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Floodplain wetlands function as important nutrient sinks which can improve downstream 

water quality by reducing nutrient export. In the lower Mississippi Alluvial Valley (LMAV), 

wetland loss and intense agricultural production throughout the Mississippi River Drainage has 

caused substantial nutrient pollution in the northern Gulf of Mexico. The Wetland Reserve 

Program (WRP)/Wetland Reserve Enhancement Partnership (WREP) program(s) within the U.S. 

Department of Agriculture were created to convert marginal croplands back to floodplain 

wetlands, in part to reduce nutrient export from agricultural watersheds. Using a combination of 

field, remote sensing, and experimental data, this dissertation evaluated restoration success by 

quantifying maximum nutrient retention potentials among various restored wetland habitat types 

throughout western Tennessee and Kentucky. Further, this dissertation investigated how 

vegetation, hydrology, and soil properties interact to influence nutrient cycling within these 

ecosystems. The results of these studies indicate that vegetation, hydrology, and soil properties 

can have distinct or combined effects on nutrient cycling rates during initial flooding. However, 

the strength of these relationships generally weakens as flood duration increases. Beyond 1 – 3 

days of inundation, water residence time may become the primary factor regulating nutrient 

retention in these wetlands regardless of vegetation type, hydrologic regime, or soil properties. 

Further, increases in flood frequency appear to enhance nitrogen retention and closely correlate 

with select soil properties. These findings suggest that increasing wetland-floodplain 

connectivity and water residence time during floods may enhance nutrient retention and reduce 

or eliminate disparities among different restored wetland habitats.



iii 

 

 

© 2023 Spencer G. Womble



iv 

 

TABLE OF CONTENTS 

 

CERTIFICATE OF APPROVAL OF DISSERTATION ............................................................ viii 

DEDICATION ............................................................................................................................... ix 

ACKNOWLEDGMENTS .............................................................................................................. x 

LIST OF FIGURES ....................................................................................................................... xi 

LIST OF TABLES ...................................................................................................................... xvii 

CHAPTER 1: BACKGROUND INFORMATION ........................................................................ 1 

Wetland Restoration by the National Resources Conservation Service ..................................... 2 

Dissertation Objectives ............................................................................................................... 3 

CHAPTER 2: EFFECTS OF VEGETATION, HYDROLOGY, AND SOIL ON NITROGEN 

AND PHOSPHORUS RETENTION IN RESTORED FLOODPLAIN WETLANDS ................. 5 

Introduction ................................................................................................................................. 6 

Overview of Nitrogen and Phosphorus Retention Pathways in Aquatic Ecosystems ............ 7 

Nitrogen Retention Pathways ................................................................................................. 7 

Phosphorus Retention Pathways ............................................................................................. 7 

Interactions Between Habitat and Hydrology on Nutrient Retention ..................................... 8 

Soil Characteristics and Nutrient Retention ............................................................................ 9 

Need for Research on the Effects of Habitat Type, Hydrology, and Soil Geomorphology on 

Nutrient Retention ................................................................................................................. 12 

Objectives ............................................................................................................................. 13 

Hypotheses ............................................................................................................................ 13 

Methods..................................................................................................................................... 14 

Field Methods ....................................................................................................................... 14 

Core Incubation Experimental Design .................................................................................. 21 

Lab Protocols for Dissolved Nutrient and Gas Sampling and Analyses .............................. 27 

Dissolved Nutrients Analyses ............................................................................................... 28 

Dissolved O2 Analysis .......................................................................................................... 28 

Flux Rate Calculations .......................................................................................................... 29 

Soil Analyses ........................................................................................................................ 29 

Data Analyses ....................................................................................................................... 32 

Results ....................................................................................................................................... 35 



v 

 

Overall Trends in Nitrate and Phosphate Retention ............................................................. 35 

Nitrate Flux Results .............................................................................................................. 37 

Phosphate Flux Rates ............................................................................................................ 45 

Soil Data Summary Statistics................................................................................................ 55 

Discussion ................................................................................................................................. 58 

Evaluation of Hypotheses ..................................................................................................... 58 

Factors Influencing Nitrate Retention ................................................................................... 60 

Factors Influencing Phosphate Retention ............................................................................. 63 

Conclusions ............................................................................................................................... 66 

CHAPTER 3: EFFECTS OF INUNDATION FREQUENCY ON NUTRIENT RETENTION 

AND SOIL CHARACTERISTICS IN RESTORED FLOODPLAIN WETLANDS................... 67 

Abstract ..................................................................................................................................... 67 

Introduction ............................................................................................................................... 69 

Hydrologic Regimes and Water Residence Time ..................................................................... 70 

Effects of Wetting on Nutrient Retention ............................................................................. 71 

Effects of Drying................................................................................................................... 73 

Wetland Hydrology and Soil Properties ............................................................................... 74 

Objectives ............................................................................................................................. 74 

Hypotheses ............................................................................................................................ 75 

Methods..................................................................................................................................... 76 

The PyGEE-SWToolbox ...................................................................................................... 76 

Site Selection and Timeframe Analyzed ............................................................................... 77 

Image Processing and Inundation Frequency Calculations .................................................. 78 

Statistical Analysis ................................................................................................................ 79 

Results ....................................................................................................................................... 80 

Trends in Inundation Frequency ........................................................................................... 80 

Inundation Frequency and Nitrate Retention ........................................................................ 82 

Inundation Frequency and Soil Characteristics .................................................................... 84 

Discussion ................................................................................................................................. 88 

Evaluation of Hypotheses ..................................................................................................... 88 

Inundation Frequency and Nitrate Retention ........................................................................ 88 

Inundation Frequency and Soil Characteristics .................................................................... 90 

Conclusions ............................................................................................................................... 93 



vi 

 

CHAPTER 4: EFFECTS OF VEGETATION TYPE AND HYDROPERIOD ON NITROGEN 

AND PHOSPHORUS FLUX RATES IN EXPERIMENTAL WETLAND MESOCOSMS ...... 95 

Abstract ..................................................................................................................................... 95 

Introduction ............................................................................................................................... 96 

Hydrology-Plant Interactions Influence Nutrient Cycling Rates .......................................... 97 

Experimental Setting to Test Hydrology-Vegetation Effects on Nutrient Retention ........... 99 

Objectives ........................................................................................................................... 100 

Hypotheses .......................................................................................................................... 101 

Methods................................................................................................................................... 103 

Mesocosm Assembly .......................................................................................................... 103 

Soil Collection and Preparation .......................................................................................... 106 

Treatment Assignment ........................................................................................................ 107 

Nutrient Enrichment and Nutrient Retention Sampling...................................................... 110 

Water Quality Sampling ..................................................................................................... 110 

Dissolved Nutrients Analysis .............................................................................................. 111 

Soil Ash-Free Dry Mass, Algal Biomass, and Post-Dosing Soil Nutrient Sample Collection

............................................................................................................................................. 112 

Soil Ash-Free Dry Mass, Algal Biomass, and Soil Nutrient Content Analysis .................. 113 

Estimation of N2, O2, N2O, and CH4 Production in Mesocosms ........................................ 114 

Data Analysis ...................................................................................................................... 117 

Statistical Analysis .............................................................................................................. 121 

Results ..................................................................................................................................... 124 

Dissolved Nutrients Starting Concentrations ...................................................................... 124 

Nitrate Retention ................................................................................................................. 125 

Phosphate Retention............................................................................................................ 131 

Trends in Dissolved Organic Carbon .................................................................................. 137 

Gas Data .............................................................................................................................. 140 

Soil Oxygen Demand .......................................................................................................... 147 

N2 and SOD Correlations .................................................................................................... 153 

Greenhouse Gases ............................................................................................................... 158 

Soil Nutrients ...................................................................................................................... 164 

Chlorophyll-a and Ash-free Dry Mass ................................................................................ 166 

Discussion ............................................................................................................................... 168 



vii 

 

Evaluation of Hypotheses ................................................................................................... 168 

Vegetation-Hydrology Interaction ...................................................................................... 170 

Dissolved Nutrients ............................................................................................................. 171 

Gas Data .............................................................................................................................. 175 

Greenhouse Gases ............................................................................................................... 178 

Soil Nutrients ...................................................................................................................... 181 

Conclusions ............................................................................................................................. 182 

CHAPTER 5: DISSERTATION CONCLUSIONS ................................................................... 184 

Habitat Type, Hydrology, and Soil Properties ........................................................................ 184 

Chapter Synopses .................................................................................................................... 185 

Chapter Two........................................................................................................................ 185 

Chapter Three...................................................................................................................... 185 

Chapter Four ....................................................................................................................... 186 

Major Factors Influencing Nutrient Retention ........................................................................ 187 

Soil Redox Potential ........................................................................................................... 187 

Water Residence time ......................................................................................................... 187 

Management Implications ....................................................................................................... 188 

APPENDIX A: CHAPTER 2 DATA ......................................................................................... 190 

APPENDIX B: CHAPTER 3 DATA .......................................................................................... 213 

APPENDIX C: CHAPTER 4 PHOTOS AND DATA ............................................................... 224 

REFERENCES ........................................................................................................................... 238 

VITA ........................................................................................................................................... 282 

 

 



viii 

 

CERTIFICATE OF APPROVAL OF DISSERTATION 

 

FACTORS INFLUENCING NUTRIENT RETENTION IN RESTORED FLOODPLAIN 

WETLANDS IN WESTERN TENNESSEE AND KENTUCKY, USA 

by 

Spencer G. Womble 

Graduate Advisory Committee: 

__________________________________________________ 

Justin Murdock, Chair             Date 

__________________________________________________ 

Shawn Krosnick             Date 

__________________________________________________ 

Daniel Combs              Date 

__________________________________________________ 

Hayden Mattingly             Date 

__________________________________________________ 

Alfred Kalyanapu             Date 

 

Approved for the Faculty: 

__________________________________________________ 

Mark Stevens, Dean             Date 

College of Graduate Studies 

  



ix 

 

DEDICATION 

 This dissertation is dedicated to Robert Brown and Shrijana Duwadi for all we’ve been 

through and to my wife Kristin for all she’s given me. Let’s never do this again.  



x 

 

ACKNOWLEDGMENTS 

 No one completes a Ph.D. alone. This was a collaborative effort among my advisor, Dr. 

Justin Murdock, my lab mates Robert Brown, Shrijana Duwadi, Trevor Crawford, and Peter 

Blum, along with my committee members, technicians, and countless undergraduate workers. I 

must specifically thank Dr. Murdock for a Master and Ph.D. programs’ worth of mentoring 

which has made me the scientist I am today. Additionally, this dissertation would be much less 

detailed (and much shorter) without the contributions of Shrijana Duwadi and her soil team(s). 

Robert Brown has also been invaluable through his help leading our field teams, collecting 

samples, and workshopping research ideas. Shrijana, Robert, and I have shed blood, a lot of 

sweat, and the occasional tear for this dissertation, and I will not forget it. I must also thank our 

former full-time technicians, Jordan Evans and Stephanie Cox, for their assistance in keeping our 

analytical equipment running and teaching me how to make countless reagents. A special thanks 

is also owed to David Hobbs for all his help ensuring that we had the supplies and facilities we 

needed in the Tennessee Tech Water Center Laboratory. I must also thank the Tennessee Tech 

Water Center for supplying field vehicles for this project. Further, this project would never have 

been achievable without the funding provided by the U.S. Department of Agriculture’s National 

Resource Conservation Service and The Nature Conservancy. I would also like to thank the 

Tennessee Tech Agriculture Department for lending us research space at Shipley Farm, and 

Kenny Pierce for his help maintaining the research area. Finally, I would like to thank my 

wonderful wife, Kristin, for proving assistance with using GIS, but much more so for picking me 

up every time I was down, encouraging me every time I wanted to quit, and providing more love 

and support than any Ph. D student ever deserved. 



xi 

 

LIST OF FIGURES 

Figure 1.2 Map of WRP/WREP easements (black circles) included in the study. ....................... 15 

Figure 2.2 Examples of each habitat type sampled in the study. .................................................. 16 

Figure 3.2 (A) An example of a NRCS site restoration plan for a WRP easement (restoration plan 

courtesy of NRCS), and (B) a typical restored wetland in western Tennessee with soil core 

collection locations (green pins = tree planting, blue pins = inundated shallow water, yellow pins 

= dry shallow water, white pins = remnant forest, orange pins = natural regeneration). ............. 18 

Figure 4.2 Metal corer assembly ................................................................................................... 20 

Figure 5.2 Image of a soil core. .................................................................................................... 21 

Figure 6.2 (A) Diagram of an incubation core and (B) image of incubation cores ...................... 23 

Figure 7.2 Flow-through incubation system with incubating cores viewed from (A) side nearest 

the peristaltic pumps and (B) front of the of the recirculating system. ......................................... 24 

 Figure 8.2 Conceptual diagram illustrating core groupings within the habitats. Data collected 

from multiple core sampling locations (represented by yellow circles) within a habitat (H) at a 

specific site were averaged, yielding a single value for each replicate. ....................................... 33 

Figure 9.2 Time series plot of (A) predicted mean NO3
- and (B) PO4

3- flux rates by habitat and 

sampling time point....................................................................................................................... 36 

Figure 10.2 Predicted mean NO3
- flux rates by habitat at 6 h. Different letters indicate significant 

differences (α = 0.05); starred letters indicate significant differences at α = 0.1. Error bars 

represent 95% confidence intervals. ............................................................................................. 38 

Figure 11.2 Interaction plots of the effect of soil pH on NO3
- flux at 6 h for each habitat. Bands 

represent 95% confidence intervals. Points are raw flux rates (points located outside the 

predicted range are not shown). .................................................................................................... 40 



xii 

 

Figure 12.2 Predicted mean NO3
- flux rates by habitat at 24 h. Different letters indicate 

significant differences (α = 0.05). Error bars represent 95% confidence intervals. ..................... 42 

Figure 13.2 Predicted mean NO3
- flux rates by habitat at 48 h. Different letters indicate 

significant differences (α = 0.05). Error bars represent 95% confidence intervals. ..................... 44 

 Figure 14.2 Predicted mean PO4
- flux rates by habitat at 6 h. Different letters indicate significant 

differences (α = 0.05). Error bars represent 95% confidence intervals. ....................................... 46 

Figure 15.2 Interaction plot showing the effect of soil moisture on PO4
3- flux at 6 h for each 

habitat. Bands represent 95% confidence intervals. Points are the raw flux rates (points located 

outside the predicted range are not shown)................................................................................... 48 

Figure 16.2 Predicted mean PO4
- flux rates by habitat at 24 h. Different letters indicate 

significant differences (α = 0.05). Error bars represent 95% confidence intervals. ..................... 50 

Figure 17.2 Interaction plot showing the effect of soil moisture on PO4
3- flux at 24 h for each 

habitat. Bands represent 95% confidence intervals. Points are the raw flux rates (points located 

outside the predicted range are not shown)................................................................................... 52 

Figure 18.2 Predicted mean PO4
- flux rates by habitat at 48 h. Different letters indicate 

significant differences (α = 0.05). Error bars represent 95% confidence intervals. ..................... 54 

Figure 1.3 A conceptual diagram of wetland types as related to inundation status and wetting-

drying frequency (after National Research Council, 1995 and Keddy, 2000). ............................. 70 

Figure 2.3 Predicted NO3
- flux rates at 6 h of incubation for each site. The dashed black line 

represents the overall model regression line. Bands are 95% CI’s. Points are observed IF values 

at each site. .................................................................................................................................... 83 

 Figure 3.3 Soil pH predictions for each site. The black line represents the overall model 

regression line. Bands are 95% CI’s. Points are observed IF values at each site. ........................ 85 



xiii 

 

 Figure 4.3 Soil TC predictions for each site. The black line represents the overall model 

regression line. Bands are 95% CI’s. Points are observed IF values at each site. ........................ 86 

 Figure 5.3 Soil TN predictions for each site. The black line represents the overall model 

regression line. Bands are 95% CI’s. Points are observed IF values at each site. ........................ 87 

Figure 1.4 Diagram of a mesocosm. ........................................................................................... 104 

Figure 2.4 Diagram of experimental design and plumbing for the mesocosms. ........................ 105 

Figure 3.4 Assembled mesocosms with assigned treatments. Note the nearest tub in the picture 

was only used to maintain backup trees in case treatment trees died. It was not used in the 

experiment. No trees died during this study. .............................................................................. 106 

Figure 4.4 Typical herbaceous vegetation (A) and tree planting (B) treatments. ....................... 109 

Figure 5.4 Diagram of the sampling grid used for algal biomass and organic matter sampling (A) 

(blue X’s represent hypothetical randomly selected sampling locations. Note: not all grids are the 

same size due to the oblong shape of the tubs) and an AFDM and chl-a soil sample collected 

from one grid location within a bare soil – 3-day hydroperiod treatment (B). ........................... 113 

Figure 6.4 Percent change in NO3
- over time. Triangles indicate a 3-day hydroperiod. Circles 

indicate a 3-week hydroperiod. Lines represent means (3-day hydroperiod = dashed; 3-week 

hydroperiod = solid). ................................................................................................................... 126 

Figure 7.4 Predicted means for NO3
- flux for each vegetation type for the 3-day (solid bars) and 

3-week (striped bars) hydroperiods. Different letters indicate significant differences. Error bars 

represent 95% CI’s. ..................................................................................................................... 129 

Figure 8.4 Predicted means for NO3
- flux for each hydrology level for bare soil, herbaceous 

vegetation, and tree planting treatments. Different letters indicate significant differences. There 



xiv 

 

were no differences between hydrology levels for bare soil or tree planting treatments. Error bars 

represent 95% CI’s. ..................................................................................................................... 130 

 Figure 9.4 Percent change in PO4
3- over time. Triangles indicate a 3-day hydroperiod. Circles 

indicated a 3-week hydroperiod. Lines represent arithmetic means (3-day hydroperiod = dashed; 

3-week hydroperiod = solid). ...................................................................................................... 132 

Figure 10.4 Predicted mean flux rates of PO4
- for the first 24 h of the experiment for mesocosms 

treated with a 3-day (solid bars) and 3-week (striped bars) hydroperiod. Different letters indicate 

significant differences. There were no differences between hydrology levels. Error bars represent 

95% CI’s. .................................................................................................................................... 133 

Figure 11.4 Predicted mean flux rates of PO4
- per day for days 2 through 5 of the experiment for 

mesocosms treated with a 3-day (solid bars) (A) and 3-week (striped bars) hydroperiod (B). Log-

PO4
3- flux data was back-transformed to its original units for graphing. Different letters indicate 

significant differences. Error bars represent 95% CI’s. .............................................................. 135 

Figure 12.4 Predicted means for PO4
3- flux for each hydrology level for bare soil, herbaceous 

vegetation, and tree planting treatments. Different letters indicate significant differences. There 

were no differences between hydrology levels for herbaceous vegetation treatments. Error bars 

represent 95% CI’s. ..................................................................................................................... 136 

Figure 13.4 Predicted mean DOC flux rates for vegetation levels groped by hydrology for the 3-

day (solid bars) and 3-week hydroperiods (striped bars). Different letters indicate significant 

differences in mean flux rates. There were no differences among vegetation levels treated with a 

3-day hydroperiod. Error bars represent 95% CI’s. .................................................................... 139 

Figure 14.4 12 h N2 predicted means for each vegetation (A) and hydrologic level (B). Different 

letters indicate significant differences. Error bars represent 95% CI’s. ..................................... 141 



xv 

 

Figure 15.4 24 h N2 predicted means for each vegetation (A) and hydrologic level (B). There 

were no significant differences among the treatments. Error bars represent 95% CI’s. ............. 142 

Figure 16.4 48 h N2 predicted means for each vegetation (A) and hydrologic level (B). There 

were no significant differences among the treatments. Error bars represent 95% CI’s. ............. 143 

Figure 17.4 12-h predicted mean O2 flux rates for each vegetation type for mesocosms treated 

with 3-day (solid bars) (A) and 3-week (striped bars) (B) hydroperiods. Different letters indicate 

significant differences. Error bars represent 95% CI’s. .............................................................. 148 

Figure 18.4 12-h predicted mean O2 flux rates for hydrology levels (green = 3-day hydroperiod, 

blue = 3-week hydroperiod) grouped bare soil, herbaceous vegetation, and tree planting. 

Different letters indicate significant differences. There were no differences between hydrology 

levels for herbaceous vegetation or tree planting treatments. Error bars represent 95% CI’s. ... 149 

Figure 19.4 24-h predicted mean O2 flux rates for each vegetation type (A) and hydroperiod (B). 

Different letters indicate significant differences. There were no differences between hydrology 

levels. Error bars represent 95% CI’s. ........................................................................................ 152 

Figure 20.4 48-h predicted mean O2 flux rates for each vegetation type (A) and hydroperiod (B). 

Different letters indicate significant differences at α = 0.05. Different letters with stars represent 

significant differences at the α = 0.1 level. There were no differences between hydrology levels. 

Error bars represent 95% CI’s. .................................................................................................... 153 

Figure 21.4 O2 flux regressed against N2 flux for each factor combination at 12 h of incubation. 

Bands are 95% CI’s. ................................................................................................................... 155 

Figure 22.4 O2 flux regressed against N2 flux for each factor combination at 24 h of incubation. 

