wetland systems, 
and are therefore critical parameters needed to quantify gas losses (Young and Huryn, 1999; 
Bennett and Rathbun, 1972). Therefore, aeration coefficients were determined in individual 
mesocosms prior to each of the 15N enrichment studies.  

The aeration coefficients for N2 (kN2) were determined using an exponentially fit model 
of the Ar reduction over time (Koop-Jakobson and Giblin, 2009). Argon aeration coefficients 
and Schmidt ratios were used to estimate the N2 aeration coefficients in each wetland 
mesocosm system prior to the 15N enrichment studies. N2 aeration coefficients were estimated 
to be 0.074 and 0.037 hr-1 in the mineral and organic wetland mesocosm systems during the 
first 15N enrichment study and 0.11 hr-1 and 0.094 hr-1 in the mineral and organic wetland 
mesocosm systems, respectively, during the second 15N second enrichment study.  Aeration 
coefficient results can be found in Appendix 5. 

Aeration coefficients are extremely sensitive to wind, temperature, biomass thickness, 
and flow velocity, emphasizing the importance to evaluating these values prior to or during 
15N enrichment tracer studies. One possibility for the differences between the two enrichment 
studies may have been due to the low sensitivity for adjusting the pump velocity or thicker 
macrophyte roots accelerating the transfer of dissolved gases (Chanton et al., 1989) between 
the first and second 15N enrichment studies. Regardless, differences between aeration 
coefficients between the first and second experiments further support the importance of 
evaluating these values close to or during experiments when assessing gas losses. 

A first order removal model developed by Tobias (2014) was then calibrated using 
observed NO3-N, N2-N, 15NO3-N, and 15N2-N values from water samples taken throughout 
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the experiments and the N2 aeration coefficients determined from the Ar enrichment 
experiment. Like the assessments that determined NO3-N removal fit a first order model, the 
first order removal models developed by Tobias (2014) also produced a reasonable fit for NO3-
N, 15NO3-N, and 15N2-N in both systems during the two 15N enrichment studies (Figure 31). 
The mole fraction (MF) is the ratio of 15N moles:14+15N moles and δ15N (permil) is the 
differences between sample readings and one or another of the widely used natural abundance 
. 

N2 production through microbial denitrification increased as NO3-N loading increased. 
Based on the results of the model developed to estimate gas losses, 15N accounted for in the 
gas pool ranged from 9-32% depending on wetland systems and NO3-N load. Following 7 
days of enrichment in the 0.9 g m-2 study, 25 mg 15NO3-N m-2 or 9 and 20% was accounted 
for in the gas pool of the organic and mineral systems, respectively. After 10 days of 
enrichment in the 3.6 g m-2 study 251 and 123 mg 15NO3-N m-2 or 25-26% was accounted for 
in the organic and mineral gas pool, respectively. Assuming that 14N was taken up at the same 
rate of 15N the 14+15NO3-N removal attributed to denitrification ranged from 82 to 166 mg m-2 

in the 0.9 g m-2 experiment and 811 to 1,288 mg m-2 in the 3.6 g m-2 experiment.  
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a.    

b.    

             c.    

d .    
Figure 30: First order model for the a. mineral systems in the 0.9 g m-2 15N enrichment study, b. organic systems in the 0.9 g m-2 15N 
enrichment study, c. mineral systems in the 3.6 g m-2 15N enrichment study, and d. organic systems in the 3.6 g m-2 15N enrichment 
study. The points were collected data points during the experiment and the line represents the model’s fit to the measured data points.  



 

 

3.3.4 Mass Balance Summary and Implications of the Fate NO3-N 
A summary of the overall mass balance assessment can be found in Figure 33, Table 

14, and 15. During the 0.9 g m-2 experiment 15N was heavily distributed in the biomass 
pools in both the organic and mineral wetland systems. Alternatively, during the 3.6 g m-2 
experiment recovered 15N was more evenly distributed between pools in organic and 
mineral wetland treatments. Unaccounted for 15N ranged between 4 to 20% depending on 
treatment and experiment and likely could be reduced in future experiments with more 
rigorous plant and soil sampling, since these were the pools with the largest variability in 
15N values.   

 

   
                              
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 31: 15N distribution in N pools within the wetland mesocosm for the 0.9 g m-2 
loading 7 days following isotope enrichment (top) and the 3.6 g m-2 loading 10 days 
following isotope enrichment (bottom). Note DNF represents denitrification. 
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Table 14: Summary N pools at the completion of 0.9 g m2 NO3-N enrichment study (7 
days). * Estimated 14+15N assumes that 14N is transformed at the same rate as 15N by all N 
pools. To determine mg m-2 d-1 values divide 14+15N values by 7 days. Note DNF 
represents denitrification. 

Treatment  Pool 
15N Recovered 

15N 
Recovered 

⌘Estimated 
14+15N 

Overall 
Recovered 

⌘Estimated 
Mean Daily 

14+15N Removal/ 
Assimilation 

(% of 15N Total 
Added) (mg m-2) (mg m-2) (mg m-2 d-1) 

Organic 

Water 8.0 ± 1.0 22.4 ± 2.8 77.4 ± 9.8 11.1 ± 1.4 
Plant Biomass 48.1 ± 10.6 134.4 ± 29.5 464.2 ± 102.0 66.3 ± 14.6 

Dead 3.2 ± 0.8 8.9 ± 2.3 30.7 ± 7.9 4.4 ± 1.1 

Live 14.3 ± 0.2 40.0 ± 0.6 138.2 ± 1.9 19.7 ± 0.3 

Other - - - - 

Roots 30.5 ± 9.4 85.1 ± 26.2 293.8 ± 90.5 42.0 ± 12.9 

Seeds 0.2 ± 0.2 0.4 ± 0.5 1.5 ± 1.7 0.2 ± 0.2 

Soil 30.7 ± 15.9 85.6 ± 44.5 295.8 ± 153.5 42.3 ± 21.9 
0-1 cm 4.9 ± 2.6 13.6 ± 7.3 47.1 ± 25.1 6.7 ± 3.6 

1-5 cm 12.9 ± 6.7 36.1 ± 18.8 124.6 ± 64.8 17.8 ± 9.3 

5-15 cm 12.9 ± 6.6 35.9 ± 18.4 124.1 ± 63.7 17.7 ± 9.1 

DNF 9.0 ± 0.7 25.1 ± 0.2 81.8 ± 0.6 11.7 ± 0.1 
Total Added 100% 279 965  

Total Recovered 96% 268 919  

Mineral 

Water 9.1 ± 0.01 11.6 ± 0.02 76.9 ± 0.1 11.0 ± 0.02 
Plant Biomass 33.9 ± 11.1 43.1 ± 14.1 285.8 ± 93.4 40.8 ± 13.4 