Bands are 95% CI’s. ................................................................................................................... 156 



xvi 

 

Figure 23.4 O2 flux regressed against N2 flux for each factor combination at 48 h of incubation. 

Bands are 95% CI’s. ................................................................................................................... 157 

Figure 24.4 N2O yield for all treatments. Lines represent arithmetic means. Points are observed 

data. ............................................................................................................................................. 159 

Figure 25.4 Arithmetic mean N2O flux rates for the bare soil (brown), herbaceous vegetation 

(yellow), and tree planting (blue) treatments for each sampling time point. Error bars represent 

95% CI’s. .................................................................................................................................... 160 

Figure 26.4 Arithmetic mean N2O flux rates for the 3-day hydroperiod (green) and 3-week 

hydroperiod (blue) treatments for each sampling time point. Error bars represent 95% CI’s. ... 161 

Figure 27.4 Arithmetic mean CH4 flux rates for the bare soil (brown), herbaceous vegetation 

(yellow), and tree planting (blue) treatments for each sampling time point. Error bars represent 

95% CI’s. .................................................................................................................................... 162 

 Figure 28.4 Arithmetic mean N2O flux rates for the 3-day hydroperiod (green) and 3-week 

hydroperiod (blue) treatments for each sampling timepoint. Error bars represent 95% CI’s. .... 163 

 Figure 29.4 Predicted mean chl-a content for each vegetation (A) and hydrology (B) level. 

Different letters indicate significant differences. There were no differences among vegetation 

levels. Error bars represent 95% confidence intervals. ............................................................... 167 

Supplemental Photo 1.4 Algal accruement among each vegetation type after four days of 

inundation during the nutrient dosing experiment. ..................................................................... 224 

 

  



xvii 

 

LIST OF TABLES 

Table 1.2 Chemical profile of lab-made water for incubation experiment. .................................. 26 

Table 2.2 ANCOVA results for 6 h NO3
- flux rates ..................................................................... 39 

Table 3.2 ANCOVA table for 24 h NO3
- flux rates ...................................................................... 43 

Table 4.2 ANCOVA table for 48 h NO3
- flux rates ...................................................................... 45 

Table 5.2 ANCOVA table for 6 h PO4
3- flux rates ....................................................................... 47 

Table 6.2 ANCOVA table for 24 h PO4
3- flux rates ..................................................................... 51 

Table 7.2 ANCOVA table for 48 h PO4
3- flux rates ..................................................................... 55 

Table 8.2 Summary statistics for the soil data including mean, standard deviation (SD), and 

range .............................................................................................................................................. 56 

Table 1.3 Inundation frequency (the % that a pixel was classified as water across the images 

analyzed) ranges, means, and standard deviations (SD) for each site included in the regression 

analyses. ........................................................................................................................................ 81 

Table 2.3 Model summary statistics for each variable that was significantly correlated with 

inundation frequency. Predicted percent change in NO3
- flux per one percent increase in 

inundation frequency was included because unstandardized effect sizes cannot be determined 

using coefficients when a variable has been log transformed. ...................................................... 82 

Table 1.4 All possible factor combinations (BS = bare soil, HV = herbaceous vegetation, TP = 

tree planting; 3-days = 3-day hydroperiod, 3-weeks = 3-week hydroperiod). ........................... 108 

Table 2.4 Mean nutrient concentrations in the mixing tanks. ..................................................... 125 

Table 3.4 Predicted mean NO3
-, PO4

3-, and DOC flux rates (mg m-2 day-1) by treatment (no 

interaction or vegetation type by hydrology level (interaction present).  ± values = standard error

..................................................................................................................................................... 127 



xviii 

 

Table 4.4 ANCOVA table for the NO3
- flux rate data. ............................................................... 131 

Table 5.4 ANCOVA table for the PO4
3- flux data. ..................................................................... 137 

Table 6.4 ANCOVA table for DOC flux data. ........................................................................... 138 

Table 7.4 Predicted means for N2 flux and SOD (O2) rates (mg m-2 h-1) for vegetation and 

hydrologic levels. Estimated marginal means ± the standard error (SE). ................................... 144 

Table 8.4 ANCOVA table for N2 flux rates. ............................................................................... 146 

Table 9.4 ANCOVA table for SOD flux rates. ........................................................................... 151 

Table 10.4 Wilcoxon Ranked-Sign paired t-test results, differences in pre- and post-dosing soil 

nutrient content, and the corresponding percent change. ............................................................ 165 

Table 11.4 ANOVA table for chl-a data. .................................................................................... 168 

Supplement Table 1.2 Raw data collected during this study (SW = Shallow Water). .......... Error! 

Bookmark not defined. 

Supplemental Table 1.3 Inundation frequency values (%) for all sites from Chapter One that 

were included in the analyses. .................................................................................................... 213 

Supplemental Table 1.4 Flux rates for all dissolved nutrient species (meso. = mesocosm). ..... 225 

Supplemental Table 2.4 Dissolved gas flux rates for each mesocosm. ...................................... 228 

Supplemental Table 3.4 Soil nutrient content, chl-a, and AFDM data before and after dosing 

with N and P enriched water. ...................................................................................................... 233 



1 

 

CHAPTER 1: BACKGROUND INFORMATION 

 

 

Much of Earth’s freshwater has been degraded through agricultural runoff, with fertilizer 

applications and soil erosion substantially increasing the nutrient content of surface waters 

globally (Galloway & Cowling, 2002; V. H. Smith et al., 1999). High nutrient [nitrogen (N) and 

phosphorus (P)] input into aquatic ecosystems can degrade water quality and threaten 

biodiversity (Bini et al., 2014; Edmondson, 1994; V. H. Smith et al., 1999; Vonlanthen et al., 

2012) through cultural eutrophication, the enriching of organic matter within an ecosystem due 

to nutrient pollution (Nixon et al., 1996). Cultural eutrophication can also alter biogeochemical 

cycles, change water pH, decrease dissolved oxygen content, and prompt the formation of 

nuisance algal blooms (Dale et al., 2008; Doney, 2010; Glibert, 2017; Kelly et al., 1990; 

Vitousek et al., 1997). Coastal areas are especially prone to eutrophication as they receive 

nutrient pollution runoff from entire basins or regions (Simpson et al., 2008). 

In North America, intense agriculture within the Mississippi River watershed has caused 

substantial nutrient pollution throughout the basin and the Mississippi Delta. Expansive algal 

blooms now form seasonally in the northern Gulf of Mexico due to this nutrient enrichment 

(Dale et al., 2008). The influx of excess N and P into the Gulf of Mexico prompts rapid cellular 

division in certain algal species, resulting in a substantial increase in algal biomass. Once 

nutrients are depleted, algal cells begin to die and are decomposed by microbes. Cellular 

respiration by the decomposing microbes can deplete dissolved oxygen in the surrounding water 

column, and large areas of hypoxic (low-oxygenated, < 2mg/L) water known as “dead zones” 
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may form. Over the past 60 years, this seasonal (May – September) hypoxic zone has steadily 

increased in duration and size and is now the second largest annual hypoxic zone in the world, 

with the most recent 5-year average (2015 – 2020) size being 14,000 km2 (U.S. Environmental 

Protection Agency, 2022). Hypoxic zones within the water column can decimate aquatic life and 

damage important commercial fisheries (Thronson & Quigg, 2008; Zimmerman & Nance, 2001). 

The economic and environmental devastation to coastal states in the Mississippi River Delta 

resulting from cultural eutrophication of the northern Gulf of Mexico have created an urgent 

need to reduce excessive N and P runoff within the Mississippi River basin. 

 

Wetland Restoration by the National Resources Conservation Service 

The lower Mississippi River Valley (LMRV) was historically comprised of bottomland 

hardwood forest interspersed with shallow riparian wetlands and oxbow lakes that created a large 

swamp-forest complex (Allen et al., 2001; Paul Keddy, 2000). These forest-wetland mosaics 

functioned as nutrient buffers for downstream waterbodies by trapping and storing excess 

nutrients from runoff in the surrounding watersheds but have been systematically logged, 

drained, and converted to cropland. An estimated 25% of original bottomland hardwood forest-

floodplain wetland complexes within the LMRV remain intact and the remaining forest is 

severely fragmented (Twedt & Loesch, 2001). Loss of these wetland-forest complexes has 

greatly diminished the amount of N and P that may be retained by the landscape (U.S. 

Department of Agriculture & U.S. Environmental Protection Agency, 2015).  

 To reduce excess nutrient delivery to the Gulf of Mexico, former croplands within the 

LMRV are being converted back to floodplain wetlands by the National Resources Conservation 

Service (NRCS) within the U.S. Department of Agriculture (USDA). A financial incentive 
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policy called the Wetlands Reserve Program (WRP), renamed as the Wetland Reserve 

Enhancement Partnership (WREP) in 2018, has been established to encourage landowners to 

conserve floodplain wetlands located on their property. The program(s) pay landowners to enter 

croplands that were historically wetlands into long-term or permanent conservation easements 

wherein the land can no longer be used for commercial crop production or natural resource 

extraction. Under the WRP/WREP, NRCS may use a combination of methods (see Chapter Two) 

to restore, protect, or enhance ecosystem function and biodiversity (Jenkins et al., 2010).  

 

 

Dissertation Objectives 

 Ecosystem restoration projects are rarely monitored and/or evaluated after initial 

restoration, especially over large spatial and temporal scales (Bash & Ryan, 2002; Cooke & 

Johnson, 2002; Wortley et al., 2013). This lack of monitoring may complicate or reduce the 

effectiveness of future restorations as there are few evaluations of restoration success (here 

defined as ecologically significant improvements in nutrient retention capabilities) (Block et al., 

2001). Within the WRP/WREP program(s), the restoration strategies employed are 

predominantly focused on returning these wetlands to their historical pre-human degradation 

states, with the assumption that habitat restorations will also restore ecosystem functioning. 

However, the mechanisms responsible for healthy ecosystem functioning in undisturbed and 

restored wetlands are often unknown or unclear (Paul Keddy, 2000). The following chapters of 

this dissertation sought to identify the underlying ecological principals and relationships that 

enhance nutrient retention in WRP/WREP easements, and how retention potential differs among 
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various habitat restoration practices. Specifically, this dissertation sought to assess these aspects 

in the context of hydrologic disturbance.   
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CHAPTER 2: EFFECTS OF VEGETATION, HYDROLOGY, AND SOIL ON 

NITROGEN AND PHOSPHORUS RETENTION IN RESTORED FLOODPLAIN 

WETLANDS 

 

 

Abstract  

Croplands within the Mississippi Alluvial Valley are being converted back to wetlands to 

remove excess nutrients from floodwaters by restoring historical vegetation and hydrology. 

Quantifying nutrient retention potentials among restored habitats during flooding and 

determining which environmental factors influence retention rates will improve restoration 

outcomes. Nutrient retention potential was estimated for, and compared among, inundated 

shallow water (ISW), dry shallow water (DSW), tree planting (TP), natural regeneration (NR), 

and remnant forest (RF) habitats in 22 restored wetlands in western Tennessee and Kentucky. 

Soil properties and soil oxygen demand (SOD) were also measured as covariates for habitat 

comparisons. Paired soil cores were collected from each habitat for flow-through incubations and 

soil properties determination, respectively. Nutrient retention was measured after 6, 24, and 48 h 

of incubation. All habitats removed nitrate (NO3
-) and phosphate (PO4

3-) at each time point, with 

the greatest retention rates observed at 48 and 6 h, respectively. ISW habitats retained on average 

101%, 117%, and 351% more NO3
- at 6 h than NR, RF, and DSW, respectively. There were no 

statistical differences in NO3
- retention beyond 6 h or at any time for PO4

3. Covariate influence 

varied by time point and nutrient species. Nitrate retention was positively correlated with soil 

moisture, SOD, total nitrogen, and soil phosphorus and negatively correlated with total carbon. 
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Phosphate retention was positively correlated with soil moisture and SOD and negatively 

correlated with soil phosphorus. These results suggest that all habitats are efficient at removing 

NO3
- and PO4

3- during a 48-h flood, but peak retention rates may be contingent upon flood 

duration and soil properties. 

 

 

Introduction 

 

 Historical floodplain wetlands within the Mississippi River watershed are being restored, 

in part, to retain excess nitrogen (N) and phosphorus (P) from the surrounding landscape to 

reduce downstream nutrient export (S. Faulkner et al., 2011a; Hunter & Faulkner, 2001; Mitsch, 

Day, et al., 2005). However, without proper post-restoration monitoring, it is unclear how 

effective specific restoration strategies like revegetation and hydrologic manipulation are at 

meeting restoration goals (Bash & Ryan, 2002; S. Faulkner et al., 2011a; Taddeo & Dronova, 

2018). Both the raw metrics of restoration success (i.e., nutrient removal rates) and the 

mechanisms determining the successes or failures to reach restoration goals must be considered 

to assess restoration success. Few studies have approached restoration monitoring from a 

wholistic perspective that considers hydrology, soil geomorphology, and habitat together (S. 

Faulkner et al., 2011a). The present study aimed to evaluate the effectiveness of restoration 

efforts by examining the interactions among hydrology and habitat, and their impact on nutrient 

retention. Additionally, it sought to determine the underlying mechanisms driving the success or 

failure of restoration practices by identifying correlations between nutrient retention or release 

rates with soil geomorphological features. 
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Overview of Nitrogen and Phosphorus Retention Pathways in Aquatic Ecosystems 

Nitrogen Retention Pathways 

 Nitrogen in an aquatic ecosystem may be stored or removed through several pathways: 

sedimentation, biological uptake, denitrification, or export. Sedimentation is the absorption of 

labile N to suspended sediment particles in the water column that settle into stream substrate or 

wetland soil/sediment and can be a major source of N retention within floodplain wetlands (Olde 

Venterink et al., 2006). Biological uptake occurs when an organism (typically microbes or 

plants) removes N from either the sediment or water and incorporates it into its cell(s). 

Biological uptake is a dominant removal pathway for certain forms of N such as nitrate (NO3
-), 

nitrite (NO2
-), and ammonium (NH4

+) (Grimm et al., 2003). Denitrification is the reduction of 

NO3
- to nitrogen gas (N2) by microbes that use NO3

- as a final electron acceptor during organic 

matter respiration in the absence of oxygen (O2). This is an important component of excess N 

reduction in aquatic systems as N2 gas is transferred to the atmosphere and completely removed 

from the aquatic environment. Generally, denitrification is an anoxic process, meaning that the 

systematic reduction process of NO3
- to NO2

- to nitric oxide (NO) to nitrous oxide (N2O) to N2
 

primarily occurs in sediments devoid of O2. Under oxic conditions, certain species of microbes 

covert NH4
+ to NO2

- and then to NO3
- through nitrification. Finally, any N that is not taken up 

biologically or stored in the sediment may be exported downstream as inorganic or organic N. 

 

Phosphorus Retention Pathways 

 Sedimentation and biological uptake are the predominant pathways of P storage in 

aquatic ecosystems. Phosphorus readily binds to ferric iron (Fe2O3) under oxic conditions, and P 
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adsorption to iron-containing sediments often occurs quickly when O2 availability is high (Dodds 

& Whiles, 2010); therefore, sediment transport and storage can greatly influence P export. 

Within floodplain wetlands, suspended sediment may become trapped as floodwaters recede. 

Suspended sediment, along with any sediment-bound P, then settles onto the (drying) soil or 

bottoms of impoundments. Sedimentation in wetlands has been found to remove a substantial 

amount of inorganic P from the water column during floods (Mitsch et al., 1995; Olde Venterink 

et al., 2006). Unbound inorganic P in the water column (mainly in the form of phosphate (PO4
3-)) 

or inorganic P bound in the sediment may also be removed from the water column via uptake by 

plants or microbes. However, as P does not have a gaseous state, any biologically-bound P will 

be released back into the environment upon the death of the organism. When sediments become 

anoxic, Fe2O3 and P dissociate, and P is released as PO4
3- which may then be exported 

downstream during the next flood. While P retention and export in floodplain wetlands can be 

highly variable depending on the season (Bridgham et al., 2001; Johnston et al., 2001; X. Ye et 

al., 2014), wetlands still generally function as P sinks, as much of the imported sediment accretes 

and becomes trapped (Johnston, 1991). 

 

Interactions Between Habitat and Hydrology on Nutrient Retention 

 Nutrient retention can vary among wetland habitat types, here defined as the combination 

of vegetation functional groups present and soil characteristics within a defined, relatively 

homogenous zone. Hydrology is one of the strongest environmental factors structuring habitats 

and regulating biogeochemical cycling in wetland ecosystems (Escalera-Vazquez & Zambrano, 

2010; Paul Keddy, 2000; Y. Zhang et al., 2002). Habitat-hydrology interactions can greatly 

influence nutrient cycling rates (Hunter & Faulkner, 2001; Mitsch et al., 2015; Olde Venterink et 



9 

 

al., 2006) and create substantial variability in nutrient retention among and within wetlands (S. 

Faulkner et al., 2011a). The effects of these interactions are both caused, and are influenced by, 

multiple environmental characteristics such as soil structure and soil nutrient content that directly 

and indirectly affect nutrient retention potential (S. Faulkner et al., 2011a; Mitsch, Zhang, et al., 

2005). 

 

Soil Characteristics and Nutrient Retention 

Soil Moisture 

 Soil moisture content can be a primary driver of soil nutrient flux rates. Increases in soil 

moisture can reduce carbon (C), N, and P storage due to a corresponding decrease in soil bulk 

density (Bai et al., 2010). High soil moisture content can also create an anerobic environment at 

the soil/sediment-water interface that facilitates denitrification (Marton et al., 2014; A. L. Peralta 

et al., 2010; Pinay et al., 2007), and increase N2O, a potent greenhouse gas, emissions via 

incomplete denitrification (failure of NO3
- to be completely reduced to N2) (Zhu et al., 2018). 

Additionally, sudden changes in soil moisture can have strong temporal effects on nutrient 

cycling rates. For example, rapid increases in soil moisture from rain or flooding enhance 

denitrification rates, creating “hot moments” where rates rapidly increase for a short time 

(Sexstone et al., 1985).  

Soil moisture gradients can also influence the distribution of microbial taxa and their 

nutrient cycling rates (Hu et al., 2019) within wetlands. Soil moisture can influence microbial 

community composition which affects nutrient availability to plant communities and root zone 

nutrient cycling dynamics (Brockett et al., 2012; Joris & Feyen, 2003). High soil water content 



10 

 

can also reduce soil redox state which enhances microbial uptake of dissolved and soil-bound 

nutrients in anoxic-dependent taxa.(Wang et al., 2015; Hu et al., 2019), and also promotes the 

high abundances of select denitrification genes (Nadeau et al., 2019).  

 

Soil Nutrient Content  

 While soil moisture content is often a critical factor in determining nutrient retention 

rates in wetlands, other soil characteristics such as nutrient content and distribution also play a 

significant role (Hopkinson, 1992).  Nutrient distribution in wetland soils along a flood zone 

gradient influences vegetation community structure and aboveground net primary production, 

with regularly flooded areas experiencing higher productivity due to enhanced nutrient delivery 

(Burke et al., 1999; Paul Keddy, 2000). Interactions among soil nutrients can also influence 

nutrient retention rates. For example, high soil C and NO3
- content increases anerobic microbial 

biomass and activity following flooding, in turn increasing dissolved NO3
- retention via 

assimilation and denitrification (Dong et al., 2009; Groffman et al., 1996; Jacks et al., 1994; 

Johnston, 1991; Jordan et al., 2007; Warneke et al., 2011). High soil total phosphorus (TP) 

content can also enhance denitrification and biological uptake by preventing P limitation in 

microbes (Kim et al., 2017; White & Reddy, 2003). Overall soil nutrient content can also 

influence PO4
3- retention with high-nutrient soils releasing a higher amount of P during flooding 

compared to soils with low nutrient content (Bostic & White, 2007; Dunne et al., 2006a). 

However, the direct effects of soil nutrients on PO4
3- cycling in wetlands are poorly understood, 

and further research is needed to determine the mechanistic effects of soil nutrient content on P 

retention. 
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Soil Structure 

In addition to soil moisture and nutrient content, other physical soil properties influence 

wetland nutrient cycling. Soil bulk density, which reflects the relative amount of space between 

soil particles and pore water, can impact nutrient retention by altering the soil's physical and 

biological profile (McKee & Cherry, 2009; Mitsch & Gossilink, 2000; H. Wang et al., 2017). 

Higher bulk density reduces porosity and leads to a decline in denitrification rates as compact 

soils store less water and organic C (Bruland & Richardson, 2005b; Sakin & Tutar, 2011; Ullah 

& Faulkner, 2006). Additionally, high-bulk density soils often contain less organic C, leading to 

reduced P retention (Bruland & Richardson, 2006; Dunne et al., 2006b). High levels of soil 

organic C can indirectly enhance P retention by facilitating the binding of labile P to soil 

aluminum and iron (Axt & Walbridge, 1999; Darke & Walbridge, 2000; Hogan et al., 2004). 