Dead 1.0 ± 0.9 1.3 ± 1.1 8.7 ± 7.2 1.3 ± 1.0 

Live 15.1 ± 6.4 19.2 ± 8.1 127.4 ± 53.7 18.2 ± 7.7 

Other 1.7 ± 1.0 2.2 ± 1.3 14.6 ± 8.4 2.1 ± 1.2 

Roots 16.0 ± 2.9 20.3 ± 3.6 134.9 ± 24.1 19.4 ± 3.4 

Seeds 0.02 ± 0.02 0.03 ± 0.02 0.2 ± 0.1 0.03 ± 0.02 

Soil 17.4 ± 14.5 22.0 ± 18.5 146.1 ± 122.5 20.9 ± 17.5 
0-1 cm 1.4 ± 0.8 1.7 ± 1.0 11.4 ± 6.8 1.6 ± 1.0 

1-5 cm 8.1 ± 5.1 10.3 ± 6.5 68.0 ± 42.8 9.7 ± 6.1 

5-15 cm 7.9 ± 8.7 10.1 ± 11.0 66.7 ± 72.8 9.5 ± 10.4 

DNF 20.0 ± 2.0 25.4 ± 0.5 166.0 ± 3.3 23.7 ± 0.5 
Total Added 100% 127 842  

Total Recovered 80% 102 675  

 
 
 
 
 



 

 

 
Table 15: Summary N pools at the completion of 3.6 g m2 NO3-N enrichment study (10 
days). * Estimated 14+15N assumes that 14N is transformed at the same rate as 15N by all N 
pools. To determine mg m-2 d-1 values divide 14+15N values by 10 days. 

Treatment  Pool 

15N 
Recovered 

15N Recovered 
⌘Estimated 14+15N 
Overall Recovered 

⌘Estimated Mean Daily 
14+15N Removal/ 

Assimilation 

(% of Total 
15N Added) (mg m-2) (mg m-2) (mg m-2 d-1) 

Organic 

Water 12.3 ± 0.03 96.8 ± 0.2 496.9 ± 1.2 49.7 ± 0.1 
Plant Biomass 25.0 ± 8.9 195.9 ± 69.4 1,005.9 ± 356.1 100.6 ± 35.6 

Dead 4.2 ± 0.8 33.0 ± 6.1 169.5 ± 31.5 17.0 ± 3.2 

Live 2.0 ± 0.7 15.8 ± 5.8 81.1 ± 29.7 8.1 ± 3.0 

Other - - - - 

Roots 18.5 ± 7.2 144.8 ± 56.4 743.5 ± 289.4 74.4 ± 28.9 

Seeds 0.06 ± 0.02 0.46 ± 0.12 2.4 ± 0.6 0.2 ± 0.06 

Algae on plants 0.2 ± 0.1 1.55 ± 0.86 8.0 ± 4.4 0.80 ± 0.44 

Algae in water 0.04 ± 0.01 0.28 ± 0.10 1.5 ± 0.5 0.15 ± 0.05 

Soil 16.1 ± 7.5 126.0 ± 58.6 646.6 ± 300.6 64.7 ± 30.1 
0-1 cm 5.1 ± 1.2 39.6 ± 9.0 203.1 ± 46.3 20.3 ± 4.6 

1-5 cm 5.1 ± 2.1 39.6 ± 16.8 203.1 ± 86.2 20.3 ± 8.6 

5-15 cm 6.0 ± 4.2 46.8 ± 32.7 240.3 ± 168.0 24.0 ± 16.8 

DNF 32.0 ± 2.9 251.0 ± 7.3 1288.4 ± 37.4 128.8 ± 3.74 
Total Added 100% 784 4,026  

Total Recovered 85% 670 3,164  

Mineral 

Water 1.0 ± 0.03 5.8 ± 0.2 37.8 ± 1.0 3.8 ± 0.1 
Plant Biomass 25.6 ± 6.9 151.2 ± 40.5 994.0 ± 265.9 99.4 ± 26.6 

Dead 3.2 ± 1.1 18.9 ± 6.2 123.9 ± 40.6 12.4 ± 4.1 

Live 3.5 ± 0.7 20.6 ± 4.1 135.2 ± 26.7 13.5 ± 2.7 

Other 1.1 ± 0.4 6.6 ± 2.0 43.1 ± 13.4 4.3 ± 1.3 

Roots 17.7 ± 4.7 103.7 ± 27.6 681.5 ± 181.2 68.2 ± 18.1 

Seeds 0.1 ± 0.05 0.69 ± 0.3 4.6 ± 1.8 0.46 ± 0.18 

Algae on plants 0.09 ± 0.05 0.50 ± 0.3 3.3 ± 2.0 0.33 ± 0.20 

Algae in water 0.06 ± 0.01 0.36 ± 0.1 2.4 ± 0.4 0.24 ± 0.04 

Soil 35.3 ± 14.6 207.5 ± 85.6 1363.8 ± 562.7 136.4 ± 56.3 
0-1 cm 23.1 ± 9.5 135.5 ± 55.5 890.3 ± 364.9 89.0 ± 36.5 

1-5 cm 8.9 ± 4.3 52.4  ± 25.4 344.5 ± 166.7 34.5 ± 16.7 

5-15 cm 3.3 ± 0.8 19.6 ± 4.7 129.0 ± 31.2 12.9 ± 3.1 

DNF 21.0 ± 6.7 123.3 ± 8.3 810.7 ± 54.3 81.1 ± 5.4 

Total Added 100% 587 3,860  

Total Recovered 83% 488 3,368  

3.3.5 Discussion – 15N tracer study 

Differences in recovered 15N were observed between treatments and loading rates 
in all evaluated N pools (water, biomass, soil, and gas). The mineral wetland reduced NO3-
N in the water column significantly faster than the organic treatment in higher loading 15N 



 

 

experiment (α=0.05), which was also observed in 10 of the 18 batch non-tracer studies 
(discussed earlier). Removal curves often diverged particularly during the larger N load 
evaluations, which were observed in this study.  