Soil pH is another key factor regulating wetland nutrient retention wetlands as pH 

influences plant and microbial community structure, above-ground nutrient storage, and 

microbially-mediated nutrient transformations (Devlin et al., 2000; Stevens et al., 1998; Yang et 

al., 2016). Soils that are more acidic tend to have greater P availability to plants (Penn & 

Camberato, 2019) whereas calcareous soils have less labile P due to the formation of P-

containing metal complexes (e.g., calcium phosphate (Ca-P) and magnesium phosphide – (Mg-

P)) (Ström et al., 2005). Further, increases in soil pH can increase N retention by enhancing 

dissimilatory nitrate reduction and denitrification rates (Devlin et al., 2000; Stevens et al., 1998). 

 

Soil Redox Potential 
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Soil redox greatly influences N and P by regulating physical and biological responses to 

changing redox states (Braskerud et al., 2005; Grimm et al., 2003; Pett-Ridge et al., 2006). 

Anaerobic microbes, like denitrifying bacteria, are favored under reduced environments. As soil 

redox potential declines, respiration rates in anerobic microbes increase, reducing labile N via 

increased denitrification and assimilation in these taxa (Hunting & van der Geest, 2011; 

Jayakumar et al., 2009). Following flooding, soils may transition from an oxic to an anoxic state, 

creating a redox gradient that supports coupled nitrification-denitrification (N fixation feeds 

denitrification until O2 is depleted) at oxic-anoxic boundary. Coupled nitrification-denitrification 

can rapidly remove N from the soil via N2 production. Conversely, P is often released under 

reduced soil conditions as Fe2O3 and P dissociate (Baldwin & Mitchell, 2000a; Qiu & McComb, 

1995). Soil redox potential can be estimated by measuring soil O2 demand (SOD), which 

represents the rate of O2 consumption by plants and microbes (Evans & Murdock, 2018). 

 

Need for Research on the Effects of Habitat Type, Hydrology, and Soil Geomorphology on 

Nutrient Retention 

Given the complexity of wetland nutrient cycling and difficulty in predicting restoration 

outcomes, more research is needed to determine how habitat, hydrology, and soil 

geomorphology interact to influence nutrient retention. Evaluations of wetland restorations are 

lacking globally (Miller & Hobbs, 2007; Nilsson et al., 2016) and few studies have been 

conducted on WRP/WREP easements within the LMRV (S. Faulkner et al., 2011a). By 

investigating the effects of habitat, hydrology, and soil geomorphology on wetland nutrient 

cycling, we can more accurately predict nutrient retention outcomes for specific restoration 
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practices. This will help ensure that wetland restorations are as effective as possible in restoring 

and improving ecosystem functioning. 

 

Objectives 

Objectives: 1) Determine if NO3
- and PO4

3- flux rates (a measure of the rate at which a 

nutrient is retained or released within a given area over a defined period of time (reported as mg 

m-2 h-1)) differ among wetland habitats by incubating intact soil cores collected from restored 

floodplain wetlands 2) Correlate soil physical properties and nutrient content with NO3
- and 

PO4
3- flux to determine if these factors are associated with nutrient retention and release during a 

flood 

 

 

Hypotheses 

Hypothesis 1) Nitrate and PO4
3- flux rates would differ among habitat types. 

I predicted that dissolved N and P flux rates would differ among habitats, and 

differences would be a function of habitat type, soil characteristics, and SOD. Soil O2 

demand was predicted to correlate with increased NO3
- retention and decreased PO4

3- 

retention (presumably due to P release as soil O2 was depleted) across all sampling time 

points during a 48-h simulated flood. Further, inundated shallow water habitats were 

predicted to have the greatest initial NO3
- retention as prolonged inundation would have 

reduced the soil redox state prior to core collection, facilitating greater denitrification 
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rates. Conversely, inundated shallow water habitats were predicted to initially retain the 

least amount of PO4
3- among the habitats due to this reduced soil redox environment prior 

to incubation. 

 

Hypothesis 2) NO3
- and PO4

3- flux rates would correlate with soil characteristics. 

 I predicted that soil moisture and nutrient content would better correlate with 

nutrient flux rates compared to other soil characteristics. High soil moisture content was 

predicted to correlate with high NO3
- retention and low PO4

3- retention. Further, soil C 

and N were predicted to positively correlate with NO3
- retention, presumably due to 

increased denitrification (Jacks et al., 1994; Johnston, 1991; Warneke et al., 2011). 

Additionally, soil P was predicted to negatively correlate with NO3
- and PO4

3- retention. 

Soils with high P content have been associated with decreases in denitrification rates 

(White & Reddy, 2003) and increased P release upon rewetting (Bostic & White, 2007; 

Dunne et al., 2006a). 

 

 

Methods 

 

Field Methods 

Site Selection 

 Twenty-two WRP/WREP easements in western Tennessee and western Kentucky (Fig. 

1.2) were sampled to determine NO3
- and PO4

3- retention among five restored floodplain wetland 

habitats: natural regeneration, remnant forest, inundated shallow water, dry shallow water, and 
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tree plantings. Sites were sampled from May through August of 2020 - 2022. All sites were 

located within a river floodplain and receive water from both overland flow and river flood 

water. 

 

 

Figure 1.2 Map of WRP/WREP easements (black circles) included in the study. 

 

Habitat Classifications 

 Restoration plans from NRCS, satellite imagery, and on-site visits were used to classify 

all major habitats present on a site (Fig. 2.2). Natural regeneration functioned as a catch-all 
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habitat designation as not all areas of a site fit into the other habitat categories. Areas were 

designated as natural regeneration habitats when specified as such in NRCS restoration plans, no 

habitats were listed for the area, or the area was a failed tree planting (most planted trees did not 

survive). Any inundated portions of a site that were not identified via NRCS documentation or 

satellite imagery as a natural or historical wetland were classified as inundated shallow water 

habitats. An area was classified as a dry shallow water habitat if it was excavated by NRCS to 

retain water but was dry during sampling or was a dry zone located at the periphery of an 

inundated shallow water habitat that showed signs of regular cycles of inundation such as lack of 

vegetation or cracked and compacted soil. Remnant forest habitats were defined as mature 

bottomland hardwood forests that were consistently present on all historical satellite images 

available from Google Earth imagery. Tree planting habitats were defined as any area where 

NRCS restoration plans indicated trees were planted and remained at high densities at the time of 

sampling.  

 

Figure 2.2 Examples of each habitat type sampled in the study. 
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Soil Core Distribution within a Site 

 Approximately 30 pairs of soil cores were collected from each site (60 total, 30 for 

incubation and 30 for soil properties determination). When possible, six cores were collected 

from each of the five habitats. This could not always be achieved due to access limitations and/or 

not all sites contained each habitat type. Therefore, the number of cores collected from each 

habitat on a site was variable and ranged from three to six cores per habitat. Cores were 

distributed within each habitat as evenly as possible to capture maximum within-habitat 

variability (Fig. 3.2). However, inundated shallow water habitats were only sampled along the 

water’s edge as variable water depths and dangerous unconsolidated sediment/mud prevented 

uniform sampling. 
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Figure 3.2 (A) An example of a NRCS site restoration plan for a WRP easement (restoration 

plan courtesy of NRCS), and (B) a typical restored wetland in western Tennessee with soil core 

collection locations (green pins = tree planting, blue pins = inundated shallow water, yellow pins 

= dry shallow water, white pins = remnant forest, orange pins = natural regeneration). 
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Soil Core Collection Protocols 

 A metal or PVC corer loaded with a 7.62 cm (width) by 30.48 cm (height) acrylic tube 

was driven into the soil or sediment to a depth of approximately 15 cm to collect roughly 584 

cm3 of soil (Fig. 4.2). A sledgehammer was typically used to drive the metal corer into the soils. 

Cores collected from soft sediments were pushed into the sediment by hand whenever possible to 

minimize soil disturbance. For cores collected from inundated shallow water habitats, any empty 

space between the soil/sediment surface and the lid was filled with water from the collection 

location to minimize soil/sediment disturbance during transport to the lab. All cores were capped 

with a plastic lid upon collection. Core bottoms were sealed with a rubber cap and secured with a 

pipe strap to minimize atmospheric exchange and prevent water leakage during incubations (Fig. 

5.2). Cores were immediately placed in a cooler with ice upon collection. Any overlaying water 

within the cores was siphoned out upon return to the lab. 
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Figure 4.2 Metal corer assembly 

 

 A secondary core was collected adjacent to the primary core at each sampling location 

following the collection procedures described above. Secondary cores were driven into the soil 

or sediment to a depth of at least 10 cm, and the top 5 cm was used to determine soil physical 

properties and nutrient content including moisture content, bulk density, pH, total C (TC), total N 

(TN), and extractable soil P at each sampling location. 
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Figure 5.2 Image of a soil core. 

 

Core Incubation Experimental Design 

 All primary core incubations began at 8:00am the morning after collection and lasted for 

48 h total. Cores were incubated in a dark walk-in environmental chamber with ambient air 

temperature maintained at 24°C to simulate average regional summer air temperatures where 

cores were collected. Green-light head lamps were used during sample collection to reduce the 

potential for photosynthesis and associated oxygen bubble formation. Prior to incubation, cores 
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were sealed with acrylic tops containing inflow and outflow ports (1.0 mm diameter and 1.25 

mm, respectively) (Fig. 6.2) adapted from Nifong et al. (2019). Masterflex L/S peristaltic pumps 

were used to pump water from a large cooler filled with laboratory-made water through each 

core (Fig. 7.2). Any water flowing out of the cores during non-sampling periods was discarded. 

Water flowed through all cores at a rate of approximately 2 mL min-1 to produce an 

approximately six-hour water residence time (the amount of time for water in the core to be 

completely replaced). Individual outflow rates for each core were measured at each sampling 

time point to account for potential differences in flow rates among the cores. Three lines of 

inflow tubing not connected to an incubation core were also sampled for dissolved NO3
-, PO4

3-, 

and O2. Dissolved nutrient and O2 concentrations measured from these lines (referred to as 

inflow concentrations) were used to quantify NO3
-, PO4

3-, and dissolved O2 concentrations 

flowing into each core. Measuring inflow concentrations was necessary to calculate the 

proportional change in nutrient or gas concentration attributed to a soil core.  
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Figure 6.2 (A) Diagram of an incubation core and (B) image of incubation cores 
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Figure 7.2 Flow-through incubation system with incubating cores viewed from (A) side nearest 

the peristaltic pumps and (B) front of the of the recirculating system. 
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Data from long-term United States Geological Survey (USGS) monitoring of the Obion 

River, Tennessee and Bayou de Chein River, Kentucky, were used to determine a chemical 

profile of typical floodwater entering a restored wetland within the region. The chemical profile 

of major and trace ions was then used to create an incubation water solution that simulated water 

quality conditions of a typical flood (Table 1.2). Since nutrient uptake rates are correlated to 

ambient nutrient availability, sodium nitrate (NaNO3
-) and potassium dihydrogen phosphate 

(KH2PO4) were added to the source water to raise N and P concentrations to 10 mg L-1 NO3
--N 

and 1 mg L-1 PO4
3--P so that neither limited uptake rates. Ensuring that neither N nor P was 

limiting provided an estimation of maximum nutrient retention potential in the cores and allowed 

for more direct comparisons among sites and habitats. 
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Table 1.2 Chemical profile of lab-made water for incubation experiment. 

Compounds Added  mg L-1 

  

Major Elements  

KCl 3 

KH2PO4 4.4 

MgSO4*7H2O 27 

CaCl2 20 

NaNO3 60 

NaHCO3 70 

Trace Elements  

MnCl2 0.5 

Fe(NH4)2(SO4)2*6H2O 3 

CoCl2*6H2O 0.1 

ZnSO47H2O 0.05 

CuCl2*2H2O 0.02 

NaMoO4*2H2O 0.03 

Dissolved Organic Carbon  

C6H12O6 1 
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Lab Protocols for Dissolved Nutrient and Gas Sampling and Analyses 

Dissolved Nutrients  

 Nutrient samples were collected from core outflows at 6 (i.e., first water out of the core), 

24, and 48 h of incubation. Sampling the initial water exiting the core was necessary to capture 

any potential nutrient releases during initial soil wetting. All nutrient samples were filtered using 

a syringe with a 0.45 or 0.7 µm-pore size glass-fiber filter. Dissolved nutrient samples were 

collected in 20-mL scintillation vials, placed in a cooler with ice during sampling, and frozen 

until analysis. 

 

Soil Oxygen Demand Measurements 

 Soil oxygen demand was quantified by measuring O2 flux within each incubation core, 

with negative O2 flux rates indicating oxygen removal by the soil. Triplicate O2 samples were 

collected in 12-mL glass exetainer vials at 24 and 48 h. Dissolved O2 samples could not be 

collected at 6 h due to excessive air bubble formation within some cores resulting from ebullition 

from the soils upon submergence. Triplicate samples were collected at each time point at a 

minimum of 20 min apart. During collection each exetainer was overfill by at least three 

exetainer volumes (i.e., 36 mL) prior to sample collection to completely evacuate any 

atmospheric gases within the exetainer. After overfilling, inflow tubes were slowly removed 

from the exetainers to ensure that the exetainers filled below the meniscus, reducing the risk of 

atmospheric contact. Once the inflow tubing was completely removed from an exetainer, 180 µL 

of zinc chloride (ZnCl2) were injected into the sample to inhibit microbial processes. For samples 

collected from sites 1, 2, and 4 during the 2021 sampling campaign and all sites sampled during 
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2022, sodium hydroxide (NaOH) was injected into each exetainer to precipitate carbon dioxide 

for greenhouse gas determination as part of a companion study (Brown and Duwadi, 

Dissertations in prep). Sodium hydroxide was always injected before the ZnCl2 as ZnCl2 can 

interfere with NaOH’s ability to precipitate dissolved CO2. Samples were then quickly capped 

and checked to make sure no air bubbles were present in the exetainers. All dissolved gas 

samples were stored submerged in water to prevent atmospheric contamination and refrigerated 

at 4°C until analysis. 

 

Dissolved Nutrients Analyses 

 Nitrate and PO4
3- concentrations were measured via colorimetric analysis using a SEAL 

AQ400 Discrete Analyzer. Nitrate was measured via cadmium coil reduction to NO2
- followed 

by a sulfanilamide reaction (EPA Method 353.2). Phosphate (reported as soluble reactive 

phosphorus (SRP)) was measured using the ascorbic acid method (EPA Method 365.1). 

 

Dissolved O2 Analysis 

 Dissolved O2 concentrations were measured using Membrane-Inlet Mass Spectrometery 

(MIMS). Each sample was measured for dissolved O2 and argon (Ar) gases. In anerobic 

sediments and water, changes in dissolved O2
 concentrations are driven by biological processes 

such as microbial uptake or physical processes, mainly temperature and barometric pressure. In 

contrast, changes in Ar concentrations are driven only by physical processes. Biologically-

mediated changes in O2 concentration within an incubation core can be separated from changes 

from physical processes by comparing changes in the Ar:O2 ratio (Kana, Darkangelo, Hunt, et 
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al., 1994). The difference in Ar:O2 ratios can be used to quantify O2 flux (as SOD) within each 

incubation core. 

 

Flux Rate Calculations 

Dissolved nutrient and O2 concentrations were scaled up to an aerial rate (reported as mg m2 h-1) 

using the following equation modified from (Speir et al., 2017) (Equation 1.2). 

Equation 1.2: 

𝐴𝑒𝑟𝑎𝑙 𝐹𝑙𝑢𝑥 (𝑚𝑔 𝑚−2 ℎ−1) = (
([𝐶𝑜𝑟𝑒]𝑜𝑢𝑡 − [𝐶𝑜𝑟𝑒]𝑖𝑛) ∗ 𝐶𝑜𝑟𝑒 𝑓𝑙𝑜𝑤

𝑆𝑜𝑖𝑙 𝐴𝑟𝑒𝑎
) 

where [Core]out and [Core]in are outflow and inflow concentrations (mg L-1) of NO3
-, PO4

3-, and 

O2 from the soil cores. 𝐶𝑜𝑟𝑒𝑓𝑙𝑜𝑤 is the flow rate of a core (L h-1). 𝑆𝑜𝑖𝑙 𝐴𝑟𝑒𝑎 is the surface area of 

an individual core (m2). Positive flux rates indicate a net gain of NO3
-, PO4

3-, or O2 in the water 

column (i.e., nutrient release and O2 production), and negative fluxes indicate a net loss from the 

water column (i.e., nutrient retention or O2 removal) within a core. More negative O2 flux rates 

correspond to higher SOD. 

 

Soil Analyses 

Soil Processing 

Upon return to the lab, any water overlaying the secondary cores was siphoned out, and 

soils were transferred to individual aluminum sheets. The top 5 cm of soil were then separated 

using a spackle knife, and rocks and coarse woody debris were removed by hand. These 5-cm 
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sections were then partitioned into 10-g subsamples for soil pH measurements and 30-g 

subsamples for moisture content and bulk density determination.  

A third subsample was also partitioned from each 5-cm section and used to determine soil 

total C (TC), total N (TN), and extractible P content. Overall soil masses varied among the cores 

due to differences in soil type and compaction, and some cores had little soil left after the 10- 

and 30-mg partitions were removed. Therefore, subsample weights for soil nutrient analysis 

could not be standardized. While this resulted in differences in subsample masses, the amount of 

soil analyzed from each subsample was consistent across the cores as very little soil was used for 

each analysis. 

 

Soil pH 

 The 10-g subsamples for pH measurements were manually homogenized using a spackle 

knife prior to analysis. Following homogenization, soil pH was measured using a handheld pH 

meter in a 1:2 soil-to-water ratio equilibrated for 30 min (Reddy et al., 2013). The 10-g 

subsamples were first transferred to a beaker and weighed on an analytical balance. Twenty mL 

of ultra-pure water was then added to the beaker to create a soil slurry. The slurry was stirred for 

approximately 10 s using a stainless-steel mini whisk every 10 min over a 30 min period. After 

30 min of settling, the pH meter was submerged in the slurry and readings were recorded once 

stabilized, typically after around one min. 
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Soil Moisture Content and Dry Bulk Density 

The 30-g subsamples for soil moisture and dry bulk density measurements were placed in 

an aluminum tin following partitioning and weighed to the nearest hundredth mg using an 

analytical balance. Subsamples were then dried at 105° C until all water was evaporated and 

reweighed. Soil moisture content was measured using the thermogravimetric method (S.R. Evett 

et al., 2008) and expressed using the following equation (Equation 2.2) as the ratio of water lost 

to drying to the total soil volume. 

Equation 2.2:  

𝑆𝑜𝑖𝑙 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝑔 𝑔−1 𝑜𝑓 𝑠𝑜𝑖𝑙) =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑙𝑜𝑠𝑡 𝑡𝑜 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 (𝑔)

𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)
 

 

Soil bulk density was determined using the ratio of the dry weight of a known amount 

soil to its volume (Blake & Hartge, 1986). Soil volume was calculated by multiplying the area of 

the acrylic core (45.58 cm2) by the depth of the soil section (5 cm). The following equation was 

then used to calculate dry soil bulk density (Equation 3.2): 

Equation 3.2:  

𝐷𝑟𝑦 𝐵𝑢𝑙𝑘 𝐷𝑒𝑠𝑛𝑖𝑡𝑦 (𝑔 𝑐𝑚−3 =  
𝑚𝑎𝑠𝑠 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝑠𝑜𝑖𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑐𝑚3)
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Soil Nutrients 

Subsamples for soil nutrient analysis were dried at 60°C for 72 h, homogenized using a 

soil grinder, and sifted through a 2 mm mesh screen to remove rocks and large roots. Following 

homogenization, subsamples were transferred into 20-mL plastic scintillation vials and mailed to 

the Kansas State University Soil Testing Lab for analysis. Soil TN and TC content were analyzed 

using the catalytic combustion method (Association of Official Analytical Chemist, 2000; 

Tiessen & Moir, 1993). Extractable soil P was analyzed using Mehlich-3 extraction followed by 

colorimetric analysis (Mehlich, 1984). 

 

Data Analyses 

Nutrient Flux Rate and Soil Data Averaging, Outlier Removal, and Missing Data 

 To obtain a single value for NO3
-, PO4

3-, and O2 fluxes, and soil properties for each 

habitat, data from all cores within a single habitat at a given site were averaged (Fig. 8.2). 

Averaging data from all cores collected within a single habitat at a site reduced variability and 

prevented pseudoreplication as habitats were the experimental units whereas individual cores 

were measurement units. Nitrate and PO4
3- flux rates were highly variable among cores both 

within a habitat at a given site and across all sites, leading to the presence of outliers that could 

have greatly biased mean flux rate estimates for the habitats. Therefore, any individual core flux 

rates outside the 2.5% and 97.5% quantiles at each sampling time point were removed. 

Additionally, cores with missing data were omitted before averaging within habitats. 
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Figure 8.2 Conceptual diagram illustrating core groupings within the habitats. Data collected 

from multiple core sampling locations (represented by yellow circles) within a habitat (H) at a 

specific site were averaged, yielding a single value for each replicate. 

 

Statistical Analysis, Model Specifications, Selection Procedures, and Post-hoc Comparisons 

ANCOVA’s were used to assess potential differences in NO3
- and PO4

3- flux rates among 

the habitats at each time point and determine if the covariates measured (e.g., soil parameters and 

SOD) affected flux rates estimations. All analyses were performed using R statistical software (R 

Core Team, 2022). First, data were analyzed using generalized least squares (GLS) models. 

Generalized least squares models were selected for their ability to correct for correlated errors 

within predictor variables by assigning variance-covariance error structures (Zuur et al., 2009). A 

variance structure was assigned to the “habitat” parameter for each model using the varIdent 

command in the nlme package (Pinheiro et al., 2022) to correct for violations of homogeneity. 



34 

 

Model selection was performed using log-likelihood ratio tests. Final models were fit using 

restricted maximum likelihood (REML) estimations. 

An ANOVA with type III sums of squares was applied to the final models for NO3
- and 

PO4
3- at each time point to estimate mean flux rates for each habitat and determine if covariates 

included in the final model affected flux rate estimations. Type III sums of squares were used to 

correct for imbalances among habitat replicates (natural regeneration n = 6, remnant forest n = 

16, dry shallow water n = 15, inundated shallow water n = 18, tree planting n = 18). The 

emmeans function in the emmeans package was used to predict estimated marginal mean flux 

rates (herein referred to as predicted means) for each habitat (Lenth, 2022). Post-hoc pairwise 

comparisons were made using Tukey’s Honestly Significant Difference (HSD) tests. 

 

Model Parameters and Interaction Terms Included in the Analyses 

Covariates included in each GLS model were soil bulk density, soil TN, TC, and P, soil 

moisture, soil pH, and interaction terms between habitat and soil moisture and habitat and soil 

pH. As this study sought to determine differences in nutrient flux rates, habitat was considered a 

variable of interest rather than a covariate. These interaction terms were selected based on 

ecological knowledge and data exploration. Prior to analysis, bulk density and soil P were log-

transformed to reduce the effect of outliers and correct for patterns in model residuals. For the 

analysis of PO4
3- flux at 6 h, soil moisture was log transformed to correct for patterns in the 

residuals. Additionally, soil TC could not be included in the model for NO3
- flux at 6 h due to 

degrees of freedom limitations as one site was missing flux data for the 6-h sampling time point. 

SOD was also included for NO3
- and PO4

3- flux analyses at 24 and 48 h. 
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Results 

 

Overall Trends in Nitrate and Phosphate Retention 

 All habitats retained NO3
- and PO4

3- at each sampling time point, but flux rates were 

variable within and among habitats. Nitrate retention increased in all habitats throughout the 

incubations except in inundated shallow water and natural regeneration habitats between 6 and 

24 h (-1.94 and -1.11 mg m-2 h-1, respectively) (Fig. 9.2). However, NO3
- retention was greatest 

in inundated shallow water habitats across all time points. After 48 h of incubation, all habitats 

approached a mean NO3
- retention rate of approximately 23.5 mg m-2 h-1 excluding remnant 

forest which lagged the other habitats by approximately 8.2 mg m-2 h-1. Trends in PO4
3- retention 

across the incubations were less clear with retention increasing in some habitats as the 

incubations progressed, while retention rates between sampling time points in other habitats 

varied. Nitrate retention for all habitats was greatest at 48 h whereas PO4
3- retention was 

generally greatest at 6 h. Nitrate flux rates were most variable at 48 h, whereas PO4
3- flux rates 

were highly variable at all time points (Fig. 9.2). When pairwise comparisons were applied to the 

data, there was a significant difference in NO3
- retention among the habitats only at 6 hours, with 

inundated shallow water retaining on average 9.98 mg m-2 h-1 more NO3
- than all habitats except 

tree plantings. There were no differences in PO4
3- retention among the habitats at any sampling 

time point. Variability in NO3
- and PO4

3- flux rates within the habitats made it difficult for the 

models to precisely predict mean flux rates, as indicated by the wide confidence intervals at all 

sampling time points. 
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Figure 9.2 Time series plot of (A) predicted mean NO3
- and (B) PO4

3- flux rates by habitat and 

sampling time point



37 

 

Nitrate Flux Results 

Trends in 6 h Nitrate Flux 

All habitats retained NO3
- at 6 h of incubation with inundated shallow water retaining the 

most NO3
- (16.46 mg m-2 h-1) (Fig 10.2). However, confidence intervals for dry shallow water 

habitats crossed zero, indicating a potential mean release of NO3
-. Mean NO3

- flux rates differed 

among the habitats (Chi-squared (4,63) = 11.81, p value = 0.019) after controlling for soil pH, 

moisture content, and an interaction between soil pH and habitat type. Inundated shallow water 

habitats retained 101% (p = 0.046), 117% (p = 0.060), and 351% (p = 0.008) more NO3
- on 

average than natural regeneration, remnant forest, and dry shallow water habitats, respectively. 

Inundated shallow water habitats also retained an average of 69% more NO3
- than tree plantings; 

however, flux rates were not statistically different. High soil moisture content enhanced NO3
- 

retention in all habitats (Table 2.2). The effect of soil pH on NO3
- retention varied both in 

strength and direction across habitats (Chi-squared (4,63) = 9.61, p = 0.047) (Fig. 10.1). 
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Figure 10.2 Predicted mean NO3
- flux rates by habitat at 6 h. Different letters indicate significant 

differences (α = 0.05); starred letters indicate significant differences at α = 0.1. Error bars 

represent 95% confidence intervals. 
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Table 2.2 ANCOVA results for 6 h NO3
- flux rates 

    

 

Source of Variation DF Chi-squared 

Statistic 

p 

Intercept 1 21.61 <0.001 

Habitat 4 11.81 0.019 

Soil pH 1 23.82 <0.001 

Soil Moisture 1 29.05 <0.001 

Habitat:Soil pH 4 9.61 0.048 

Habitat:Soil Moisture 4 5.23 0.264 

 

 

Soil pH and Habitat Interaction. 

Increases in soil pH for remnant forest correlated with NO3
- release (positive flux rate). 

Conversely, increases in soil pH increased NO3
- retention (negative flux rate) in natural 

regeneration and tree planting habitats. Nitrate retention was greatest in remnant forest habitats at 

low soil pH (~4), and remnant forests began to release NO3
- when soil pH approached 7 (Fig. 

11.2). Nitrate retention in natural regeneration and tree planting habitats was lower compared to 

the other habitats at low soil pH (~4) but began to retain more NO3
- than the other habitats when 

soil pH was ≥ ~ 6.5. The effect of soil pH on NO3
- flux was weaker for inundated and dry 

shallow water habitats with little change in flux rates observed across the pH gradient. 
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Figure 11.2 Interaction plots of the effect of soil pH on NO3
- flux at 6 h for each habitat. Bands 

represent 95% confidence intervals. Points are raw flux rates (points located outside the 

predicted range are not shown). 

 

Nitrate Flux at 24 h 

All treatments retained NO3
- after 24 h with inundated shallow water habitats retaining 

the most NO3
- on average (15.35 mg m-2 h-1). Mean NO3

- retention increased between 6 and 24 h 
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in remnant forest, dry shallow water, and tree planting habitats by 46%, 292%, and 15%, 

respectively (Fig. 12.2). Natural regeneration and inundated shallow water habitats retained less 

NO3
- at 24 h compared to 6 h (24% and 7% decrease, respectively). Confidence intervals for 

natural regeneration crossed zero, indicating that this habitat may have released NO3
- at 24 h. 

However, this likely reflects uncertainty in the model rather than potential mean NO3
- release as 

all averaged flux rates for natural regeneration at 24 h were negative (i.e., retaining NO3
-) (Sup. 

Table 1.2). Mean NO3
- flux rates among all habitats excluding natural regeneration became more 

similar at 24 h compared to 6 h, ranging from -11 to -15 mg m-2 h-1 (tree planting and inundated 

shallow water habitats, respectively). Nitrate retention in natural regeneration habitats lagged the 

others by -5 to -9 mg m-2 h-1. Soil moisture, P content, and SOD were included in the final model 

for NO3
- flux at 24 h; however, only SOD significantly affected mean NO3

- retention rate 

predictions (Table 3.2). Increases in SOD enhanced NO3
- retention across all habitat types, but 

there were no differences in mean flux rates among the habitats after controlling for SOD (Chi-

squared (4,69) = 6.40, p = 0.171). 
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Figure 12.2 Predicted mean NO3
- flux rates by habitat at 24 h. Different letters indicate 

significant differences (α = 0.05). Error bars represent 95% confidence intervals. 
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Table 3.2 ANCOVA table for 24 h NO3
- flux rates 

    

 

Source of Variation DF Chi-squared 

Statistic 

p 

Intercept 1 0.11 0.741 

Habitat 4 6.40 0.171 

Log(Soil Phosphorus) 1 1.29 0.256 

Soil Moisture 1 0.21 0.643 

SOD 1 12.35 <0.001 

 

Trends in 48 h Nitrate Flux 

All habitats retained NO3
- after 48 h with inundated shallow water habitats retaining the 

most NO3
- (24.40 mg m-2 h-1). Between 24 and 48 h, increases in retention rates across habitats 

ranged from 29% to 253 % (remnant forest and natural regeneration, respectively). All 

treatments had similar predicted mean NO3
- flux rates ranging from -22 to -24 mg m-2 h-1 (natural 

regeneration and inundated shallow water, respectively) excluding remnant forest which lagged 

the other habitats (predicted mean NO3
- flux rate = -14.8 mg m-2 h-1) (Fig. 13.2). Mean NO3

- flux 

rates at 48 h were more variable in natural regeneration habitats than in others with error bars 

almost twice the size of those for the other habitats. At 48 h, mean NO3
- retention among the 

habitats was influenced by soil P, TN, and TC (Table 4.2). Increases in soil P and TN content 

and SOD correlated with an increase in NO3
- retention across all habitats. Conversely, increases 

in soil TC correlated with a decreased NO3
- retention. There were no differences in predicted 

mean NO3
- flux rates among the habitats after controlling for soil P, TN, TC, and O2 flux (SOD). 
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Figure 13.2 Predicted mean NO3
- flux rates by habitat at 48 h. Different letters indicate 

significant differences (α = 0.05). Error bars represent 95% confidence intervals. 
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Table 4.2 ANCOVA table for 48 h NO3
- flux rates 

    

 

Source of Variation DF Chi-squared 

Statistic 

p 

Intercept 1 0.13 0.719 

Habitat 4 6.41 0.171 

Log(Soil P) 1 4.51 0.034 

Soil TN 1 11.11 <0.001 

Soil TC 1 10.95 <0.001 

SOD 1 8.83 0.002 

 

Phosphate Flux Rates 

Trends in 6 h Phosphate Flux 

All habitats retained PO4
3- at 6 h of inundation. Natural regeneration habitats retained the 

most PO4
3- with a predicted mean flux rate of -3.0 mg m-2 h-1 (Fig. 14.2). Mean PO4

3- flux rates 

among the habitats were variable, ranging from -1.36 to -2.97 mg m-2 h-1 (dry shallow water and 

natural regeneration, respectively). Phosphate retention was much lower in remnant forest and 

shallow water habitats compared to the others; however, confidence intervals for all habitats 

were large. At 6 h, PO4
3- retention was influenced by soil moisture and P content. High soil 

moisture content correlated with an increase in PO4
3- retention; however, the strength of this 

effect varied across habitats (Table 5.2). There were differences in mean PO4
3- flux rates among 

habitats type (Chi-squared (4,68) = 17.91, p value = 0.001) after controlling for soil moisture and 
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the interaction between soil moisture and habitat; however, these differences were not significant 

when pairwise comparisons were applied to the model. 

 

 

 

Figure 14.2 Predicted mean PO4
- flux rates by habitat at 6 h. Different letters indicate significant 

differences (α = 0.05). Error bars represent 95% confidence intervals. 
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Table 5.2 ANCOVA table for 6 h PO4
3- flux rates 

    

 

Source of Variation DF Chi-squared 

Statistic 

p 

Intercept 1 13.95 <0.001 

Habitat 4 17.91 0.001 

Log(Soil Moisture) 1 66.96 <0.001 

Log(Soil P) 1 0.68 0.411 

Habitat:Log(Soil Moisture) 4 20.86 <0.001 

 

 

Soil Moisture and Habitat Interaction. 

Increases in soil moisture generally had little effect on mean PO4
3- flux rates among the 

habitats excluding natural regeneration (Fig. 15.2). Increases in soil moisture increased PO4
3- 

retention in natural regeneration. The slight correlation between increasing PO4
3- retention and 

soil moisture observed in the tree planting habitats was likely the result of an outlying soil 

moisture value. Therefore, the close correlation between soil moisture and PO4
3- retention in 

natural regeneration habitats may have inflated the significance of this interaction term in the 

model. 
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Figure 15.2 Interaction plot showing the effect of soil moisture on PO4
3- flux at 6 h for each 

habitat. Bands represent 95% confidence intervals. Points are the raw flux rates (points located 

outside the predicted range are not shown). 

 

Trends in 24 h Phosphate Flux 

All habitats retained PO4
3- after 24 h with inundated shallow water habitats retaining the 

most PO4
3- (1.9 mg m-2 h-1). Predicted mean flux rates were similar among all habitats except 
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natural regeneration (Fig. 16.2) and ranged from -0.03 to -1.9 mg PO4
3- m2 h-1 (natural 

regeneration and inundated shallow water, respectively). Between 6 and 24 h, PO4
3- retention in 

remnant forest and dry shallow water habitats increased by 12% and 10%, respectively. 

Conversely, PO4
3- retention decreased in natural regeneration, inundated shallow water, and tree 

planting habitats by 99%, 22%, and 32 %, respectively. Natural regeneration habitats retained 

much less PO4
3- compared to other habitats with a predicted mean flux rate of -0.03 mg PO4

3- m-2 

h-1; however, confidence intervals were large. Further, confidence intervals for natural 

regeneration crossed zero, indicating a potential mean release of PO4
3- at 24 h of incubation.  
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Figure 16.2 Predicted mean PO4
- flux rates by habitat at 24 h. Different letters indicate 

significant differences (α = 0.05). Error bars represent 95% confidence intervals. 

 

Mean PO4
3- retention rates among the habitats at 24 h were influenced by soil P, soil 

moisture, and SOD (Table 6.2). High soil moisture and SOD correlated with higher PO4
3- 

retention; however, the strength of this effect varied across habitats. Conversely, high soil P 

content reduced PO4
3- retention rates. There were differences in mean PO4

3- flux among the 

habitats after controlling for soil P, soil moisture, SOD, and an interaction between habitat and 
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soil moisture (Chi-squared (4, 68), p <0.001); however, these differences were not significant when 

post-hoc pairwise comparisons were applied to the model. 

 

Table 6.2 ANCOVA table for 24 h PO4
3- flux rates 

    

 

Source of Variation DF Chi-squared 

Statistic 

p 

Intercept 1 26.95 <0.001 

Habitat 4 26.94 <0.001 

Log(Soil P) 1 4.58 0.032 

Soil Moisture 1 34.23 <0.001 

SOD 1 20.94 <0.001 

Habitat:Soil Moisture 4 18.59 <0.001 

 

 

Soil Moisture and Habitat Interaction. 

Soil moisture content more strongly influence mean PO4
3- flux rate estimates at 24 h than 

at 6 h but not in all habitats. This effect was most pronounced in natural regeneration habitats 

which transitioned from a predicted release of PO4
3- at low moisture contents to retaining PO4

3- 

when soil moisture was > ~0.6 g g-1. Natural regeneration habitats were predicted to retain the 

most PO4
3- among the habitats when soil moisture content was > 0.9 g g-1 (Fig. 17.2). While 

increases in soil moisture were positively correlated with PO4
3- retention in tree planting and dry 
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shallow water habitats, this correlation was weaker than in natural regeneration. For inundated 

shallow water, increases in soil moisture correlated with a minor increase in PO4
3- retention. Soil 

moisture was not correlated with mean PO4
3- retention in remnant forest habitats. 

 

 

Figure 17.2 Interaction plot showing the effect of soil moisture on PO4
3- flux at 24 h for each 

habitat. Bands represent 95% confidence intervals. Points are the raw flux rates (points located 

outside the predicted range are not shown). 
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Trends in 48 h Phosphate Flux 

All habitats retained PO4
3- after 48 h of inundation with natural regeneration retaining the 

most PO4
3- (2.0 mg m-2 h-1) (Fig. 18.2). Mean PO4

3- retention decreased between 24 and 48 h in 

all habitats excluding natural regeneration which saw a >6000% increase in retention. Among the 

other habitats, mean PO4
3- retention rates decreased between 30% to 48% (tree planting and 

inundated shallow water, respectively). At 48 h, mean flux rates among the habitats (excluding 

natural regeneration) were similar and ranged from -0.7 to -1.1 mg m-2 h-1 (dry shallow water and 

tree planting, respectively). Confidence intervals were large for all habitats with natural 

regeneration having the most variability. For dry and inundated shallow water habitats, 

confidence intervals crossed zero, indicating that these habitats potentially released PO4
3- on 

average. Forty-eight h mean PO4
3- retention rates were only influenced by soil moisture with 

high soil moisture content correlating with high PO4
3- retention (Table 7.2). There were no 

differences in predicted mean PO4
-3 flux rates among the habitats after controlling for the effect 

of soil moisture (Chi-squared (4,68) = 4.22, p = 0.378). 
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Figure 18.2 Predicted mean PO4
- flux rates by habitat at 48 h. Different letters indicate 

significant differences (α = 0.05). Error bars represent 95% confidence intervals. 
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Table 7.2 ANCOVA table for 48 h PO4
3- flux rates 

    

 

Source of Variation DF Chi-squared 

Statistic 

p 

Intercept 1 1.18 0.277 

Habitat 4 4.22 0.378 

Soil Moisture 1 9.84 0.002 

 

 

Soil Data Summary Statistics 

 Soil properties were generally variable within and among habitats (Table 8.2). Soil pH 

was highly variable among individual cores collected within a habitat and across all sites; 

however, means were similar (mean pH between 5 – 6). Soil nutrients were also variable among 

the habitats and across nutrient species with soils containing much less P than TN or TC. Soil 

moisture was the most variable soil property with the greatest disparity in soil moisture content 

observed in the inundated shallow water habitats (0.28 to 0.5 g g-1 higher mean soil moisture 

content compared to the other habitats). Mean bulk density was similar among habitats despite 

differences in soil moisture content.
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Table 8.2 Summary statistics for the soil data including mean, standard deviation (SD), and range 

Habitat Soil Moisture (g g-1) Bulk Density (g cm-3) pH 

    

 Mean SD Range Mean SD Range Mean SD Range 

          

Natural Regeneration 0.60 0.43 0.11 – 1.29 0.85 0.21 0.63 – 1.13 5.32 0.61 4.1 – 5.8 

Dry Shallow Water 0.63 0.31 0.24 – 1.44 0.87 0.20 0.53 – 1.21 5.28 0.55 4.0 – 6.2 

Inundated Shallow Water 0.91 0.29 0.48 – 1.51 0.84 0.16 0.57 – 1.12 5.73 0.56 5.0 – 7.1 

Remnant Forest 0.50 0.27 0.20 – 1.13 0.87 0.15 0.55 – 1.12 5.42 0.41 4.8 – 6.3 

Tree Planting 0.41 0.21 0.14 – 1.15 0.96 0.28 0.41 – 1.92 5.27 0.32 4.6 – 5.7 
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Table 8.2 (continued) 

Habitat Soil TC (mg g-1) Soil TN (mg g-1) Soil P (mg g-1) 

    

 Mean SD Range Mean SD Range Mean SD Range 

          

Natural Regeneration 28.44 8.19 17.3 – 38.0 2.51 0.75 1.5 – 3.4 0.06 0.02 0.03 – 0.08 

Dry Shallow Water 22.1 8.45 10.3 – 37.8 2.03 0.70 1.0 – 3.2 0.04 0.02 0.02 – 0.10 

Inundated Shallow Water 18.35 7.72 7.0 – 37.2 1.76 0.67 0.7 – 3.1 0.04 0.01 0.01 – 0.07 

Remnant Forest 31.12 12.46 10.4 – 59.2 2.72 0.98 1.0 – 4.9 0.05 0.02 0.03 – 0.09 

Tree Planting 24.56 10.63 15.1 – 63.0 2.07 0.73 1.4 – 4.3 0.05 0.03 0.02 – 0.16 
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Discussion 

 

Evaluation of Hypotheses 

 Hypothesis 1: Nitrate and PO4
3- flux rates would differ among habitat types. 

 My hypothesis was only supported for NO3
- flux at 6 h as there were no differences in 

mean NO3
- flux among any habitats at any other time points. Further, there were no differences 

in PO4
3- flux among any habitats across all sampling time points. My prediction that SOD would 

significantly affect NO3
- and PO4

3- flux across all time points was generally supported as SOD 

influenced mean flux rates among the habitats at 24 and 48 h for NO3
- and at 24 h for PO4

3-. 

My prediction that inundated shallow water habitats would have the greatest initial NO3
- 

retention was supported. Inundated shallow water habitats retained significantly more NO3
- than 

all other habitats excluding tree plantings at 6 h. However, my prediction that inundated shallow 

water habitats would initially retain the least amount of PO4
3- compared to the other habitats was 

not supported. Inundated shallow water habitats had the second most PO4
3- retention, retaining 

only 25% PO4
3- m-2 h-1 less than natural regeneration (which had the most PO4

3- retention at 6 h). 