During the 0.9 g m-2 NO3-N load experiment 15N was evenly distributed in the 
aboveground and belowground biomass in the mineral wetland systems, while during the 
3.6 g m-2 NO3-N load experiment more recovered 15N was accounted for in the 
belowground biomass. The organic system had more recovered 15N accounted for in the 
belowground biomass and had similar daily uptake rates in both 15N enrichment 
experiments. Similar observations have been made in other wetland studies. Petrucio and 
Esteves (2000) observed increased plant uptake rates as N loading rates increased, likely 
due to luxury uptake to store N in the roots for sustaining plants during N limited periods.  
Svengsouk and Mitsch (2001) also suggested similar findings in a mesocosm study with S. 
tabernaemontani, where following fertilization, the plants had an increase in tissue 
nutrients suggested to be from the plants’ high absorption capacity and nutrient storage in 
the roots.  

Plants are often considered inferior to soil microbes in regard to N assimilation 
during shorter incubation periods particularly for NH4

+-N and ON (Harrison et al., 2007, 
2008; Bardgett et al., 2003; Hodge et al., 2000; Jackson et al., 1989). Microbes have a 
higher ratio of surface area to volume, wider spatial distribution, and increased assimilation 
affinities compared to plant roots (Lipson and Näsholm, 2001). However, microbes have a 
shorter turnover period of N compared to plant roots, which allows N to be released back 
into the soil quicker (Kaštovská and Šantrůčková, 2011; Hodge et al., 2000; Bardgett et al., 
2003). Therefore, during longer incubation periods plants often outcompete microbes and 
accumulate a higher amount of 15N (Harrison et al., 2008; Hodge et al., 2000). However, 
recovered 15N in the soil pool of the wetland mesocosms evaluated in this study contributed 
a significant portion to the overall 15N mass balance. 

Organic and inorganic forms of N were assessed in this project to determine the 
likely form of recovered 15N in the soil pool. Based on two dialysis porewater samplers 
installed during the mesocosms following a 0.9 g m-2 loading, NO3-N and NH4-N 
concentrations were below 0.05 mg L-1 within 1 cm of the soil-water interface of the 
mineral and wetland mesocosms 72 hours following the addition of NO3-N. Additionally, 
15NH4-N absorbed to the sediment was analyzed and found to not contribute significantly 
to the 15N recovered in the soil pool (2% of the total recovered 15N in the soil pool). 
Therefore, the high 15N in the soil was believed to be related to soil microbial assimilation. 

Vitousek and Matson (1984) observed 83% of recovered 15N to be in the microbial 
soil pool in a forested ecosystem in North Carolina. High 15N retentions were attributed to 
carbon availability in the systems. Additionally, a meta-analysis of 15N enrichment tracer 
studies of forested and grassland systems recovered 20-25% of applied 15N in organic soils, 
while 15-40% of 15N was recovered in the mineral soils after less than 1 week of enrichment 
(Templer et al., 2012). High 15N retention were positively correlated with C:N ratios in the 
mineral soils, while 15N recovered was negatively correlated with TN concentrations in the 
organic soils, likely from the soils being already saturated with N.  

Therefore, N availability likely resulted in the differences between the mineral and 
organic microbial assimilation rates. During the 0.9 g m-2 experiment the estimated soil 
assimilation 14+15N rates were 2X higher in the organic (42 mg m-2 d-1) compared to the 
mineral systems (21 mg m-2 d-1). However, during the 3.6 g m-2 experiment soil assimilation 



 

 

rates in the organic systems were 2X smaller  (65 mg m-2   d-1) compared to the mineral 
system (136 mg m-2 d-1). Recall in the 3.6 g m-2 experiment that more 15N was recovered 
in the water column in the organic system (12%) compared to the mineral system (1%). 
Likely the microbial and biomass pools had become saturated with N at the higher loading 
rates, while the N limited mineral system was able to continue assimilating N, which was 
similar to observations made by Templer et al. (2012) comparing N limited to N rich 
wetland systems utilizing 15N enrichment tracers. 

Although the organic system was hypothesized to provide a greater potential for 
denitrification to occur based on carbon values compared to the mineral system, observed 
15N denitrification rates were higher in the mineral system at the lower loading rates (0.9 g 
m-2), while they were similar at the higher loading rates (3.6 g m-2). The differences at the 
lower loading rates in the organic systems compared to the mineral system in the first 15N 
experiment was likely caused by the affinity for NO3-N assimilation being higher at lower 
pH values and the microbial and biomass pools not being N saturated at the lower loading 
rates compared to the higher loading rates (Brix et al., 2002; Templer et al., 2012). The 
higher load 15N experiment likely saturated the biomass and microbial N pools and 
resulting in more NO3-N being available for denitrification. Therefore, estimated 
denitrification rates were similar in both the organic and mineral treatments in the higher 
load 15N experiment. 

15N remaining in the wetland soil pools 5 to 10 days following the study may have 
resulted in higher actual denitrification rates in both systems than estimated. Recall that the 
soils were sampled only 7-10 days after loading and there was evidence of significant 
complete denitrification that was occurring at the end of the period. It is also possible that 
15N assimilated into the mesocosms microbial soil pools could have been transformed 
through microbial denitrification or re-assimilated by microbes and plants in the days 
following the final sampling event as microbes died and mineralization, ammonification, 
and nitrification occurred. However, additional samples could have been collected perhaps 
7-14 days after the experiment to test this hypothesis. 
  



 

 

4. Summary of Overall Conclusions  
 

Utilizing restored wetlands to treat agricultural drainage water is a promising 
method to reduce N exports to downstream sensitive ecosystems. The work presented in 
this report was centered on developing a model to predict the volume of drainage water 
that could be pumped into a currently degraded forested wetland ecosystem without 
harming the downstream ecosystems and the structure of the existing forested wetland 
ecosystem. The studies that supported this overall goal revealed quite a few conclusions 
that can be applied not only to the target restoration in Hyde County NC, but to other 
treatment wetlands as well. 

This first part of this study, potential removal rates of NO3-N for two distinct 
wetland environments slated to receive agricultural drainage water in future wetland 
restoration projects were evaluated. Five kinetic models that are often utilized to determine 
NO3-N removal rates within wetland systems were assessed. Based on the results of this 
study, the following conclusions were drawn: 
 

1) Significant differences were observed between the mineral and organic wetland 
mesocosms in experiments during the growing season (α=0.05). Higher removal 
rates were observed in the mineral wetland systems (Deloss soil) compared to the 
organic systems (Scuppernong soil). NO3-N removal rates ranged from 14 to 603 
mg m-2 d-1 in the mineral wetland mesocosms and 13 to 344 mg m-2 d-1 in the 
organic wetlands systems, with the highest rates of removal observed during the 
growing season. 

2) Significant NO3-N removal was also observed during the winter months when 
average water temperatures were as low as 9° C.  

3) The first order decay model was determined the most practical model due to its 
conservative predictions compared to the efficiency loss model, simplicity, and 
reasonable fit. NO3-N removal rates developed at the mesocosm scale have also 
been reported to be conservative estimates for full-scale wetlands. Therefore, the 
first order decay model was a relatively accurate model that generally did not 
overpredict removal rates, particularly during the growing season when the 
hydraulic retention times may be more limited. 

4) Estimated ρ20 values for the first order model for NO3-N removal predictions in the 
mineral and organic restored wetlands were 4.9 cm d-1 and 4.1 cm d-1, respectively. 
θ values for temperature adjustment were estimated to be 1.15 and 1.09 for the 
mineral and organic systems, respectively. 

 
Although not discussed in the details of this report, Messer (2015)  

http://www.lib.ncsu.edu/resolver/1840.16/10634 used these results coupled with 
hydrologic data collected from the site to begin the process of developing a pumping 
strategy for the restoration site in Hyde County.  The volume of drainage water rerouted 
into the wetland will be equivalent to the amount of water no longer pumped into the nearby 
Pamlico Sound, so maximizing this amount is crucial to the success of the overall fill-scale 
project. It was determined that hydraulic retention time associated with NO3-N treatment 
will control the pumping volumes applied to the site over 80% of the time.  Initial estimates 
showed the restoration had the potential to remove an average of 4,950 kg NO3-N per year 

http://www.lib.ncsu.edu/resolver/1840.16/10634
http://www.lib.ncsu.edu/resolver/1840.16/10634


 

 

based on the assumption that influent NO3-N concentrations were 2.5 mg L-1 and effluent 
target NO3-N concentrations were 0.1 mg L-1. 

The second part of the study provided insight to nitrogen and carbon cycling 
occurring within these systems throughout the year using the advance scientific techniques 
of UV-spectrophotometry and 15N tracer studies. Findings advanced the understanding of 
the nitrogen dynamics within these systems, which could improve wetland design methods 
for increasing permanent nitrogen removal based on incoming NO3-N loads 
(denitrification rates increased and were more similar at higher NO3-N loading rates for 
these two wetland systems) and soil type (higher pH soils may provide higher 
denitrification potential at lower loading rates). 
 

1) Prominent diurnal cycles were observed in both NO3-N and DOC readings from 
the UV-Vis spectrometer in most runs completed during the growing season. Two 
processes likely had the largest impact on these observations: photochemical 
mineralization and nitrification. 

2) Significant reductions of 14+15NO-N were observed in both 15N enrichment studies 
in the mineral (91-99%) and organic (90-91%) wetland mesocosms. 

3) Of the 15N recovered, 25 – 48 % was assimilated into the biomass and 16-35%, into 
the soil. Denitrification accounted for 9-32% of the recovered 15N, showing that 
both wetland treatment systems provided suitable conditions to allow 
denitrification to occur, but remained lower than often assumed for these systems. 
Biomass assimilation accounted for 41 to 101 mg m-2 day-1 of the NO3-N removal 
and denitrification accounted for 12 to 129 mg m-2 day-1 of NO3-N removal. 

5) Observed differences between the mineral and organic wetland systems suggest 
that N limited soils in the mineral systems and lower pH values in the organic 
systems may have impacted the fate of recovered 15N.  

 
5. Future Work  

This water management model and plan will continue to be developed to guide 
stakeholders on pumping agricultural drainage water to the wetland restoration area in 
Hyde County.  Additionally results from this work will result in at least 3 peer-reviewed 
scientific journal articles.  The NO3-N removal models developed at the mesocosm scale 
will be tested for accuracy at nearby existing full scale wetland cells in Hyde County prior 
to completion of the restoration project in 2016-2017 though an additional WRRI grant.   
 

  



 

 

Appendix 1 – Nitrate removal models 
A1.1  NO3-N Removal Kinetic Model Overview 

 
The most simplistic quantitative model, the zero order model (ZO), assumes 

contaminant reduction is independent of NO3-N concentration. Zero order NO3-N models 
have been used to model NO3-N removal in wetlands (Mitsch et al., 2005; Horne, 1995) 
assuming a constant consumption rate of NO3-N. Therefore, the JNN would be constant 
equaling JZO, the area based NO3-N removal rate (g m-2 d-1). These systems can be 
characterized by a linear NO3-N concentration profile, which is often unrealistic in systems 
with larger residence times that allow NO3-N to become limited. However, zero order 
NO3-N kinetics have also been observed in systems with substrate concentrations 
significantly larger than the half-saturation constant (Ks) and assumes the system is closed, 
anoxic, completely or partially mixed, independent of hydraulic loading rates, and 
insignificantly influenced by other kinetic reactions occurring within the system (Bekins 
et al., 1998). The model can be expressed as (Bollag and Stotzky, 2000): 

𝐽𝐽𝑍𝑍𝑍𝑍 = (𝐶𝐶1−𝐶𝐶𝑡𝑡)∗𝐷𝐷
𝑡𝑡

         Eq. A1 
Where, C1 was the NO3-N concentration in the wetland mesocosm 24 hours after 

simulated drainage was added to allow the system to be well mixed (mg L-1), Ct was the 
NO3-N concentration at end of the analysis (mg L-1), t was the residence time from 24 
hours after simulated drainage water was added to the system (Day 1) to the final sampling 
day (Day 10 or the last sampling day where Ct>0.05), and D was water depth (m). Once a 
JZO was estimated using observed NO3-N removal datasets from the first 9 of the 18 
mesocosm studies, Ct was predicted using the following equation to estimate NO3-N 
removal rates in the wetland restorations systems for the remaining 9 batch studies: 

𝑁𝑁𝑡𝑡 = 𝑁𝑁0 −
𝐽𝐽𝑍𝑍𝑍𝑍∗𝑡𝑡
𝐷𝐷

         Eq. A2 
Where, C0 was the initial NO3-N concentration added to the mesocosms from the 

mixing tank (mg L-1) during each of the batch runs, t was the hydraulic retention time from 
Day 0 to the final sampling day (Day 10 or the last sampling day where Ct>0.05), JZO area 
based NO3-N removal rate (g m-2 d-1) estimated with Eq. 5a and D was water depth (m). 