 

Hypothesis 2: Soil characteristics would affect NO3
- and PO4

3- flux.  

My hypothesis that soil structure would influence nutrient flux rates was supported as at 

least one soil characteristic was identified as having a significant effect on mean NO3
- and PO4

3- 

flux rates at every time point. I predicted that soil moisture at the time of core collection would 

correlate with an increase in NO3
- retention and a decrease in PO4

3- retention across all sampling 

time points, and this was moderately supported. High soil moisture content did correlate with 
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increases in NO3
- retention; however, this was also true for PO4

3- retention. It appears that initial 

soil moisture content had a stronger effect on PO4
3- than NO3

- flux, and that initial soil moisture 

content affected PO4
3- flux for longer after soils were inundation during incubation. Additionally, 

the strength of this effect on PO4
3- flux varied among the habitats at 24 and 48 h of incubation 

due to an interaction between soil moisture and habitat. For NO3
-, initial soil moisture content 

appears to strongly influence mean flux rate estimations during inital flooding, but this effect 

weakens as flood duration increases. By 48 h, initial soil moisture content may no longer affect 

NO3
- flux rates. 

Soil nutrient content was not as influential on nutrient flux rates as expected. My results 

supported the prediction that soil nutrient content would affect NO3
- retention, but only for the 48 

h flux rates. At 48 h of flooding, higher soil TN and P correlated with increases in NO3
- retention 

as predicted; however, higher soil TC correlated with decreased NO3
- retention. Soil P was the 

only soil nutrient that affected mean PO4
3- flux rate estimates for the habitats, and the strength of 

this effect was variable across sampling time points. Soil P significantly affected mean PO4
3- flux 

rate estimates at 24 h, but not at 6 h and soil P was not included in the 48-h model. When soil P 

did influence mean PO4
3- flux rate estimates, my prediction that greater soil P would decrease 

PO4
3- retention was supported. 

I did not predict that soil pH would influence NO3
- flux. However, soil pH significantly 

affected mean NO3
- flux at 6 h of flooding. Increases in soil pH were correlated with increases in 

NO3
- retention at 6 h, but soil pH did not influence mean NO3

- retention at 24 or 48 h. Soil pH 

did not affect PO4
3- retention at any time point and was not included in any final PO4

3- flux 

models. 
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Factors Influencing Nitrate Retention 

Soil Moisture 

Initial soil moisture content strongly affected mean NO3
- retention estimates during the 

first 24 h of flooding, but the strength of this effect decreased at 48 h. The influence of soil 

moisture on NO3
- retention may have been due to initial differences in microbial biomass and 

community structure, as soil moisture can regulate soil microbial abundances and assemblages 

(Moriarty, 1997; A. L. Peralta et al., 2010, 2014). Moist soils often have low redox potential 

(Baldwin & Mitchell, 2000a; Paul Keddy, 2000) which supports greater denitrifying microbial 

abundances and activity compared to drier soils (Klemedtsson et al., 1988; Ma et al., 2020; Maag 

& Vinther, 1996). Therefore, habitats with higher initial soil moisture content, like inundated 

shallow water, may have contained more anaerobic microbes prior to incubation, resulting in 

greater initial NO3
- retention. 

 

Soil Oxygen Demand 

The significant effect of SOD on NO3
- retention at 24 and 48 h suggests that redox 

potential influenced NO3
- retention rates. Increases in SOD can reduce soil O2 content, 

enhancing denitrification rates (Cornwell et al., 1999; de Klein et al., 2017; Rohe et al., 2020; 

Seitzinger, 1994). The convergence of NO3
- retention rates among the habitats at 48 h of 

flooding may have resulted from O2 depletion in the cores, leading to more uniform microbial 

uptake and denitrification and subsequent NO3
- retention rates. It is unknown if SOD was 

correlated with NO3
- retention following initial wetting due to a lack of O2 flux measurements at 

6 h of incubation. However, SOD may be a reliable predictor of the NO3
- retention potential 
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given its significant effect on mean NO3
- retention rates among the habitats at the other time 

points. 

 

Soil Nutrient Content 

Soil Total Nitrogen and Phosphorus. 

 The influence of soil TN and P on NO3
- retention was weaker than expected as soil TN 

and P only affected mean NO3
- retention at 48 h of incubation. The positive correlations between 

soil TN and P and NO3
- retention observed in this study support previous research which found 

that high soil N and P content enhanced denitrification and increased NO3
- retention (Kim et al., 

2017; Ma et al., 2020; O’Neill et al., 2022; K. Zhang et al., 2012). Conversely, low soil P may 

reduce NO3
- retention due to P limitation in microbes (Hartman & Richardson, 2013; Herbert et 

al., 2020). These results suggest that cores with high soil TN and P content potentially supported 

greater microbial biomass and activity at 48 h, leading to an increase in NO3
- retention. While 

numerous studies have examined how soil N relates to NO3
- retention, the direct effects of soil P 

on NO3
- retention are not well understood, and the significance of soil P at a single time point 

makes it difficult to generalize this relationship to other wetlands. 

 

Soil Total Carbon. 

It is unclear why soil TC was inversely correlated with NO3
- retention as most major 

NO3
- retention processes (denitrification, dissimilatory nitrate reduction (DNRA) (reduction of 

nitrate to NH4
+), and biological uptake) are typically C limited (Bernhardt & Likens, 2002; 
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Groffman et al., 1996; Kelso et al., 1997; S. Lu et al., 2009; Trepel & Palmeri, 2002). The 

negative correlation between TC and NO3
- retention observed in the present study may indicate 

that anammox (reduction of NH4
+ to N2) rather than denitrification was driving NO3

- retention at 

48 h. Anammox is favored over denitrification under low redox conditions when soil N:C is high 

and can be a major pathway for N removal in wetlands (J. Li et al., 2022; Shan et al., 2016). 

Additionally, anammox may be inhibited in soils with high TC (Shan et al., 2018; Sheng et al., 

2018; Z. Wang et al., 2020; Q. Zhang et al., 2018). However, there was limited direct evidence 

of anammox occurring in the cores, and these results neither support nor contradict the findings 

of other studies regarding the effects of soil C on NO3
- retention. Future studies using 

isotopically labeled N are needed to determine if anammox is a significant N removal pathway 

within these wetlands and how N cycling processes respond to increases in soil C when N is not 

limiting. 

 

Soil pH 

The effect of soil pH on NO3
- retention was surprising as the strength and direction of this 

effect differed among habitats and was only present at 6 h of incubation. Higher soil pH can 

enhance N removal via denitrification by increasing the availability of labile C and N, supporting 

the observed effect of pH on NO3
- retention in the natural regeneration and tree planting habitats 

(Jha et al., 2020; Saleema et al., 2009; ŠImek & Cooper, 2002). However, this relationship was 

slightly reversed in remnant forest habitats and was absent in the inundated and dry shallow 

water habitats. It is possible that these conflicting results are due to interactions among soil pH, 

other soil properties, and associated microbial communities that were not quantified in this study. 

Prior research has suggested that pH can interact with other soil parameters like moisture and 
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nutrient content which alters microbial community structure and activity, thereby affecting 

nutrient cycling rates (Baeseman et al., 2006; Devlin et al., 2000; Firestone et al., 1980). 

Therefore, the observed relationship between pH on NO3
- retention at 6 h of flooding may not be 

representative of its true effect if there were significant interactions with other soil parameters. 

 

Factors Influencing Phosphate Retention 

Soil Moisture 

Soil moisture consistently influenced mean PO4
3- retention rates throughout the 

experiment, and the strength of this relationship varied among habitats until 48 h of incubation. 

The positive correlation between higher soil moisture and greater PO4
3- retention may be due to 

increased microbial activity and P sorption as the soil became flooded. Dry soils can reduce 

microbial activity (Linn & Doran, 1984; Schjønning et al., 2003; Skopp et al., 1990) which 

potentially explains why the relationship between soil moisture and PO4
3- retention was more 

pronounced in habitats with drier soils. Drier soils also experience greater soil slaking upon 

wetting which can enhance P sorption (Bünemann et al., 2013; Chen et al., 2021).  

Prior to the 6 h sampling, soil-bound P may have been released as the cores were 

submerged, and release rates may have differed among the habitats. Soils with low moisture 

content can release PO4
3- upon initial rewetting, but quickly transition to retaining PO4

3- via rapid 

uptake by microbes (Baldwin & Mitchell, 2000; Gu et al., 2018; Qiu & McComb, 1995). 

Retention rates in drier habitats may have lagged those of wetter habitats if P was initially 

released when soils were submerged as it would take longer for microbial uptake to outpace P 
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release from the soil. However, all habitats retained PO4
3- at 6 h, and it is uncertain whether there 

was a net release of PO4
3- upon submergence. 

Why soil moisture content disproportionately affected mean PO4
3- retention estimates for 

natural regeneration habitats is unclear given that the mean soil moisture content was similar 

among habitats. It is possible that interactions between soil moisture and other unmeasured soil 

properties created environmental conditions unique to natural regeneration habitats, contributing 

to this disparity in effect strength. However, further research from a diversity of habitats is 

needed to fully understand the effect of soil moisture content on PO4
3- retention in floodplain 

wetlands. 

 

Soil Oxygen Demand 

Unexpectedly, SOD positively correlated with PO4
3- retention at 24 h of incubation. As 

all habitats retained PO4
3- at 24 h, this correlation may be related to microbial uptake. When 

dissolved P concentrations are high, microbial communities can rapidly increase biomass, 

resulting in an increase in SOD (Bagheri-Novair et al., 2020; Lieberman et al., 2021a). 

Therefore, the positive correlation between SOD and PO4
3- retention likely represented increased 

microbial uptake in response to high amounts of labile P as opposed to SOD driving PO4
3- 

retention. When O2 is depleted in the soil, microbial uptake of P can be reduced (J. Ding et al., 

2019; Gross et al., 2020) and P may be released (Baldwin & Mitchell, 2000a; J. Ding et al., 

2019). This may explain why PO4
3- retention was generally lowest at 48 h as the soil-water 

interface was likely anoxic.  
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Additionally, enhanced microbial activity in response to high PO4
3- content may also 

explain why PO4
3- retention was greatest at 6 h of inundation. Cores were expected to release P 

upon submergence as mineralized P in the soil became suspended in the water column (J. Ding et 

al., 2019; Olde Venterink et al., 2002; Xu et al., 2020). The net retention of PO4
3- among the 

habitats at 6 h suggests that either P release from the soil was minimal or resuspended P was 

rapidly taken up by microbes when O2 availability at the soil-water interface was high. A future 

assessment of SOD during initial soil submergence would improve our understanding of this 

relationship between SOD and PO4
3- retention as flood durations are often variable, and more 

research is needed to determine how short-duration floods (≤ 6 h) influence soil redox conditions 

and nutrient cycling. 

 

Soil Nutrient Content 

Soil Phosphorus. 

The effect of soil P on mean PO4
3- retention among the habitats at 24 h was consistent 

with previous research that showed high-P soils retain less PO4
3- than low-P soils (Baldwin & 

Mitchell, 2000a; Bostic & White, 2007; Dunne et al., 2006). At 24 h of inundation, it is possible 

that O2 content at the soil-water interface was sufficiently depleted to cause Fe2O3-bound P to 

dissociate, resulting in the observed negative correlation between soil P content and PO4
3- 

retention. Beyond 24 h of flooding, rates of P release from the soil can decrease (Lieberman et 

al., 2021b; Sheard & Leyshon, 1976). At 48 h of incubation, release of Fe2O3-bound P may have 

been greatly reduced or ceased, explaining why soil P was not correlated with PO4
3- retention. 
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Conclusions 

 

 Flood duration appears to have a greater effect on wetland nutrient retention capacity 

compared to habitat type and soil properties, and this affect is relatively uniform across the 

habitats. Nitrate retention within these wetlands improves with increasing flood duration, but the 

highest rates of PO4
3- retention occur within the first 24 hours of flooding. Although the optimal 

flood duration varied between nutrients, there was no tradeoff between NO3
- and PO4

3- retention. 

To achieve maximum PO4
3- retention, habitats may only need to hold flood waters for around 6 

hours, whereas habitats need to be flooded for at least 48 hours to maximize NO3
- retention. It is 

important to note that these incubations used water with artificially high concentrations of NO3
- 

and PO4
3-, and additional research is needed to determine if these trends hold under different 

flood durations and at more natural concentrations of NO3
- and PO4

3-. Further, additional studies 

comparing the effects of soil properties on nutrient retention in restored wetlands are needed to 

better determine how these environmental characteristics influence wetlad biogeochemical 

cycling. 

This study highlights the complexities of predicting nutrient retention in restored 

floodplain wetlands. The influence of environmental factors such as habitat, soil properties, 

redox state, and flood duration on NO3
- and PO4

3- retention suggests that accurate predictions of 

nutrient retention potential cannot be made based solely on habitat type. Therefore, it is 

necessary to consider the unique environmental characteristics of individual wetlands and their 

habitats when predicting or evaluating wetland restoration outcomes.  
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CHAPTER 3: EFFECTS OF INUNDATION FREQUENCY ON NUTRIENT 

RETENTION AND SOIL CHARACTERISTICS IN RESTORED FLOODPLAIN 

WETLANDS 

 

 

Abstract 

 Understanding the influence of hydrologic patterns on nutrient retention and soil 

characteristics in floodplain wetlands is critical for effective wetland restoration. However, few 

studies have evaluated these relationships across the weeks or months prior to sampling. This 

study correlated inundation frequency (IF), the frequency that an area was covered by water over 

a defined timeframe, with nitrate (NO3
-) and phosphate (PO4

3-) retention, and soil properties (i.e., 

moisture content, bulk density, pH, total carbon (TC) and nitrogen (TN), and phosphorus (P)) 

measured from soil cores. Inundation frequency was estimated over a 180-d period prior to soil 

core collection at six restored floodplain wetlands in western Tennessee and Kentucky using the 

Google Earth Engine PyGEE-SWToolbox. Inundation frequencies at soil core sampling 

locations were low and variable across all sites, ranging from 0 – 10%. Inundation frequency was 

positively correlated with NO3
- retention and soil pH and negatively correlated with soil TN and 

TC. The strength of these correlations varied among sites for soil pH, TN, and TC. The effect 

sizes of IF on NO3
- and pH were large, with a predicted 4% increase in NO3

- retention and a 0.15 

increase in pH values for every 1% increase in IF. These results imply that IF may greatly 

influence NO3
- retention potential and several important soil characteristics in restored floodplain 

wetlands, however, the strength of these relationships may be site specific. Future restorations 
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should be cognizant how restoration practices will affect hydrologic regimes and develop site-

specific restoration plans to improve restoration outcomes.  
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Introduction 

 

Hydrology is a primary driver of nutrient cycling in wetlands, and flood frequency and 

duration can greatly influence nutrient retention potential (Baldwin & Mitchell, 2000a; Hansson 

et al., 2005). Variability in floodplain wetland hydrologic regimes often creates moisture 

gradients ranging from permanently inundated to frequently dry, in turn influencing nutrient 

cycling rates and soil characteristics (Paul Keddy, 2000). These cycles continuously alter organic 

and inorganic nitrogen (N) and phosphorus (P) turnover rates in wetlands, prompting changes in 

retention and release rates within and among wetlands (Kumaragamage et al., 2019; Morillas et 

al., 2013).  

Wetting and drying cycles greatly influence nutrient retention potential by controlling 

soil redox conditions and structuring microbial communities (S. P. Faulkner & Patrick Jr., 1992; 

Olde Venterink et al., 2006; S. Ye et al., 2012). For example, frequent flooding can lower soil 

redox potential and increase C availability, which enhances denitrification rates. Denitrification 

generally requires an anoxic environment and may be C limited (Brettar et al., 2002; Seitzinger, 

1994). Flooding and drying cycles may also stress soil microbial communities, leading to 

potentially long-term effects on nutrient cycling (Blackwell et al., 2009; Qiu & McComb, 1995). 

This chapter explores the linkages between wetland hydrology and both nutrient retention 

potential and soil characteristics in restored floodplain wetlands to better understand how 

hydrologic regime influences ecosystem function and structure. 
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Hydrologic Regimes and Water Residence Time 

Water residence time, the amount of time between when water enters and subsequently 

leaves a defined area, can influence nutrient uptake rates within aquatic ecosystems (Grimm et 

al., 2003) and is directly related to wetland wetting and drying regimes. All wetland types fall 

somewhere on a hydrologic continuum that ranges in inundation frequency from seasonally 

flooded to permanently inundated and from slow to rapid wet-dry cycling (Fig. 1.3). The 

frequency and duration of these cycles strongly influences water residence times within and 

among wetlands. 

 

 

Figure 1.3 A conceptual diagram of wetland types as related to inundation status and wetting-

drying frequency (after National Research Council, 1995 and Keddy, 2000). 
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Effects of Wetting on Nutrient Retention 

Phosphorus 

 Flood frequency and duration influence P dynamics in wetlands. When dry soils are 

submerged, water column dissolved P may bind to metals like iron (Fe) or aluminum (Al) in the 

soil (Baldwin & Mitchell, 2000a). However, decreasing soil redox potential due to repeated 

cycles of wetting and drying can increase P release when soil-bound P dissociates from ferric 

iron (Fe(III)) as dissolved oxygen (O2) content declines (Brettar et al., 2002; Schönbrunner et al., 

2012; Seitzinger, 1994). Colloidal-bound P may also be released during rewetting and can be a 

significant source of inorganic P in soil leachate (Gu et al., 2018). Release of organically-bound 

P also contributes to P export following rewetting as microbes lyse due to osmotic shock 

following rapid soil submergence (Khan et al., 2019). Microbial P release following soil wetting 

can constitute as much as 88% of total dissolved P in soil water leachate (Turner et al., 2003). 

Rewetting the soil can also stimulate microbial metabolism and assimilation of the remineralized 

P, thereby removing it from the water (Baldwin & Mitchell, 2000a; Noe et al., 2013). 

 

Nitrogen 

 Soil rewetting influences N cycling by altering soil microbial biomass, community 

structure and function, and N absorption rates (Grimm et al., 2003; Moriarty, 1997). Upon 

rewetting, heterotrophic microbial abundance and activity increases, reducing dissolved O2 

content (Moriarty, 1997). During inundation, deeper sediments can become anoxic while 

shallower sediments can remain oxygenated. Coupled nitrification-denitrification rates may 
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increase across this redox gradient (Baldwin & Mitchell, 2000a) with nitrate (NO3
-) produced via 

nitrification in the upper oxic soil zone which then fuels denitrification in the deeper anoxic 

zone. Coupled nitrification-denitrification can greatly enhance denitrification rates temporally in 

aquatic environments  (Marchant et al., 2016a; Verhoeven et al., 2018a). Once dissolved oxygen 

at the soil-water interface is depleted, nitrification is greatly reduced or ceases. Denitrification is 

then solely fueled by ambient NO3
-. The frequency of wetting-drying cycles can alter the 

strength of these effects as rewetting of moist soils has been found to correlate with higher rates 

of denitrification than the rewetting of dry soils (Olde Venterink et al., 2002). 

In deeper anoxic soil layers, dissimilatory nitrate reduction (DRNA) (the reduction of 

NO3
- to ammonium (NH4

+) can occur in the soil pore water (Baldwin & Mitchell, 2000a). This 

anoxic environment inhibits nitrification, preventing the NH4
+ from being converted back to 

NO3
-. Reduction of NO3

- to NH4
+ can be a significant N sink in riparian wetlands though the 

contribution of DNRA to overall N retention can be site-specific (Sgouridis et al., 2011). Further, 

frequent, short-duration flooding can greatly reduce DNRA rates due to DNRA bacteria 

mortality upon desiccation and competition with denitrifiers. 

Abiotic processes also affect N cycling. For example, labile N can be removed from the 

water column via adsorption to the soil during flooding (Bernot & Dodds, 2005). Further, NH4
+ 

may be immobilized via abiotic fixation with clay soils or condensation reactions with activated 

phenol or quinone rings to form nitrogenous humates (Johnson et al., 2000; Schimel & Firestone, 

1989). Under N-enriched conditions, immobilization of N via abiotic processes such as fixation 

with clay soils or nitrosation, the process of converting organic compounds to nitroso derivatives 

under acidic conditions, can function as a dominant N immobilization pathway (Yansheng et al., 



73 

 

2020). Conversely, NH4
+ may be released from inundated soils due to cation exchange when 

solute concentrations in the water column are high (Ardón et al., 2013). 

 

Effects of Drying 

Phosphorus 

 When soil dries, P transformations observed during rewetting usually reverse. Soil 

desiccation can increase microbial mortality, resulting in a release of formerly organically-bound 

P (Baldwin & Mitchell, 2000a; Schönbrunner et al., 2012). Rapid cycles of wetting and drying 

can reduce microbial P content within the soil by >50% and may be accompanied by a 

corresponding increase in dissolved inorganic P (Chen et al., 2021). Additionally, physical 

processes such as slaking, which occurs when large, dry soil aggregates break down into smaller 

microaggregates upon being suddenly immersed in water, and P sorption to the soil can also 

greatly increase inorganic P deposition following drying (Bünemann et al., 2013; Chen et al., 

2021). 