The second model, the first order decay response model (FO), assumes NO3-N 
reduction rates are directly proportional to NO3-N concentration (O’Brien, 2007). 
Therefore, removal rates (JNN) increase linearly with NO3-N concentration assuming 
removal efficiency does to not change in relation to NO3-N load (Aumen, 1990). The 
model also assumes that the substrate concentration is significantly smaller than the half-
saturation constant (Ks), the system is well mixed, has no significant influences from water 
losses or gains, and is dependent on only one reactant (Böhlke et al., 2009; Bekins et al., 
1998; Chescheir et al., 1991; Reddy, 1978). The ρFO, the mass transfer coefficient (cm d-

1), is independent of the depth of the water column above the sediment and accounts for 
the intrinsic ability for the soil to retain NO3-N, which is often ignored by using the 
removal rate constants (k) in first order decay response models evaluations. The model can 
be expressed mathematically as (Turlan et al., 2007): 

𝜌𝜌𝐹𝐹𝑍𝑍 = −�
𝐷𝐷∗𝑙𝑙𝑙𝑙𝐶𝐶𝑡𝑡𝐶𝐶1

𝑡𝑡
�    Eq. A3 



 

 

Where, C1 was the NO3-N concentration in the wetland mesocosm 24 hours after 
simulated drainage was added to allow the system to be well mixed (mg L-1), Ct was the 
NO3-N concentration at end of the analysis (mg L-1), t was the hydraulic retention time 
from 24 hours after simulated drainage water was added to the system (Day 1) to the final 
sampling day (Day 10 or the last sampling day where Ct>0.05), D was water depth (m), 
and ρFO was the mass transfer coefficient (cm d-1). Ct was predicted using the following 
equation to determine maximum NO3-N loading capacities of the wetland restorations after 
ρFO was estimated using observed NO3-N removal datasets from the mesocosm studies: 

𝑁𝑁𝑡𝑡 = 𝑁𝑁0𝑊𝑊
−�𝜌𝜌𝐹𝐹𝑍𝑍∗𝑡𝑡𝐷𝐷 �    Eq. A4 

Where, C0 was the initial NO3-N concentration added to the mesocosms from the 
mixing tank (mg L-1) during each of the batch runs, t was the hydraulic retention time from 
Day 0 to the final sampling day (Day 10 or the last sampling day where Ct>0.05), ρFO was 
the mass transfer coefficient (cm d-1) estimated with Eq. 6a, and D was water depth (m). 

 The third model, the efficiency loss model (EL), is similar to the first order 
removal model, but it accounts for the efficiency of the process rate relative to NO3-N 
concentration decline over time (O’Brien et al., 2007). Similar to the first order rate model, 
the model assumes that the substrate concentration is significantly smaller than Ks, the 
system is well mixed, and has no significant influences from water losses or gains. 
However, the model assumes a power relationship represented by the coefficient α, in 
which the order is less than 1. The model can be expressed as: 

𝜌𝜌𝐸𝐸𝐸𝐸 = �(𝐶𝐶𝑡𝑡)1−𝛼𝛼−𝐶𝐶11−𝛼𝛼

𝑡𝑡
�
� 1
𝛼𝛼−1� 𝐷𝐷     Eq. A5 

Where ρEL was the mass transfer coefficient (cm d-1), α was a unitless constant that 
varies between 0 and 1, D was water depth (cm), C1 was the NO3-N concentration in the 
wetland mesocosm 24 hours after simulated drainage was added to allow the system to be 
well mixed (mg L-1), Ct was the NO3-N concentration at end of the analysis (mg L-1), and 
t was the hydraulic retention time from 24 hours after simulated drainage water was added 
to the system (Day 1) to the final sampling day (Day 10 or the last sampling day where 
Ct>0.05),. The model was evaluated empirically in R Studio (2014) to solve for α and ρEL 
for individual mesocosms using 9 of the 18 batch run datasets. Ct was then predicted using 
the ρEL and averaged α values for the remaining 9 batch studies not used to determine 
removal coefficients. Predicted Ct NO3-N concentrations were then compared to observed 
NO3-N concentration datasets from the mesocosm studies using the following equation: 

𝑁𝑁𝑡𝑡 = �𝜌𝜌𝐸𝐸𝐸𝐸
(𝛼𝛼−1)

𝐷𝐷
𝑡𝑡 +  𝑁𝑁01−𝛼𝛼�

1
1−𝛼𝛼

    Eq. A6 
Where, C0 was the initial NO3-N concentration added to the mesocosms from the 

mixing tank (mg L-1) during each of the batch runs, t was the hydraulic retention time from 
Day 0 to the final sampling day (Day 10 or the last sampling day where Ct>0.05), ρEL was 
the mass transfer coefficient (cm d-1) estimated empirically with Eq. 7a, α was a unitless 
constant estimated empirically with Eq. 7a, and D was water depth (m). 

 The simulated drainage turned over in the wetland mesocosm systems once 
a day during each of the experiments. Therefore, the tanks in series (TIS) model, the fourth 
evaluated model, took into account the effects of the period of mixing occurring within the 
mesocosm and was used to represent the number of times the water turned over during an 
experiment. The model was used to investigate the effects in event driven systems, which 
wetlands receiving agricultural drainage water commonly are, and determine if the model 



 

 

could account for the recirculation through wetland mesocosms (Kadlec, 2010). The TIS 
model assumes that NO3-N rich water passes through multiple wetlands in series and 
looses contaminants in each tank, there is no water loss or gains, the system is steady flow, 
and the mass transfer coefficient (ρTIS) does not vary with time of exposure to the wetland 
system (Kadlec and Wallace, 2009). The TIS model can be expressed as: 

𝜌𝜌𝑇𝑇𝑇𝑇𝑇𝑇 =
��𝐶𝐶𝑡𝑡𝐶𝐶1

�
−1𝑁𝑁−1�𝑁𝑁𝐷𝐷

𝑡𝑡
     Eq. A7 

Where, ρTIS was the mass transfer coefficient (cm d-1), C1 was the NO3-N 
concentration in the wetland mesocosm 24 hours after simulated drainage was added to 
allow the system to be well mixed (mg L-1), Ct was the NO3-N concentration at end of the 
analysis (mg L-1), t was the hydraulic retention time from 24 hours after simulated drainage 
water was added to the system (Day 1) to the final sampling day (Day 10 or the last 
sampling day where Ct>0.05), N was the number of tanks, and D (cm) is the water depth. 
N was assumed to be equal to the number of days for each batch run experiment since 
drainage water was turned over within each mesocosm once a day. Additionally, past 
mesocosm studies using the TIS model at the mesocosm scale have used the hydraulic 
retention time for their N value as well (Kadlec and Wallace, 2009). Once ρTIS was 
estimated using the first 9 of the 18 observed NO3-N removal datasets in the mesocosm 
studies, Ct was predicted using the following equation for comparison to observations in 
the remaining 9 batch run studies: 

𝑁𝑁𝑡𝑡 = 𝑁𝑁𝑃𝑃 �1 + 𝜌𝜌𝑇𝑇𝑇𝑇𝑆𝑆𝑡𝑡
𝑁𝑁𝐷𝐷

�
−𝑁𝑁

    Eq. A8 
Where, C0 was the initial NO3-N concentration added to the mesocosms from the 

mixing tank (mg L-1) during each of the batch runs, t was the hydraulic retention time from 
Day 0 to the final sampling day (Day 10 or the last sampling day where Ct>0.05), ρTIS was 
the mass transfer coefficient (cm d-1) estimated empirically with Eq. 8a, N was the 
hydraulic retention time, and D was water depth (m). 