 

Nitrogen 

Like P, soil desiccation generally causes a release of organically-bound N into the 

surrounding environment as microbes lyse. Total soil desiccation may kill over 75% of soil 

microbes (Blackwell et al., 2009; De Groot & Van Wijck, 1993; Qiu & McComb, 1995). Drying 

also slows denitrification rates due to the loss of an anerobic environment and reduction in 

denitrifier biomass (Baldwin & Mitchell, 2000a). Aerobic microbes may temporarily increase N 
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retention following the pulse of N released upon the death of anerobic microbes (Baldwin & 

Mitchell, 2000a; Olde Venterink et al., 2002); however, this will cease if soils become 

completely desiccated. Drying can also create a shifting redox boundary when previously anoxic 

soils are exposed to air, facilitating coupled nitrification-denitrification (Baldwin & Mitchell, 

2000a). 

 

Wetland Hydrology and Soil Properties 

 Cycles of wetting and drying can also influence soil chemistry and structure. For example, 

soil pH can vary with flood frequency and may be highest in the most frequently flooded areas in 

temperate wetlands due to reductions in aerobic microbial respiration rates as soils become anoxic 

(Paradis & Saint-Laurent, 2017). Bulk density may be greatest in intermittently flooded areas as 

soils compact in response to increasing moisture content (Bai et al., 2010; Morse et al., 2012). 

Flooding also affects soil moisture content between floods, as soils may dry more completely when 

flood frequencies are low (Lovell, 2013); however, few studies have directly assessed the effect of 

flooding on soil moisture across months or years. Additionally, soil nutrients can be influenced by 

flood regimes. Regular flooding can increase soil total C (TC) and total N (TN), and soil P content 

as floodwaters slow organic matter decomposition and deliver nutrient-enriched sediment to the 

wetland (Bai et al., 2005; Noe et al., 2013; Olde Venterink et al., 2002; J. Wang et al., 2016). 

 

Objectives 

Given the difficulty in sampling access to wetlands, maintenance requirements of field 

equipment, and cost limitations, it is difficult to measure trends in wetland hydrology across 
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months or years. As such, there is a dearth of research assessing how hydrologic patterns 

influence wetland nutrient cycling and soil properties. A method increasingly employed to 

overcome these logistical constraints is the use of remotely sensed data. This study sought to use 

hydrologic remote sensing data to determine how patterns in wetland inundation frequency (IF) 

relate to the nutrient flux rates and soil characteristics measured in Chapter Two. 

 

Hypotheses 

Hypothesis 1) Wetland inundation frequency correlates with NO3
- and PO4

3- retention. 

Increases in flood frequency and high soil moisture content can lower soil redox 

potential, facilitating the growth of denitrifying microbes which enhances NO3
- removal (Marton 

et al., 2014; A. L. Peralta et al., 2010; Pinay et al., 2007). Therefore, NO3
- retention at 6 h was 

predicted to positively correlate with IF. Additionally, drier soils are more oxygenated as there 

are fewer microbes respiring and soils are in direct contact with the atmosphere (Baldwin & 

Mitchell, 2000a). This oxygen-rich environment enables labile P to bind with metals in the soil 

upon rewetting, enhancing PO4
3- retention (Ann et al., 1999; Baldwin & Mitchell, 2000; Noe et 

al., 2013). Therefore, increases in IF were predicted to be inversely correlated with PO4
3- 

retention due to lower soil redox potential in response to flooding.  

 

Hypothesis 2) Wetland inundation frequency correlates with soil characteristics. 

Select soil characteristics measured in Chapter Two including bulk density, moisture 

content, TC, TN, and P content, and pH, were predicted to positively correlate with IF. Flooding 
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can compact soils, leading to increased soil bulk density as IF increases (Bai et al., 2010; Morse 

et al., 2012). Areas with high IF were also predicted to have greater soil moisture content as 

regular flooding would presumably prevent soils from drying completely. Additionally, regular 

flooding can increase soil C, N, and P content by slowing organic matter decomposition rates 

and delivering nutrient-enriched sediment (Bai et al., 2005; Noe et al., 2013; Olde Venterink et 

al., 2002; J. Wang et al., 2016). Therefore, soil C, N, and P were predicted to positively correlate 

with IF. Additionally, soil pH has been positively correlated with soil moisture content under 

prolonged flooding (Maranguit et al., 2017; McNicol & Silver, 2014; Paradis & Saint-Laurent, 

2017). Therefore, soil pH was predicted to positively correlate with IF. 

 

 

Methods 

 

The PyGEE-SWToolbox 

The PyGEE-SWToolbox is an interactive surface water mapping and analysis toolbox 

within Google Earth Engine (GEE) (Owusu et al., 2022) (URL: 

https://github.com/collinsowusu/PyGEE-SWToolbox). This toolbox was used to estimate the IF 

of each core location at a given site by automating the traditional mapping and application 

processes associated with surface water analysis via remote sensing. Sentinel 2 multi-spectral 

imagery was used to calculate IF for each core location (represented by a single pixel) within a 

site. Sentinel 2 imagery was chosen over Landsat 2 for its high resolution (10 m2 per pixel 
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compared to 30 m2, respectively) as distances between cores were variable with some cores 

collected <20 m apart. 

 

Site Selection and Timeframe Analyzed 

 The 22 sites sampled during May through August of 2020, 2021, and 2022 as part of the 

soil core incubation study described in Chapter Two were analyzed to estimate IF for each core 

location at each site. Sufficient aerial imagery was only available for six sites. Inundation 

frequencies for each site were calculated for dates ranging between 30, 90, and 180 d prior to 

sampling.  

For each timeframe, images were considered “useable” when no clouds were covering 

any of the core sampling locations. The 30-d timeframe only yielded between 2 – 4 images per 

site. More imagery was available for the 90-d timeframe but the number of images available for 

each site was still low, ranging from 6 – 10 images per site. Calculating IF for the 180-d 

timeframe provided a modest increase in the number of useable images, with an average of 13 

images available per site. However, image availability varied across sites, ranging from 9 - 21 

images per site. Given the limited number of images for each timeframe, the 180-d timeframe 

was selected to calculate IF as this maximized the chances of detecting relationships between IF 

and nutrient cycling and soil properties. Additionally, this timeframe included images from the 

preceding winter and spring when flooding is most frequent. 
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Image Processing and Inundation Frequency Calculations 

Image processing and IF calculations followed protocols outlined in Owusu et al., 2022 

and Montgomery et al., 2018. First, a shapefile containing the entire wetland sampled was 

uploaded to GEE or boundaries were manually drawn. Date ranges for surface water extraction 

were then selected. The cloud coverage threshold (the percentage of an image covered by clouds) 

was set to 30% (i.e., 70% of an image must be cloud-free). This threshold reduced the likelihood 

that an area where soil cores were collected would be covered by clouds. The presence of clouds 

in images can bias IF estimates as they may be interpreted by GEE as dry land or water, leading 

to inaccurate data. Cloud cover in each image included in the IF calculations was visually 

inspected to verify that all soil core sampling locations were not covered by clouds. Any images 

with clouds covering a sample location that were not filtered out by the 30% coverage threshold 

were manually removed and IF was recalculated. 

Following image processing, surface water data was extracted using the Normalized 

Water Difference Index (NWDI) (McFeeters, 1996) method with a threshold value set to zero. 

Pixels with a value greater than the specified NWDI threshold value are considered water 

whereas values below the threshold are considered non-water pixels. Water frequency was then 

calculated by applying an “equals frequency” routine, an algorithm for converting pixel 

frequency output to hydroperiod, to each water mask input raster (i.e., image) (Montgomery et 

al., 2018). Water mask input rasters are binary, containing only “0” and “1” for land and water, 

respectively. Binary water masks were then combined (i.e., mosaiced) to create a single, 

continuous reference raster containing only water values (“1”) which represented the maximum 

possible extent of water in the study area. This reference raster was then used to calculate water 

frequency throughout the specified timeframe by comparing the binary water mask rasters for 
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each image to the reference raster, and counting the number of times a pixel in the same 

geographic location was identified as water (Montgomery et al., 2018). 

 

Statistical Analysis 

Linear Mixed Effects Modelling 

 Nutrient flux rates at 6, 24, and 48 h of incubation and select soil characteristics (see 

Hypothesis Two) measured in Chapter Two were individually regressed against IF using linear 

mixed effects models (see Chapter Two for details on field and lab methods for quantifying 

nutrient flux and soil properties). The lme4 package (Bates et al., 2015) in the statistical software 

R was used to fit regressions models (R Core Team, 2022). Plots were created using the ggeffects 

package (Lüdecke, 2018). Final models for the soil parameters and the model for PO4
3- were 

assigned a random intercept and slope. The final model for NO3
- was assigned only a random 

intercept as including a random slope term did not improve model performance. All final models 

were fit using the restricted maximum likelihood criterion (REML). Effective degrees of 

freedom and p values were calculated in the lemrTest package (Kuznetsova et al., 2017) using 

the Welch-Satterthwaite approximation method (Satterthwaite, 1946). 

 

Outlier Removal and Log Transformations 

 Nitrate and PO4
- flux rates beyond the 2.25 and 97.75% quantiles were removed prior to 

analysis to keep the data used consistent with Chapter Two and prevent extreme values from 

biasing model results. Nitrate flux, soil moisture, and soil P data were log transformed prior to 
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analysis to correct for violations of normality and patterns in the residuals. As the NO3
- flux data 

contained positive and negative values, these data were raised by a constant of 49 so that the 

most negative value became a positive number. Nitrate data were then log-transformed and 

analyzed. Predicted NO3
- flux rates and CI’s were then back-transformed and subtracted by the 

constant (49) to return the data to its original values for plotting. 

 

 

Results 

 

Trends in Inundation Frequency 

Inundation frequencies of the soil core collection locations were low and variable across 

all sites, with cores locations being classified as inundated in 0% to 10% of the images analyzed 

(Table 1.3). Sites were generally most frequently inundated between the December – March 

preceding when a site was sampled. Mean IF within each site ranged from 1 – 6.4% (Sites 4 and 

1, respectively). Inundation frequency was significantly correlated with NO3
- flux, soil pH, and 

soil TN and TC (Table 2.3). However, the strength of these correlations for soil pH, TN, and TC 

varied across sites. 
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Table 1.3 Inundation frequency (the % that a pixel was classified as 

water across the images analyzed) ranges, means, and standard 

deviations (SD) for each site included in the regression analyses. 

 

Site Range (%) Mean (%) SD 

1 0 - 10 6.4 4.0 

2 0 – 3 1.2 1.3 

3 0 – 6 2.6 2.0 

4 0 – 4 1.0 1.7 

5 0 – 6 3.0 2.3 

6 0 – 8 1.5 2.4 
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Table 2.3 Model summary statistics for each variable that was significantly 

correlated with inundation frequency. Predicted percent change in NO3
- flux 

and soil pH per one percent increase in inundation frequency was included 

because unstandardized effect sizes cannot be determined using coefficients 

when a variable has been log transformed. 

 
    

 

p t. value Coefficient 

% change in response to IF 

(where applicable) 

     

Log (NO3
-) 0.019 -2.56 -0.04 4% increase 

pH 0.030 3.12 0.15 16% increase 

Soil TN 0.047 -2.75 -0.22 NA 

Soil TC 0.071 -2.39 -2.53 NA 

 

 

Inundation Frequency and Nitrate Retention 

Nitrate retention was only correlated with IF at 6 h of incubation (p = 0.019). The effect 

size of IF on 6 h NO3
- retention was large with a 4% increase in NO3

- retention for every 1% 

increase in IF on average. As NO3
- data was log-transformed prior to analysis, it was not possible 

to determine precise rates of increase in NO3
- retention in mg m-2 h-1. Therefore, the effect size 

was expressed as a percentage. Accounting for site-specific variations in the relationship 

between IF and NO3
- retention improved model performance but had little effect on reducing 

model variance (σ2 = 0.02). Site-dependent regression lines mirrored the regression line of the 
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overall model (Fig. 2.3). Further, CI’s were large for both the overall model and site-specific 

regression lines (overall model CI’s not shown), reflecting the variability in NO3
- flux rates 

observed within and across sites. 

 

 

Figure 2.3 Predicted NO3
- flux rates at 6 h of incubation for each site. The dashed black line 

represents the overall model regression line. Bands are 95% CI’s. Points are observed IF values 

at each site. 
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Inundation Frequency and Soil Characteristics 

 Soil pH was positively correlated with IF whereas TC and TN were negatively correlated 

with IF. The effect size of IF on soil pH was large with a predicted 16% increase in pH units for 

every 1% increase in IF (p = 0.030). Despite visual differences in predicted pH values among 

sites, allowing for site-specific intercepts and slopes did little to reduce model variance (σ2 = 

0.28 and 0.01 for random intercepts and slopes, respectively). This was likely due to overlapping 

confidence intervals and uneven distributions of IF values among sites, resulting in model 

uncertainty when predicting pH values (Fig. 3.3). Soil TC and TN were marginally correlated 

with IF (p = 0.047 and 0.071, respectively) with a 1% increase in IF predicted to decrease TC 

and TN content by an average of 2.5 and 0.22 mg g-1, respectively. Intercepts and slopes for TC 

and TN within a single site were similar, implying possible collinearity (Figs. 4.3 & 5.3). 

Allowing for site-specific slopes and intercepts in the TC model captured a large amount of 

variance (σ2 = 81.62 and 4.05 for random intercepts and slopes, respectively). The relationship 

between IF and TC (i.e., slope) was weakly influenced by site; however, site strongly influenced 

predicted mean TC content (i.e., the intercept for each site). The correlation between IF and TN 

was less affected by site as allowing site-specific intercepts and slopes did not meaningfully 

reduce model variance (σ2 = 0.40 and 0.03 for the random intercept and slope, respectively). 
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Figure 3.3 Soil pH predictions for each site. The black line represents the overall model 

regression line. Bands are 95% CI’s. Points are observed IF values at each site. 
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Figure 4.3 Soil TC predictions for each site. The black line represents the overall model 

regression line. Bands are 95% CI’s. Points are observed IF values at each site. 
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Figure 5.3 Soil TN predictions for each site. The black line represents the overall model 

regression line. Bands are 95% CI’s. Points are observed IF values at each site. 
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Discussion 

 

Evaluation of Hypotheses 

 Hypothesis 1: Inundation frequency of a wetland affects NO3
- and PO4

3- retention. 

 This hypothesis was moderately supported as there was a significant correlation between 

NO3
- flux and IF but not between PO4

3- flux and IF. My prediction that NO3
- retention would 

increase as IF increased was supported by these results. My prediction that IF would be 

negatively correlated with PO4
3- retention was rejected as there was no significant relationship 

between PO4
3- flux and IF. 

 Hypothesis 2: Inundation frequency of a wetland affects soil characteristics. 

 This hypothesis was supported as IF correlated with three (pH, TC, and TN) of the five 

soil characteristics. However, all my predictions for the relationships between IF and soil pH, 

TN, and TC were rejected as soil pH increased with IF whereas TN and TC decreased with IF. 

My predictions that bulk density and moisture content would be positively correlated with IF was 

also rejected as there was no relationship between these variables and IF. 

 

Inundation Frequency and Nitrate Retention 

 The positive correlation between NO3
- retention during initial rewetting and IF supports 

previous research which found that wetter soils have higher N retention rates than dry soils 

(Marton et al., 2014; A. L. Peralta et al., 2010; Pinay et al., 2007). The large effect size of IF on 

NO3
- retention also indicates that changes in wetland hydrologic regime may strongly affect 
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NO3
- retention potential. Moist soils can support higher microbial abundances than dry soils 

(Blackwell et al., 2009; De Groot & Van Wijck, 1993), and frequent flooding can increase the 

abundance of N cycling microbes that persist during periods of drying (Baldwin & Mitchell, 

2000a; Olde Venterink et al., 2002). These microbial changes likely facilitated rapid N removal 

from the water upon flooding in the present study. 

Flooding also increases anaerobic microbial activity and denitrification rates (Marton et 

al., 2014; A. L. Peralta et al., 2010; Pinay et al., 2007). For example, increases in flood frequency 

in freshwater and saltwater marshes have been correlated with a reduction in soil redox potential 

and enhanced denitrification rates (Hernandez & Mitsch, 2007; Koch et al., 1992; van der Lee et 

al., 2004; Wigand et al., 2004). Regular flooding also maintains an anoxic environment in deeper 

soil zones and prevents desiccation, thus keeping the soil primed for rapid N removal during the 

next flood (Gao et al., 2021; Hernandez & Mitsch, 2007; Song et al., 2014). 

In this study, wetland areas that were frequently flooded during the winter and spring 

prior to soil core collections were often dry at the time of sampling. Despite this, IF was 

significantly correlated with NO3
- retention at 6 h even when some areas may not have been 

flooded in over 30 d prior to sampling. This suggests that patterns in IF can have lasting effects 

on NO3
- cycling during initial flooding. While previous studies have shown that NO3

- retention 

varies across seasons, flood frequency and magnitude can be a more accurate predictor of year-

round NO3
- retention rates in wastewater treatment and floodplain wetlands (Drake et al., 2018; 

Hunter & Faulkner, 2001; Song et al., 2012; Spieles & Mitsch, 1999). Therefore, it may be more 

beneficial to consider the relationship between wetland hydrology and NO3
- retention across 

longer timescales rather than hydrologic conditions immediately prior to a flood. 
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Inundation Frequency and Soil Characteristics 

Soil pH 

 The positive correlation between IF and soil pH was unexpected as some studies have 

identified a negative relationship between IF/soil moisture content and pH (Bai et al., 2005; 

Clarke, 1985). Conversely, soils with a pH <6.5 have been found to increase to 7 upon flooding 

due to the consumption of protons by metal complexes as soil redox is reduced (C. Ding et al., 

2019). It is important to note that the relationships between soil pH and IF in this study visually 

appeared site-specific, though accounting for site-specific variation did not capture much 

variability in the model. Differences in the relationship between soil pH and IF across sites may 

provide some insight as to the conflicting conclusions of previous studies as this relationship 

may be site-specific in other wetlands. In the present study, soil pH values were generally <6.5, 

potentially supporting the results of Ding et al., (2019). However, more research is needed to 

determine if the relationship between IF and NO3
- retention observed in this study applies to 

other wetlands within the region or abroad. 

The chemical profile of sediments delivered to wetlands within the LMRV via flooding 

may also be influencing this observed relationship between IF and soil pH. The Mississippi 

River has one of the highest bicarbonate (HCO3
-) flux rates in the world (Borrok et al., 2018), 

and potential delivery of HCO3
- -rich sediments to these wetlands may increase the buffering 

capacity of regularly flooded soils. However, not all wetlands included in this study are flooded 

by the Mississippi River, and delivery of high buffering capacity sediment during flooding might 

be limited to specific sites. Despite its importance to wetland biogeochemical cycling, few 

studies have directly assessed the relationship between IF and soil pH, making comparisons 

between the present study and those in the literature challenging. 
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The finding that soil pH was positively correlated with IF is significant as soil pH 

influences nutrient cycling rates by altering microbial community structure and function, organic 

matter decomposition rates, and soil nutrient contents. Soil pH can be strongly correlated with 

bacterial community structure (Peralta et al., 2013), and high pH can reduce soil bacterial 

diversity (E. Kang et al., 2021). Reductions in soil redox in response to flooding can reduce 

aerobic microbial respiration rates, lowering soil pH and reducing organic matter decomposition 

rates (G. Zhang et al., 2018). Changes in soil pH from flooding can also alter abiotic nutrient 

cycling processes. For example, P-containing metal complexes in the soil can dissociate upon 

flooding when pH is high, increasing the potential for P export (Noe et al., 2013). High soil pH 

can also reduce soil NH4
+ content as NH4

+ volatilizes into the atmosphere as ammonia (NH3
+) 

(Sgouridis et al., 2011). Increases in pH may also increase organic N mineralization, resulting in 

greater inorganic N at the soil surface which may be transported downstream during flooding 

(Bai et al., 2012). 

  

Soil Total Nitrogen and Total Carbon 

 The observed negative correlation between soil TC and IF may be related to the 

variations in organic C decomposition rates and alterations to the microbial communities in 

response to wetland hydrologic regime. Cycles of wetting and drying can rapidly deplete soil 

organic C as detritus is repeatedly oxidized upon drying (Maynard et al., 2011; Paradis & Saint-

Laurent, 2017). Rapid wet-dry cycles in riparian wetlands can also release mineralized C from 

the soil which is subsequently assimilated by microbes (Baldwin et al., 2015; Valett et al., 2005). 

Conversely, prolonged flooding is typically associated with higher soil C content due to a 
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reduction in decomposition rates as oxygen concentrations decrease and stay low, reducing 

aerobic respiration rates (Bernal & Mitsch, 2008; Segnini et al., 2010).  