The fifth model evaluated was the Monod model (M), also referred to as the 
Michaelis-Menten model for theoretical considerations, which often represents 
biologically mediated reactions that display first order decay kinetics at low concentrations 
and zero order kinetics at higher concentrations, resulting in a hyperbolic relationship 
between JNN and NO3-N concentrations. Zero order kinetics has been observed when NO3-
N concentrations exceeded biological demand of the system, while first order decay 
kinetics have been observed when NO3-N concentrations are below the biological demand 
of the system (Messer and Brezonik, 1984). Therefore, the model ultimately interpolates 
between a zero order and first order model. The model assumes there are no intermediate 
or product inhibitions and the system is at steady state (Stringfellow, et al., 2013). The 
model can be expressed as: 

𝐽𝐽𝑀𝑀 = 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚∗𝐶𝐶𝑜𝑜
𝐾𝐾𝑠𝑠+𝐶𝐶𝑜𝑜

     Eq. A9 
Where, JM was the area based NO3-N loss rate (mg m-2 d-1), Jmax was the maximum 

removal rate achieved by the system (mg m-2 d-1), Co (mg L-1) was the initial NO3-N 
concentration, and Ks (mg L-1) was the half saturation constant. Ks and Jmax were 
determined graphically using a Lineweaver-Burke plot (Lineweaver and Burk, 1934) with 
observed JNN and CF (concentration at the last sampling time) values. The first-order mass 



 

 

transfer coefficient (ρM), was then estimated assuming Co<<Ks using the following 
equation (Karpuzcu et al., 2012; Messer and Brezonik, 1984): 

𝜌𝜌𝑀𝑀 = 𝐷𝐷∗𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚
𝐾𝐾𝑠𝑠

     Eq. A10 
Where, D was the water depth, Jmax was the maximum removal rate achieved by the system 
estimated empirically with Eq. 4.6a (m d-1), and Ks (mg L-1) was the half saturation constant 
estimated empirically with Eq. 9a. 

 

 

  



 

 

Appendix 2 –Ar and 15N Experimental Protocol 
Argon GTV Study Protocol 
Slug Mixing and Introduction 
1.) Four 66 L buckets will be filled with 50 L of tap water. 
2.) Argon gas will be sparged into the four buckets utilizing a four way manifold with 1 m 

gas tight tubing connected to 13 cm air stone.  The buckets will each have a piece of 
plywood placed overtop to decrease gas loss.  Argon gas will be sparged into the 
buckets for 2 hours controlled with a gas regulator. 

3.) At approximately 1 hr 30 min following the initiation of the argon bubbling, 3.5 g NaBr 
per bucket will be added to the mixing solution to achieve concentrations of 50 mgL-1 
Br- for each slug. 

4.) After Argon gas has been sparged for 2 hours and NaBr mixed into the slug for 15 
minutes, 100 L of the slug will be pumped into the NR2 (Mineral) and Hyde 2 (Organic) 
mesocosms using a 12- volt, low flow submersible pump (Waterra, WSP-12V-5). 
 

Argon Tracer Sampling 
1.) Argon samples will be taken from each mixing tank prior to pumping the slug into the 

mesocosms. 
2.) Duplicate argon samples will then be taken at the following time intervals following 

the Ar slug being introduced into the mesocosms: 0 min, 30 min, 1 hr, 2 hr, 4 hr, 8 hr, 
12 hr, 16 hr, 20 hr, 24 hr, 36 hr, and 48 hr. 

3.) Two samples will be taken in the center of the mesocosms at 3 ft and 9 ft down the 
length of the mesocosms during each sampling event along with salinity and 
temperature readings with a YSI. 

4.) Samples will be taken utilizing a lab grade peristaltic pump (Cole Palmer, 57160) 
attached to the tubing. 

5.) Samples will be pumped from the sampling locations at approximately 15 cm down 
into the water column and into an exetainer (provided by the University of Connecticut 
Marine Sciences Analytical Instruments Lab).  Bottles will be slowly filled until a bead 
of water is present on the top of the bottle.  

6.) Bottles will then be capped. 
7.) Samples will be shipped upside down in 1 L Nalgene bottles that are filled with tap 

water to the following address: 
Department of Marine Sciences 
University of Connecticut 
1080 Shennecossett Road 
Groton, CT  06340 
 

Bromide Tracer Sampling 
1.) Duplicate Bromide samples will be taken from each mixing tank prior to pumping the 

slug into the mesocosms. 
2.) Bromide samples will then be taken at the following time intervals following the Ar 

slug being introduced into the mesocosms: 0 min, 30 min, 1 hr, 2 hr, 4 hr, 8 hr, 12 hr, 
16 hr, 20 hr, and 24 hr. 



 

 

3.) Two samples will be taken in the center of the mesocosms at 3 ft and 9 ft down the 
length of the mesocosms during each sampling event. 

4.) Samples will be taken utilizing a lab grade peristaltic pump (Cole Palmer, 57160) from 
the sampling locations at approximately 15 cm down into the water column and into 
500 mL Nalgene bottles and placed on ice. 

5.) Samples will be analyzed at the NCSU Soil Science EATS Lab. 

15N Enrichment Study Protocol 
Application of 15N into Mesocosms 

1.) A mesocosm tracer study will be start on Tuesday July 22nd. 
2.) The Organic 2 and Mineral 2 mesocosms will be filled with simulated drainage 

water from the tank to the depth of 9.25 in (190 gallons) and 10.75 in (224 gallons) 
respectively. 

3.) A solution of 36 g of KNO3-15N will be added to the Organic 2 mesocosm and 16 
g of KNO3-15N will be add to the Mineral 2 mesocosm as water is being added into 
the system with two separate 1 gallon pitchers. 

4.) Each pitcher will also have 6.5 g of NaBr added to them to assess dilution and 
enrich the water to have approximately 5 mg/L of Br-. 

5.) The mesocosms will then be filled to 12 in with faucet water to get the correct 
concentration of NO3

—N in the mesocosms. 
 
Plant and Soil Samples 

1.) Prior to initiation of the study live bulrush, dead bulrush, seeds, roots, and other 
plant material in five 5 cm diameter areas in the Organic 2 and Mineral 2 
mesocosms will be sampled along with soils at the 0-1 cm, 1-5 cm, and 5-15 cm 
depths at 5 sampling locations. 

2.) 10 days after the application of 15N in the system live bulrush, dead bulrush, seeds, 
roots, and other plant material in five 5 cm diameter areas in the Organic 2 and 
Mineral 2 mesocosms will be sampled along with soils at the 0-1, 1-5 cm and 5-15 
cm depths at 5 sampling locations. 

3.) Plant and soil material will be dried and finely milled. 
4.) Tin capsules will be tared on a micro-scale. 
5.) Using a clean spatula, the sample will be weighed and transferred into the sample 

capsule until 3-5 μmol of N is achieved. 
6.) The top of the capsule will be crimped with a pair of straight foreceps and folded 

over snugly. 
7.) The final weight of the capsule will be recorded after it is sealed 
8.) The lid of the culture tray will be secured with laboratory label tape. 
9.) Samples will be shipped to UC Davis for analysis. 

 
NO3-15N Samples 

1.) 90 ozs of water will be sampled on days 0,1,2,3,5,7, and 10 of the study and water 
will be filtered with a 60 mL syringe with a 0.45 μM filter in the greenhouse at the 
time of sampling for the NO3-15N samples.  NO3-15N samples will be taken at the 
3 m and 9 m locations along the length of the two mesocosms. There will be a total 
of 28 samples. 

2.) Filtered water will be put into amber polyethylene bottles. 



 

 

3.) One pellet of NaOH will be added to the NO3-15N to get the pH to 11-11.5. 
4.) The bottle will then be screwed shut and the caps will be secured with electrical 

tape. 
5.) Bottles will be placed in the laboratory refrigerator until shipped. 
6.) The bottles will be shipped to the following address in a cooler with 2 L of frozen 

water placed inside for analysis: 
USGS--Isotope Laboratory 
431 National Center 
12201 Sunrise Valley Dr. 
Reston, VA 20192 
(703) 648-5859 

 
N2-15N Samples 

1.) 125 ozs of water will be sampled on days 1,2,3,5,7, and 10 of the study in 125 mL 
serum sample bottles provide by USGS. 

2.) Samples will be taken in duplicates at the 3 m and 9 m locations along the length 
of the two mesocosms. Additional 2 samples will be taken along the vertical profile 
at depths above the soil surface and at 5 cm from the soil surface to access 
differences in the profile on sampling day 3 and 7. There will be a total of 36 
samples. 

3.) The water discharge tube will be placed in the bottom of the sample bottle and filled 
with at least 500 mL until all bubbles are removed and a meniscus is formed along 
the top of the bottle. 

4.) One pellet of KOH will be added. 
5.) A stopper with a needle inserted in the top will be used to release air and cap the 

bottle once the needle is removed. 
6.) The sample name and water temperature will be recorded on the sample label. 
7.) Bottles will be placed in laboratory refrigerator until shipped 
8.) The bottles will be shipped to the following address in a small cooler with 2 L of 

frozen water placed inside for analysis: 
USGS--Isotope Laboratory 
431 National Center 
12201 Sunrise Valley Dr 
Reston, VA 20192 
(703) 648-5859 
 

NH4
+-N Sampling 

1.) Soil samples will be taken from 0-10 cm at 3 sampling locations in the Organic 2 
and Mineral 2 mesocosms prior to the 15N enrichment and 10 days after the 15N 
enrichment. 

2.) Samples will be frozen in the laboratory refrigerator in labeled plastic bags until 
shipment. 

3.) The bottles will be shipped to the following address in a small cooler with 2 L of 
frozen water placed inside for analysis: 

Department of Marine Sciences 
University of Connecticut 



 

 

1080 Shennecossett Road 
Groton, CT  06340 
 

15N Microbial Sampling Along the Mesocosm Walls and Plant Stems 
1.) Microbial and algal biomass will be sampled at 3 locations in the Organic 2 and 

Mineral 2 mesocosms prior to the 15N enrichment and 10 days after the 15N 
enrichment including around the plant stems, the water, and along the walls of the 
mesocosm. 

2.) Samples will be taken around the plant stems and along the mesocosm wall using 
25 mm ashed GFF filters that allow a minimum passage of 0.7 microns. The filters 
will be rubbed against the wall and around the stems of plants to collect the cultures. 

3.) Samples will be frozen in the laboratory refrigerator in labeled plastic bags until 
shipment. 

4.) The bottles will be shipped to the following address in a small cooler with 2 L of 
frozen water placed inside for analysis: 

Department of Marine Sciences 
University of Connecticut 
1080 Shennecossett Road 
Groton, CT  06340 
 

Microbial 15N Enrichment Biofilm Water Sampling 
1.) Microbial and algal biomass will be sampled on days 1 and 10 in the Organic 2 and 

Mineral 2 mesocosms. 
2.) Populations in the water will be collected by filtering water through using 25 mm 

ashed GFF filters that allow a minimum passage of 0.7 microns until the filters 
become too difficult to continue filtering. Duplicate samples will be taken. 

3.) Samples will be frozen in the laboratory refrigerator in labeled plastic bags until 
shipment. 

4.) The bottles will be shipped to the following address in a small cooler with 2 L of 
frozen water placed inside for analysis: 

Department of Marine Sciences 
University of Connecticut 
1080 Shennecossett Road 
Groton, CT  06340 

N2O Sampling  
1.) N2O samples are planned to be taken during the batch study proposed for late July, 

2013 to evaluate the size of the N2O pool within the mesocosms systems. 
2.)  The batch run is planned to have 30 cm of simulated drainage water with NO3-N 

concentrations of 10 mgL-1. 
3.) N2O samples will be taken days 0, 1, 2, 3, 5, 7, and 10 of the batch run.   
4.) Two samples will be taken in the center of the mesocosms at 3 ft and 9 ft down the 

length of the mesocosms during each sampling event. 
5.) Samples will be taken utilizing a lab grade peristaltic pump (Cole Palmer, 57160) 

with a 60 cc luer lok syringe attached to the tubing.  Water will be pumped slowly 
into the luer lock system to get a gas tight sample. 



 

 

6.) Water from the mesocosms will be pumped from the sampling locations into a 60 
cc syringe. 

7.) The syringe will be tapped until all air bubbles are released. 
8.) 10 mL of the sample in the syringe will be put into 30 mL serum bottles that have 

been flushed with helium and contain 200 μL of KOH (provided by the University 
of Connecticut Marine Sciences Analytical Instruments Lab). 
   