Like soil TC, the negative correlation between IF and TN could also be related to the 

effect of hydrology on microbial community structure and functioning. Soil inundation can 

support N immobilization via microbial uptake or dissimilatory processes like denitrification 

(Gao et al., 2012; Zak & Grigal, 1991). Denitrification can be a major pathway for soil N loss 

(Phillips, 2008; van der Salm et al., 2007) and is enhanced by increasing soil moisture content 

(Marton et al., 2014; A. L. Peralta et al., 2010; Pinay et al., 2007). Additionally, frequent cycles 

of flooding and drying can support coupled nitrification-denitrification which can rapidly reduce 

soil N content (Baldwin & Mitchell, 2000a). 

The negative correlation between IF and soil TC and TN was unexpected, and 

contradictions in the literature complicate interpretations. While some studies have reported that 

frequent inundation increases soil N and C content in wetlands (Bai et al., 2005, 2020; Qi et al., 

2021; J. Wang et al., 2016), others have identified an inverse relationship between IF and soil C 

and N (Argiroff et al., 2017; J. Li et al., 2020). The results from the present study support the 

results of  Argiroff et al., 2017 and Li et al., 2020; however, the significance of the correlations 

between IF and soil TC and TN are marginal, and additional studies with larger samples sizes are 

needed to evaluate these trends more precisely. 
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Conclusions 

 

 This study shows that the NO3
- retention potential at 6 h of flooding and soil 

characteristics of a restored floodplain wetland may be influenced by IF. The significant 

correlation between NO3
- flux at 6 h of incubation and IF supports previous research suggesting 

that N retention in wetlands is related to hydrology (Drake et al., 2018; Hernandez & Mitsch, 

2007; Hunter & Faulkner, 2001; Song et al., 2012). Interestingly, this relationship did not extend 

to PO4
3- flux. The finding that a 1% increase in IF corresponded to a 4% increase in NO3

- 

retention after 6 h of flooding is significant and suggests that hydrologic regime may greatly 

influence wetland N retention rates during initial flooding. However, the relationship between IF 

and N retention may cease or be superseded by other factors like interactions among soil 

properties or changes in microbial community structure and functioning during floods lasting 

longer than 24 h. 

This study also provides novel insights into the relationships between IF and floodplain 

wetland soil characteristics. Variations in slopes for the soil pH models across sites suggest that 

there are some site-specific differences in the relationship between pH and IF. Conversely, the 

relationship between IF and soil TN and TC appears consistent across sites, indicating that these 

trends may hold across the 16 wetlands sampled in this study that did not have enough imagery 

available to be included in the analyses. However, additional research is needed to fully 

understand wetland edaphic responses to IF and extend these relationships to wetlands outside 

the study area. 

 While the conclusions presented here are supported by the data, study limitations should 

be considered when interpreting these results. Only 7-12% of the days within 180-day timeframe 
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could be included in the IF calculations, and the absence of data on days when imagery was not 

available could have biased these calculations. Further, nutrient flux and soil data were collected 

at a single time point at each site, providing only a snapshot of these nutrient cycling processes 

and soil characteristics. Future studies could reduce the number of wetlands sampled and 

increase sampling frequency to improve the precision of these analyses and enable more robust 

evaluations of these relationships to IF over time. 
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CHAPTER 4: EFFECTS OF VEGETATION TYPE AND HYDROPERIOD ON 

NITROGEN AND PHOSPHORUS FLUX RATES IN EXPERIMENTAL WETLAND 

MESOCOSMS 

 

 

Abstract 

Wetland restorations often seek to increase nutrient retention by reestablishing historical 

vegetation and hydrology. I evaluated the effects of wetland vegetation (herbaceous vegetation 

(HV), tree saplings (TS), and bare soil (BS)) and hydrologic regime (three-day and three-week 

hydroperiod) on dissolved nitrate (NO3
-) and phosphate (PO4

-) retention, soil oxygen demand 

(SOD), and nitrogen gas (N2), methane (CH4), and nitrous oxide (N2O) flux rates using wetland 

mesocosms. Mesocosms were flooded with nutrient-enriched water, and water column NO3
- and 

PO4
3- was measured over five days. Mesocosms were then drained, and intact soil cores were 

collected. Cores were incubated with nutrient-enriched water and sampled for dissolved gases 

after 12, 24, and 48 h. Vegetation and hydrology interacted to influence NO3
- and PO4

3- 

retention, but only beyond 24 h of flooding for PO4
3-. Herbaceous vegetation was most efficient 

at reducing NO3
- content in the water regardless of hydroperiod, with >90% reduction in NO3

- 

content after three days. All treatments reduced PO4
3- content by >70% after 24 h, beyond which 

PO4
3- retention differed among the treatments. The three-day hydroperiod and HV treatments had 

the greatest mean N2 production and SOD across all sampling time points, but N2 rates only 

statistically differed among treatments at 12 h. Nitrous oxide and CH4 production was minimal in 

all treatments. These results suggest that wetland vegetation and hydrology can influence 

nutrient retention and gas production both independently and via their interaction. Further, 
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differences among treatments weakened as flood duration increased, suggesting that water 

residence time becomes more influential than vegetation as flood duration increases. 

 

 

Introduction 

 

 Vegetation and hydrology are two primary factors that influence nutrient uptake within 

riparian floodplain wetlands (Silvan et al., 2004; White et al., 2006). In degraded wetlands, 

historical flow pathways have often been manipulated to facilitate rapid drainage after floods 

(Bruland & Richardson, 2005a). These manipulations can disrupt plant community structure and 

ecosystem functioning and contribute to downstream eutrophication (Olde Venterink et al., 

2002). Therefore, the restoration of hydrologic flow regimes is often a major component of 

wetland restorations. Additionally, wetland restorations employ diverse strategies to improve 

ecosystem functioning such as reestablishing historical vegetation communities, reconnecting 

wetlands to the floodplain to reestablish hydric soils that facilitates the growth of various wetland 

vegetation functional groups. Interactions between restored wetland hydrology and vegetation 

can affect ecosystem functioning and produce dynamic states of nutrient uptake and release.  

Further, these vegetation and hydrology interactions can influence the production of 

gases involved in various phases of the nitrogen cycle. Nitrogen gas (N2) production rates are a 

crucial component of nitrogen (N) cycling in wetlands, which controls the amount of N that is 

completely removed from aquatic systems (Alldred & Baines, 2016; Hunter & Faulkner, 2001; 

Reddy et al., 1989). Methane (CH4) and nitrous oxide (N2O), two potent greenhouse gases, 
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emissions can also be affected by these interactions (Maucieri et al., 2017; Whiting & Chanton, 

2001). Therefore, understanding how interactions between vegetation and hydrology affects 

biogeochemical cycling is critical to wetland restoration success. Additionally, it is important to 

identify any potential tradeoffs that may exist between nutrient retention/removal and 

greenhouse gas production that could help optimize restoration strategies. This chapter examines 

how vegetation and hydrology influence nutrient cycling and greenhouse gas production in 

restored wetlands using experimental mesocosms. 

 

Hydrology-Plant Interactions Influence Nutrient Cycling Rates 

Interactions between surface water residence time, plant communities, and soil moisture 

are known to strongly influence the structure and function of wetland ecosystems. Distribution of 

plant species and duration of floods are both heavily influenced by these factors. For example, 

increases in water residence time can result in higher soil moisture levels which can promote tree 

growth in bottomland hardwood forests (Broadfoot, 1967). In turn, wetland vegetation has also 

been found to have a significant effect on water residence time by reducing flow velocities, 

leading to increased heterogeneity in vegetation (Jadhav & Buchberger, 1995; Kjellin et al., 

2007). Moreover, soil moisture gradients have been shown to strongly influence the distribution 

of vegetation functional groups in wetlands (Moor et al., 2017). These interactions influence 

nutrient cycling in wetlands, resulting in dynamic environments with unique ecosystem 

functional processes and relationships. 

Flow regimes can increase plant species diversity and biomass, leading to higher nutrient 

retention rates due to vegetation assimilation (Bruland & Richardson, 2005b; Cooper et al., 2017; 
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Silvan et al., 2004). Hydrologic restoration practices can also alter the water residence time of 

floodwaters, with longer residence times correlating with higher nutrient retention due to 

increased microbial and soil uptake (Dettmann, 2001; Johnston, 1991). However, increasing soil 

moisture can also promote the production of soil CH4 and N2O (Bohn et al., 2007; Calabrese et 

al., 2021), creating potential tradeoffs between nutrient retention and greenhouse gas emissions. 

In addition, wetland vegetation can significantly influence CH4 and N2O emissions, affecting the 

potential of a wetland to act as a sink or source for these gases (Bezabih Beyene et al., 2022; Sun 

et al., 2013). Therefore, alterations to wetland hydrology may result in tradeoffs between nutrient 

retention and greenhouse gas production. 

 Wetland vegetation species diversity can influence nitrogen (N) and phosphorus (P) 

retention with rates varying among different functional groups (Taylor et al., 2015; Tyler et al., 

2012; White et al., 2006). During restorations, native species that are beneficial to wildlife and 

representative of the dominant taxa present prior to conversion to cropland are frequently planted 

(United States Department of Agriculture, 2008). In forested floodplain wetlands, tree plantings 

are one of the most frequently used revegetation methods when converting cropland back to 

wetlands under the WRP/WREP program but often fail due to drought-related stress on seedlings 

or prolonged root saturation (De Steven & Gramling, 2012). Further, few studies have directly 

assessed how tree plantings influence nutrient cycling in wetlands (Faulkner et al., 2011), and it 

is uncertain if, or how long it takes to restore historical levels of ecosystem functioning in tree 

plantings (Mitsch & Wilson, 1996).  

In some cases, it may be more efficient to allow habitats to develop through natural 

succession. Herbaceous vegetation is often the first plant functional group to colonize wetlands. 

Herbaceous vegetation stored in the seed bank can germinate quickly following the cessation of 
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crop production, often producing lush herbaceous zone that are resilient to frequent flooding 

(Bao et al., 2014). Further, herbaceous vegetation often does not have to be planted as long as the 

seed bank remains intact and may even restore ecosystem function faster than planting trees 

would. For example, eutrophic wetlands with naturally colonizing vegetation can be more 

productive and retain a greater amount of nutrients than planted wetlands (Mitsch, Zhang, et al., 

2005); however, naturally colonizing wetlands in former croplands may become dominated by 

quick-growing generalist species, resulting in less plant diversity and a greater potential increase 

in susceptibility to stress-related mortality. Restored herbaceous wetlands will eventually 

transition to forest in areas with compatible hydrologic regimes, but this succession can take 

years to occur. As such, there is a need to evaluate potential differences in nutrient retention 

between herbaceous vegetation and tree-dominated habitats to better estimate how ecosystem 

functioning differs between different restoration communities.  

 

Experimental Setting to Test Hydrology-Vegetation Effects on Nutrient Retention 

 Isolating the effect of a specific factor on the response variable of interest in field studies 

can be difficult due to confounding variables (Jared Diamond, 1986). Differences in site location 

and legacy effects from historical agricultural practices may obfuscate correlations among 

hydrologic regimes, vegetation types, and nutrient retention rates. Additionally, flow path 

alterations may have created new hydrologic regimes that are incapable of supporting historical 

plant taxa stored in the seedbank (Miller & Hobbs, 2007). These changes may inhibit the 

efficiency of ecosystem functioning as repeated attempts at colonization by plant species stored 

in the seed bank fail to become established, or limitations in dispersal prevent adequate 

recolonization. Confounding observations in field studies may lead to inaccurate conclusions 
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about the relationships among vegetation type, hydrology, and nutrient cycling (Galatowitsch & 

van der Valk, 1996). Given the limitations to field studies, a controlled experimental setting can 

help isolate causal relationships that may exist among vegetation type, hydrology, and nutrient 

retention. 

As managers can control the types of vegetation planted during restorations and to some 

extent the duration of flood inundation within restored wetlands, an investigation of the 

interactions among vegetation type, hydrologic regime, and nutrient uptake is warranted. By 

controlling for other environmental factors, the effect of specific vegetation types (trees or 

herbaceous vegetation) associated with different restoration strategies and hydroperiods on N 

and P retention can be better evaluated and incorporated into future restorations by managers to 

maximize nutrient retention in restored wetlands. 

 

Objectives 

Objectives of this study were 1) determine if dissolved N and P retention and N2, N2O, 

and CH4 production rates differ among bare agricultural soil and two types of restored wetland 

habitats (herbaceous vegetation and tree plantings); 2) Evaluate the effect of flood duration on N 

and P retention and N2 production rates among vegetation types; and 3) Determine if tradeoffs 

exist between N and P removal and the production of two greenhouse gases (N2O and CH4).  
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Hypotheses 

Hypothesis 1) Vegetation type affects dissolved NO3
-, PO4

3-, N2, N2O, and CH4 flux 

rates. Herbaceous vegetation was predicted to retain the most dissolved N and P and have the 

greatest N2 production, followed by tree planting treatments, and then bare agricultural soil. 

Aquatic emergent vegetation can provide a more stable supply of carbon (C) and P necessary for 

maintaining denitrifying microbes near the soil-water interface (Brix, 1997; Reddy et al., 1989; 

Taylor et al., 2015). Phosphorus uptake was predicted to be highest in vegetated mesocosms as 

assimilation by plants can be a significant P sink in wetland ecosystems (Gacia et al., 2019; 

Silvan et al., 2004; Taylor et al., 2015). Bare agricultural treatments were expected to have the 

lowest dissolved N and P retention, potentially due to the lack of mycorrhizal fungi and 

assimilation by plants as nutrient uptake pathways and because bare soils were found to have 

limited retention in a similar study (Taylor et al., 2015). 

 All treatments were predicted to emit N2O and CH4. Denitrification can be a major 

source for N2O emissions (Huang et al., 2013) when the final transformation from N2O to N2 is 

interrupted by the presence of oxygen (O2) and NO3
- removal rates can correlate with N2O 

emission rates (Freeman et al., 1997). Further, N2O emissions have been found to be greatly 

influenced by fluctuations in C:N ratios (M. Li et al., 2017). Consequently, I predicted that N2 

production (presumably as largely a result of denitrification) would be greatest in mesocosms 

containing herbaceous vegetation and that these mesocosms would emit the most N2O, as N2O 

can be a byproduct of incomplete denitrification. Herbaceous vegetation treatments were also 

predicted to produce the most CH4 as previous studies have found that herbaceous vegetation 

provides a steady supply of labile C in the root zone and the overlying water, enhancing CH4 
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production (Lu, Wassmann, Neue, & Huang, 2000; Lu, Wassmann, Neue, Huang, et al., 2000; 

Sullivan et al., 2013).  

Hypothesis 2) Hydroperiod affects nutrient flux rates. I hypothesized that mesocosms 

with longer inundation periods would retain more N and P. Mesocosms with the longest 

hydroperiods were predicted to have the greatest soil oxygen demand (SOD) following draining, 

potentially leading to enhanced denitrification. These soils were presumed to be more primed to 

convert NO3
- to N2 as the soil-water interface was likely at a lower redox state for longer than the 

soils from the shorter hydroperiod treatment due to prolonged inundation with stagnant water. 

Further, mesocosms with longer periods of inundation were predicted to have greater N2 flux 

rates as rewetting of moist soils has been associated with greater denitrification rates than 

rewetting of dry soils (Olde Venterink et al., 2002). 

Mesocosms with short hydroperiods had more days without water covering the sediment 

surface, resulting in greater soil desiccation during drying periods. In semi-aquatic ecosystems, 

total desiccation of soil or sediment can kill as much at three quarters of the total microbes 

within a recently dried area (Qiu & McComb, 1995). Therefore, mesocosms that had less soil-

atmosphere exposure time prior to receiving N and P elevated water were predicted to require 

less time to build up microbial biomass, resulting in greater N and P retention than in treatments 

that were dryer at the time of dosing (SOD was used as a coarse proxy for estimating microbial 

function where more negative O2 flux rates are indicative of greater microbial activity). 

Additionally, short-term cycles of wetting and drying have been found to reduce microbially-

bound P back into the water column as dissolved P (Chen et al., 2021); therefore, mesocosms 

with shorter periods of inundation were expected to retain less P than mesocosms with longer 

inundation periods.  
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Additionally, mesocosms with the highest CH4 emissions were predicted to emit the least 

amount of N2O and vice versa. Rewetting of moist soils have been found to enhance CH4 

emissions (Mander et al., 2003) whereas rewetting of dryer soils has been associated with 

increases in N2O emissions (C. J. Smith et al., 1983). Therefore, N2O and CH4 emissions were 

predicted to be inversely correlated with short-term hydroperiod treatments emitting the most 

N2O and treatments with long-term hydroperiods emitting more CH4. 

 

 

Methods 

 

Mesocosm Assembly 

 Thirty-six outdoor mesocosms were assembled at Tennessee Tech University’s Shipley 

Farm following protocol established by (Tyler et al., 2012; Taylor et al., 2015). Each mesocosm 

consisted of a 379-L plastic tub (122 cm (length) x 61 cm(width) x 61 cm (height)). Tubs were 

filled with approximately 30 cm of silica sand overlaid with approximately 15 cm of wetland 

soil. During simulated flooding, a water depth of approximately 10 cm was maintained within 

the inundated mesocosms. A surface water discharge port consisting of a 1.27-cm bulkhead, 

barbed hose fitting (1.27-cm hose fitting, 0.64-cm barb) and discharge hose (0.95 x 0.64 cm 

diameter) was installed near the top of the mesocosms to improve drainage following flooding 

(Fig. 1.4). Discharge hoses were plugged when not in use. Cookeville, Tennessee, USA 

municipal water was used to fill four 606-L elevated water storage tanks that served as the water 

sources for the mesocosms. Sodium thiosulfate was used to dechlorinate water within the storage 
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tanks. Water was then transferred from the storage tanks to mesocosms through 3.81-cm 

diameter PVC pipes using a gravity-fed system controlled by ball valves at the outflow of each 

tub. Mesocosms were placed in four rows of nine, with one tank supplying water to a single row 

(Figs. 2.4 and 3.4). 

 

Figure 1.4 Diagram of a mesocosm. 
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Figure 2.4 Diagram of experimental design and plumbing for the mesocosms. 
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Figure 3.4 Assembled mesocosms with assigned treatments. Note the nearest tub in the picture 

(bottom right) was only used to maintain backup trees in case treatment trees died. It was not 

used in the experiment. No trees died during this study.  

 

Soil Collection and Preparation  

Soil for the mesocosms was provided by the West Tennessee River Basin Authority. 

Topsoil (Falaya Silt Loam, collected < 0.6 m deep) was collected from a stream restoration site 

in west Tennessee adjacent to the Middle Fork Forked Deer River near Three Way, Tennessee, 

USA and transported to the mesocosm site. Soil in the mesocosms was overlaid with a small 
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amount of wetland soil collected from a restored wetland in western Tennessee, USA. The 

wetland soil was used to seed the mesocosms with microbial taxa representative of those found 

in restored floodplain wetlands in western Tennessee and Kentucky, USA. Seeding the 

mesocosms with wetland microbial communities was necessary to establish nutrient uptake 

pathways representative of those found on the restored wetlands and decreased the incubation 

time needed for microbial community establishment. Care was taken to ensure that each 

mesocosm received the approximately same amount of both types of soil during assembly. 

 

Treatment Assignment 

 One of six treatments were assigned to each mesocosm in a two-factor experiment, with 

vegetation type and flood duration (referred to as hydroperiod) as factors (Table 1.4). Vegetation 

treatments had three levels, bare agricultural soil, herbaceous vegetation, and sapling trees 

(approximately 2 years old, herein referred to as tree planting). The hydrologic factor consisted 

of two levels, a short hydroperiod and a long hydroperiod. Each treatment consisted of one 

vegetation level and one hydroperiod level with four replicates per treatment. A two-factor 

factorial design was used to distribute treatment replicates among the four rows. Treatments were 

assigned to each mesocosm using a random number generator.   
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Table 1.4 All possible factor combinations (BS = bare soil, HV = herbaceous 

vegetation, TP = tree planting; 3-days = 3-day hydroperiod, 3-weeks = 3-week 

hydroperiod). 

Hydrologic Levels  Vegetation Levels 

  

Bare Soil 

Herbaceous 

Vegetation 

Tree 

Planting 

     

3-day Hydroperiod  BS – 3-days HV – 3-days TP – 3-days 

3-week Hydroperiod  BS – 3-weeks HV – 3-weeks TP – 3-weeks 

 

 

Vegetation treatment levels were herbaceous vegetation represented by rice cutgrass 

(Leersia oryzoides), tree plantings (Fig. 4.4) represented by river birch (Betula nigra) and bald 

cypress (Taxodium distichum) saplings, and bare soil. Bare soil treatments functioned as the 

control for the vegetation treatments. Plant species selections were based on the types of 

vegetation planted by managers during floodplain wetland habitat restorations, common natural 

vegetation observed on restored wetlands, and by each species’ tolerance of prolonged root 

saturation. Trees were purchased from a local plant nursery. Leersia oryzoides was collected 

from the riparian area of Little Creek in Cookeville Tennessee, USA (Latitude: 36.196383, 

Longitude: -85.529292). Treatments containing L. oryzoides were planted at densities to cover as 

much exposed soil as possible. Treatments containing B. nigra and T. distichum were planted 

with two saplings of each species (four trees per mesocosm) spaced equidistant from each other 

with saplings of the same species planted on the same side of the mesocosms. Hydrologic 
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treatments began as soon as the vegetation was established in the mesocosms (approximately one 

month after planting (June 2022). 