Bromide Tracer Sampling  
1.) Duplicate Bromide samples will be taken from each mixing tank prior to pumping 

the slug into the mesocosms. 
2.) Bromide samples will then be taken at the following time intervals following the 

Ar slug being introduced into the mesocosms: 0 min, 30 min, 1 hr, 2 hr, 4 hr, 8 hr, 
12 hr, 16 hr, 20 hr, and 24 hr. 

3.) Two samples will be taken in the center of the mesocosms at 3 ft and 9 ft down the 
length of the mesocosms during each sampling event. 

4.) Samples will be taken utilizing a lab grade peristaltic pump (Cole Palmer, 57160) 
from the sampling locations at approximately 15 cm down into the water column 
and into 500 mL nalgene bottles and placed on ice. 

5.) Samples will be analyzed at the NCSU Soil Science EATS Lab. 
 
 

  



 

 

Appendix 3 – All batch studies 
Batch Run 1 

 



 

 

Batch Run 2 
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Appendix 4 – SCAN calibration results 
Table A4.1: Mineral Mesocosm UV-Vis Spectrometer Fits for NO3-N 

Mineral Mesocosms 

Run Comps adjCV % variance 
1 Multiplexor Malfunctioned 
2 2 0.621 87.43 
3 Frozen Line 
4 Multiplexor Malfunctioned 
5 Frozen Line 
6 8 0.2212 99.88 
7 3 0.1891 98.14 
8 5 0.1152 99.86 
9 7 0.1799 99.59 

10 4 1.023 98.66 
11 5 0.3458 97.81 
12 Pump Malfunctioned 
13 Pump Malfunctioned 
14 2 0.2537 97.29 
15 3 0.06114 99.84 
16 4 0.3531 99.72 
17 2 0.684 90.71 
18 2 0.3569 94.58 

 
 

Table A4.2: Organic Mesocosm UV-Vis Spectrometer Fits for NO3-N 
Organic Mesocosms 

Run Comps adjCV % variance 
1 Multiplexor Malfunctioned 
2 2 0.6406 89.34 
3 Frozen Line 
4 Multiplexor Malfunctioned 
5 Frozen Line 
6 1 0.543 62.87 
7 10 0.2807 99.74 
8 3 0.3415 98.04 
9 7 0.1916 99.7 

10 6 0.9314 97.21 
11 4 95.55 95.55 
12 Pump Malfunctioned 
13 Pump Malfunctioned 
14 8 0.8501 99.3 
15 4 0.3077 99.2 
16 3 0.823 94.61 
17 5 0.2936 99.04 
18 3 0.2786 97.77 

 

 

 

 



 

 

 

 

Table A4.3: Control Mesocosm UV-Vis Spectrometer Fits for NO3-N 

Control Mesocosms 

Run Comps adjCV % variance 
1 Multiplexor Malfunctioned 
2 6 0.2404 89.6 
3 Frozen Line 
4 Multiplexor Malfunctioned 
5 Frozen Line 
6 3 0.0467 97.23 
7 7 0.3008 91.82 
8 6 0.2861 73.27 
9 5 0.1025 90.01 

10 3 0.2774 59.11 
11 1 0.05189 59.36 
12 Pump Malfunctioned 
13 Pump Malfunctioned 
14 6 0.06276 91.15 
15 4 0.3128 64.07 
16 12 0.2947 99.98 
17 2 0.2143 51.15 
18 2 0.111 32.45 

 

Table A4.4: Mesocosm UV-Vis Spectrometer Fits for DOC 
Mesocosm Comps adjCV % variance 

N1 5 0.7846 96.4 

N2 5 0.7659 97.6 

N3 8 0.6648 98.99 

C1 4 0.9718 94.19 

C2 15 0.9293 99.7 

C3 5 1.176 93.82 

H1 9 3.464 95.32 

H2 6 1.257 97.32 

H3 11 2.308 95.89 

 



 

 

 
Figure A4.1: UV-Vis Spectrometer NO3-N readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 2. 
 
 

 
Figure A4.2: UV-Vis Spectrometer NO3-N readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 6. 



 

 

 
Figure A4.3: UV-Vis Spectrometer NO3-N readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 7. 

 
 

 
Figure A4.4: UV-Vis Spectrometer NO3-N readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 8. 



 

 

 
Figure A4.5: UV-Vis Spectrometer NO3-N readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 9. 

 
 

 
Figure A4.6: UV-Vis Spectrometer NO3-N readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 10. 



 

 

 
Figure A4.7: UV-Vis Spectrometer NO3-N readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 11. 
 
 

 
Figure A4.8: UV-Vis Spectrometer NO3-N readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 14. 



 

 

 
Figure A4.9: UV-Vis Spectrometer NO3-N readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 15. 
 
 

 
Figure A4.10: UV-Vis Spectrometer NO3-N readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 16. 



 

 

 
Figure A4.11: UV-Vis Spectrometer NO3-N readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 17. 
 
 

 
Figure A4.12: UV-Vis Spectrometer NO3-N readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 18. 



 

 

 
Figure A4.13: UV-Vis Spectrometer DOC readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 6. 
 
 

 
Figure A4.14: UV-Vis Spectrometer DOC readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 7. 

 



 

 

 
Figure A4.15: UV-Vis Spectrometer DOC readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 8. 
 
 

 
Figure A4.16: UV-Vis Spectrometer DOC readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 9. 

 



 

 

  
Figure A4.17: UV-Vis Spectrometer DOC readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 10. 
 
 

  
Figure A4.18: UV-Vis Spectrometer DOC readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 11. 



 

 

  
Figure 2I 19: UV-Vis Spectrometer DOC readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 14. 
 
 

  
Figure A4.20: UV-Vis Spectrometer DOC readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 15. 



 

 

  
Figure A4.21: UV-Vis Spectrometer DOC readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 16. 
 
 

 
Figure A4.22: UV-Vis Spectrometer DOC readings from 1 of 3 mesocosms from each 
treatment (Organic, Mineral, and Control) during Batch Run 18. 

 

 



 

 

Appendix 5 – Aeration coefficient results 

a.    

b.   
Figure A5. 1: Ar gas transfer velocities (GTV) and aeration coefficient fits for the a. low 
NO3-N and b. high NO3-N loading 15N enrichment experiments. Points indicate argon 
concentrations adjusted for evapotranspiration with Br- observed during the experiments 
as values approached equilibrium with air. The GTVs for Ar were determined by 
multiplying the Ar aeration coefficients by the water depth in the mesocosms (30 cm).
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