 

 

Figure 4.4 Typical herbaceous vegetation (A) and tree planting (B) treatments. 

 

Hydrologic treatment levels included a 3-day (short duration) and 3-week (long duration) 

hydroperiod. The short duration mesocosms were flooded for three days, drained, and dried for 

four days, and then flooded again. Long duration mesocosms were flooded for three weeks, 

drained, and dried for one week, and then flooded again. Nutrient uptake and denitrification rates 

were measured in each mesocosm following eight weeks of flooding cycles (July and August 
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2022). Establishing cycles of wetting and drying prior to the experiment allowed soil microbial 

communities associated with the various frequencies of wetting and drying to propagate. 

 

Nutrient Enrichment and Nutrient Retention Sampling  

Mesocosms were flooded with N and P enriched water in early September 2022. The four 

water storage tanks were filled, dechlorinated, and dosed with sodium nitrate (NaNO3) and 

potassium phosphate (KH2PO4) to reach target concentrations of 10 mg L-1 NO3-N and 1 mg L-1 

PO4-P per storage tank. These target concentrations for N and P were selected to ensure nutrient 

saturation was reached in each mesocosm. Nutrient uptake rates in streams and wetlands increase 

with increasing water nutrient concentration up to a point where removal ability becomes 

saturated. Thus, dosing to N and P concentrations that saturate uptake allows the determination 

of maximum N and P uptake potential to make mesocosm nutrient and dissolved gas flux rates 

more comparable. Water samples were collected immediately after dosing (day zero) and once 

per day over the following five days (six days of sampling total).  

 

Water Quality Sampling 

Mixing tanks were required to be filled twice to provide enough water to each row to 

completely fill all mesocosms. Therefore, paired water samples were collected from each tank 

for the first and second fillings (four samples total per mixing tank) to ensure that starting 

nutrient concentrations were at target values. Surface water area in the mesocosms was divided 

in to three roughly equally sized zones, and triplicate filtered water samples were collected from 

the center of each zone. A 60-mL syringe was used to collect 5 mL of water from each of the 
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three zones within a mesocosm. This water was then ejected through a syringe filter tip 

containing a 0.45 µm pore size membrane filter to rinse the syringe, filter, and filter tip with 

mesocosm water prior to sampling. Ten mL were then be collected from each zone for a total of 

30 mL of sample per tub. The syringe was then pulled backwards to create 10 mL of empty head 

space. Syringes were inverted 10 times to ensure adequate sample mixing within the syringe. 

One to two mL of sample were pushed through the filter tip to flush the filter again, and 

approximately 20 mL of water was ejected into a 20-mL scintillation vial. All samples were 

placed on ice and frozen until analysis. Samples were analyzed for NO3
- and PO4

3-. This 

collection process was repeated to collect 40 mL of sample for dissolved organic carbon (DOC). 

All DOC samples were stored in ashed amber vials and analyzed within 24 h of collection.  

 

Dissolved Nutrients Analysis 

 Colorimetric analysis on a Seal AQ400 Discrete Analyzer was used to measure NO3
-, 

nitrite (NO2
-), and PO4

3- concentrations in samples. Nitrate and NO2
- concentrations were 

measured using the sulfanilamide reaction method (EPA Method 353.2) with a cadmium column 

reduction. Nitrite was then subtracted from NO3
- + NO2

- values to yield NO3
--N concentrations 

within each sample. Phosphate was measured as soluble reactive phosphorus (SRP) using the 

ascorbic acid method (EPA Method 365.1). Dissolved organic carbon was measured using the 

combustion catalytic oxidation method on a Shimadzu Total Carbon Analyzer (EPA Method 

9060A). Samples with concentrations below each instrument’s minimum detection limit (MDL) 

were reported as half of the MDL (Helsel, 1990).  
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Soil Ash-Free Dry Mass, Algal Biomass, and Post-Dosing Soil Nutrient Sample Collection 

All tubs were drained following the last sampling event and allowed to continue draining 

overnight. Chlorophyll-a (chl-a), ash-free dry mass (AFDM), and soil total carbon (TC), total 

nitrogen (TN), and extractible P samples were collected the following morning to estimate 

surface algal biomass, soil organic matter content, and soil nutrient content. For chl-a and 

AFDM collection, the soil surface area of each tub was partitioned into 25 individual grids (five 

x five transects, (Fig. 5.4). A random number generator was used to select one of five possible 

grids on a transect to samples for chl-a and AFDM. Once a grid was selected, a 50-mL 

centrifuge tube (2.7 cm diameter) was pushed into the sediment surface to a depth of 1 cm (1.35 

cm2 of soil per transect). This process was repeated once along each of the five transects to yield 

approximately 6.75 cm2 of sample per tub. Triplicate soil samples for nutrient analyses were 

collected using a 2.54 cm diameter hand auger from each of the three zones of a mesocosm 

where water samples were collected. Ash-free dry mass samples were dried at 60° C for 24 h 

upon returning to the lab. Chlorophyll-a and soil nutrient samples were frozen until analysis. 
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Figure 5.4 Diagram of the sampling grid used for algal biomass and organic matter sampling (A) 

(blue X’s represent hypothetical randomly selected sampling locations. Note: not all grids are the 

same size due to the oblong shape of the tubs). An example of a soil sample collected for AFDM 

or chl-a determination collected from one grid location within a bare soil – 3-day hydroperiod 

treatment (B). 

 

Soil Ash-Free Dry Mass, Algal Biomass, and Soil Nutrient Content Analysis 

Soil AFDM was analyzed using the combustion method described in Chapter Two. Algal 

biomass was quantified by estimating the chl-a content of each sample. Following collection, 

chl-a samples were frozen for at least 24 h. Chlorophyll-a was extracted by submerging each 

sample in a 95% ethanol (EtOH) solution and heating the samples to 78°C using a water bath. 

Samples were then stored in total darkness for 24 h to complete the extraction process. Extracted 

samples were analyzed using the Welschmeyer (non-acidification) method on a Turner Designs 
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Trilogy fluorometer (Welschmeyer, 1994) and scaled to chl-a mg cm-2 using the calculated 

surface area of the collection tube (aggregated among the five subsamples). Soil TC, TN, and 

extractable P were analyzed following methods described in Chapter Two. 

 

Estimation of N2, O2, N2O, and CH4 Production in Mesocosms 

Soil Core Incubation Experiment 

 Nitrogen gas, O2, N2O, and CH4 flux within each mesocosm was measured by incubating 

intact soil cores with N- and P-elevated water using a continuous flow-through incubation 

system (Grantz et al., 2012; Scott et al., 2008; Taylor et al., 2015). Following the draining of the 

mesocosms and chl-a and AFDM sampling, incubation cores were collected using a metal corer 

and sledgehammer to drive in the cores to a depth of approximately 15 cm (leaving 15 cm of 

headspace to be filled by incubation water) (see Chapter Two Figs. 3.2 & 4.2). A single core was 

collected from the center of each mesocosm for the herbaceous vegetation and bare soil 

treatments. Any leaves for the herbaceous vegetation cores that were taller than the acrylic cores 

were clipped flush with the core top. Two cores were collected from each tree planting treatment 

with one core collected in the space between two saplings of the same species. This was done to 

capture any within-mesocosm variability due to differences in tree species. Cores were capped 

with a rubber slip cap on the bottom and a plastic PVC cap on the top for transport. Prior to data 

analysis, a Wilcoxon test was used to compare dissolved gas flux rates between the cores 

collected from each tree species. There were no significant differences in gas flux rates between 

cores collected near B. nigra and cores collected near T. distichum. Therefore, both tree planting 

cores within a tub were averaged to yield a single flux rate for each tree planting mesocosm. 
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The top caps of cores were removed upon return to the lab and replaced with an acrylic 

lid with inflow and outflow tubing attached that was housed in a rubber PVC coupling and 

secured with pipe straps (see Chapter Two Fig. 5.2). Inflow tubing was extended to just above 

the soil surface, and outflow tubing was flush with the core top. Cores were incubated in a 

temperature-controlled chamber in complete darkness to inhibit photosynthesis and O2 

production (see Chapter Two Fig. 5.2). 

Air temperatures were maintained at 24 °C throughout the experiment to mimic the 

typical ambient air temperature of a Mississippi Alluvial Valley floodplain wetland in 

September. Dechlorinated tap water with elevated NO3
--N (10mg L-1) and PO4

3--P (1 mg L-1) 

concentrations was pumped through each core. Three lines of inflow tubing not connected to an 

incubation core were also sampled for dissolved NO3
-, PO4

3-, and dissolved gases for inflowing 

nutrient and gas concentrations to calculate flux rates (see Chapter Two Methods for details on 

sample collection processes). Source water containers were aerated using air stones and pumps 

when not sampling to prevent oxygen depletion in the source water. Air pumps were turned off 

during sampling to reduce the risk of introducing bubbles into cores. Masterflex L/S peristaltic 

pumps were used to pump incubation water through cores at a rate of 2 mL min-1 to achieve an 

approximately 6 h water residence time. Triplicate gas samples were collected at 12, 24, and 48 h 

following core filling using 12-mL gas-tight glass exetainers after three exetainer volumes of 

sample water were purged via overfilling. Overfilling the exetainers removes air bubbles in the 

sample water and prevents atmospheric contamination. Upon collection, samples were injected 

first with 180 µL of sodium hydroxide (NaOH) followed by zinc chloride (ZnCl2) to precipitate 

dissolved CO2 that can interfere with CH4 measurements and to kill microbes within the samples, 

respectively. Samples were stored completely submerged in tap water at 4 °C until analysis.  
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Dissolved Gas Analyses 

Dissolved gas samples for each core at each time point were analyzed using a Membrane-

Inlet Mass Spectrometer (MIMS) with a Secondary Electron Multiplier (SEM) detector to 

accurately measure trace gases like N2O and CH4. The argon ratio method was used to correct 

for changes in concentrations due to physical processes such as temperature and atmospheric 

pressure (Speir et al., 2017). Biologically-mediated changes in dissolved gas concentrations 

within an incubation core are separated from physically-mediated changes by comparing changes 

in the ratio of Ar to the gas species being measured (Kana, Darkangelo, Duane Hunt, et al., 

1994). The difference in the Ar:O2 ratio was used to quantify soil oxygen demand (SOD) and 

used as a proxy to estimate redox potential at the soil-water interface. 

During analysis, gas samples were passed through a cold trap to remove unwanted gases. 

For this cold trap, a slurry of methanol and crushed dry ice was used in place of the traditional 

cold trap to maintain a temperature of approximately -79°C to freeze any CO2 in the samples that 

did not precipitate following injection with NaOH, as CO2 contamination would interfere with 

the N2O measurements (Brown, 2023). Standards for dissolved gas detection were created using 

deionized water from a constantly stirred standard flask placed inside a water bath held at the 

core incubation temperature of 24°C. This ensured that dissolved gases in the sample remained at 

equilibrium with the atmosphere. Standard water was transferred from the standard flask to glass 

exetainer vials using a peristaltic pump and injected with NaOH and ZnCl2 following the 

previously described protocol. Standards were stored on ice during analysis and one standard 

was analyzed after every six samples to account for signal drift in the MIMS. Gas concentrations 

in the standard water were incorporated into the gas solubility equations used to convert MIMS 
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signals to concentrations. Details of how gas concentrations of the standards were calculated can 

be found in (Brown, 2023). Incorporating standard water gas concentrations improves dissolved 

gas estimates by accounting for ambient air concentrations in the analysis room and corrects for 

any changes in atmospheric pressure.  

 

Data Analysis 

Nutrient Retention Calculations 

 Dissolved nutrient retention rates were calculated as mg m-2 day-1 by first converting 

nutrient concentrations to whole-mesocosm surface water nutrient mass (the total mass of a 

nutrient species within a mesocosm water column, corrected for differing water volumes) 

(Equation 1.4). This was accomplished by multiplying the volume of water in each mesocosm by 

the nutrient concentration and then diving by the mesocosm surface area (standardized to 0.74 

m2 for all mesocosms). To calculate per m2 daily flux rates, final NO3
- and PO4

3- masses were 

subtracted by initial nutrient masses (day 0 nutrient masses) and divided by the number of days 

elapsed until uptake rates became non-linear (modified from Tank et al., 2017) (Equation 2.4). 

Converting nutrient concentration to nutrient mass improves the precision of estimating total 

nutrient retention by a mesocosm by correcting for differences in water depth and volume. Using 

nutrient mass also helps correct scaling nutrient concentrations up to daily m2 rates without 

assuming a uniform volume among mesocosms. Volumes among the mesocosms were not equal 

due to differences in soil compaction and evaporation. Mean percent changes in nutrient flux 

rates among the treatments across sampling days were also calculated to visualize daily changes 

in mesocosm flux rates (Equation 3.4). 
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Equation 1.4: 

𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑀𝑎𝑠𝑠 (𝑚𝑔 𝑚2 ) =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟 (𝐿) ∗ 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑔 𝐿−1)

𝑀𝑒𝑠𝑜𝑐𝑜𝑠𝑚 𝑆𝑜𝑖𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 (𝑚2)
 

Equation 2.4: 

𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝐹𝑙𝑢𝑥 𝑅𝑎𝑡𝑒 (𝑚𝑔 𝑚−2 𝑑𝑎𝑦−1) =
𝑀𝑎𝑠𝑠𝐹𝑖𝑛𝑎𝑙 𝐷𝑎𝑦 −  𝑀𝑎𝑠𝑠𝐼𝑛𝑖𝑡𝑎𝑙 𝐷𝑜𝑠𝑖𝑛𝑔

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐷𝑎𝑦𝑠 𝑈𝑛𝑡𝑖𝑙 𝐷𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛
 

where 𝑀𝑎𝑠𝑠 represents whole-water column nutrient mass 

Equation 3.4: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑀𝑒𝑎𝑛 𝐷𝑎𝑖𝑙𝑦 𝐹𝑙𝑢𝑥 𝑅𝑎𝑡𝑒 =  (
𝑀𝑎𝑠𝑠𝑗 − 𝑀𝑎𝑠𝑠𝑖  

𝑀𝑎𝑠𝑠𝑖
) ∗ 100 

where 𝑀𝑎𝑠𝑠𝑗 represents nutrient mass on a day j, and 𝑀𝑎𝑠𝑠𝑖 represents nutrient mass of the 

preceding day. 

 

Gas Flux Rate Calculations 

Photosynthetic production by algae and ebullition from the soil within the mesocosms 

prevented in situ measurements of dissolved gas flux rates as these processes introduce air 

bubbles into the water. Dissolved gases more readily diffuse into air than water, and the presence 

of bubbles within the mesocosms would have likely resulted in an underestimation of dissolved 

gas flux rate estimates. Therefore, the use of soil core incubations to quantify dissolved gas flux 

rates was necessary. Equations used for calculating dissolved gas concentrations (mg L-1) were 

derived from (Wiesenburg & Guinasso, 1979) and (Weiss & Price, 1980), respectively 

(Equations 4.4, 5.4, & 6.4). Dissolved gas concentrations were then scaled to flux rates (mg m-2 
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h-1) using a modified form of the equation outlined in Speir et al., 2017 (Equation 4.4). After 

calculating gas flux rates for each sample, rates from each group of triplicate samples were 

averaged to yield one value per gas species per core at each collection time point.  

Equation 4.4:  

𝐺𝑎𝑠𝑖 𝑐𝑜𝑛𝑐. (µ𝑀) = (𝐺𝑎𝑠𝑖: 𝐴𝑟𝑛 ∗  𝐺𝑎𝑠𝑖 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦) ∗
(𝐺𝑎𝑠𝑖: 𝐴𝑟 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦)

𝐴𝑣𝑒𝑟𝑎𝑔𝑒(𝐺𝑎𝑠𝑖: 𝐴𝑟 𝑜𝑓 𝑡ℎ𝑒 
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠)

 

where 𝐺𝑎𝑠𝑖 𝑐𝑜𝑛𝑐. is the concentration of a gas in a sample reported as µ𝑀. 𝐺𝑎𝑠𝑖: 𝐴𝑟𝑛 is the 

gas:Ar ratio (µ𝑀) for the nth sample. 𝐺𝑎𝑠𝑖 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 and 𝐺𝑎𝑠𝑖: 𝐴𝑟 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 are the 

solubilities of 𝐺𝑎𝑠𝑖 and the 𝐺𝑎𝑠𝑖: 𝐴𝑟 ratio (µ𝑀) corrected for the temperature and barometric 

pressure at which the sample was collected, respectively. 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒(𝐺𝑎𝑠𝑖: 𝐴𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠) is the average 𝐺𝑎𝑠𝑖: 𝐴𝑟 concentration (µ𝑀) of the 

triplicate standards. 

Equation 5.4: 

𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝐺𝑎𝑠𝑖 𝑐𝑜𝑛𝑐. (µ𝑀) =  𝐺𝑎𝑠𝑖 𝑐𝑜𝑛𝑐. (µ𝑀) ∗ # 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠 

where 𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝐺𝑎𝑠𝑖 𝑐𝑜𝑛𝑐. is the concentration of N, C, or O atoms in a sample for each gas 

compound for N2 and N2O, CH4, and O2, respectively. 𝐺𝑎𝑠𝑖 𝑐𝑜𝑛𝑐. is the concentration (µ𝑀) of a 

gas in each sampled.  # of atoms is the number of N, C, or O atoms in each respective gas 

compound. 

Equation 6.4: 

𝐺𝑎𝑠𝑖 𝑐𝑜𝑛𝑐. (𝑚𝑔 𝐿−1) =
𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝐺𝑎𝑠𝑖 𝑐𝑜𝑛𝑐. (µ𝑀)   ∗ 𝑡ℎ𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑚𝑎𝑠𝑠

1000
 



120 

 

where 𝐺𝑎𝑠𝑖 𝑐𝑜𝑛𝑐. is the concentration in 𝑚𝑔 𝐿−1 of each gas as N, C, or O. Elemental 𝐺𝑎𝑠𝑖 

conc. is the number of N, C, or O atoms in a sample. Molecular mass is the molecular mass of a 

given compound. Dividing by 1,000 converts the values from µM L-1 to mg L-1. 

Equation 7.4: 

𝐴𝑒𝑟𝑎𝑙 𝐹𝑙𝑢𝑥 (𝑚𝑔 𝑚−2 ℎ−1) = (
([𝐶𝑜𝑟𝑒]𝑜𝑢𝑡 − [𝐶𝑜𝑟𝑒]𝑖𝑛) ∗ 𝐶𝑜𝑟𝑒 𝑓𝑙𝑜𝑤

𝑆𝑜𝑖𝑙 𝐴𝑟𝑒𝑎
) 

where [Core]out and [Core]in are outflow and inflow concentrations (mg L-1) of N2, O2, N2O, and 

CH4 from the soil cores. 𝐶𝑜𝑟𝑒𝑓𝑙𝑜𝑤 is the flow rate of water through a core (L h-1). 𝑆𝑜𝑖𝑙 𝐴𝑟𝑒𝑎 is 

the surface area of an individual core (m2). Positive flux rates for N2, O2, N2O, and CH4 indicate 

a net gain in the water column (i.e., production), and negative fluxes indicate a net loss (removal) 

of N2, O2, N2O, and CH4 from the water within a core. Nitrous oxide yield, which represents the 

proportion of N gas produced as N2O (reported as a percentage), for each core was also 

calculated (Equation 8.4). Calculating N2O yield can be used to evaluate denitrification 

efficiency as a high N2O yield can indicate incomplete denitrification (failure of NO3
- to be 

converted completely to N2). Further, examining N2O yield also helps evaluate potential 

tradeoffs in nutrient removal and greenhouse gas emissions by comparing how increases in N2 

production affect N2O production. 
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Equation 8.4: 

𝑁2𝑂 𝑌𝑖𝑒𝑙𝑑 =  (
(𝑁2𝑂 (𝑚𝑔 𝐿−1) + 𝑁2(𝑚𝑔 𝐿−1))

𝑁2 (𝑚𝑔 𝐿−1)
) ∗ 100 

 

Statistical Analysis 

Model Specifications and Flux Rate Comparisons 

 ANCOVA’s were used to test for differences among treatments for overall NO3
-, PO4

3-, 

and DOC flux rates for the dosing experiment and for N2 production and SOD at each time point 

for the core incubations. An ANOVA was used to test for differences in chl-a content among 

treatments. Nitrous oxide and CH4 production rates were too low to be analyzed using parametric 

methods and were evaluated solely on trends. As such, there were no statistical comparisons 

among N2O and CH4 means among treatments. Models were built using generalized least squares 

regression with variance structures assigned to vegetation, hydrology, or covariates to correct for 

unequal variances among factor levels (Zuur et al., 2009). Full model parameters included 

vegetation, hydrology, soil nutrients, chl-a, and AFDM. Only one soil nutrient species was used 

in each analysis due to significant autocorrelation among soil nutrients. Parameters for all final 

models were determined using backward selection. Parameter significance during stepwise 

model selection was evaluated using log-likelihood ratio tests. All final models that included a 

random structure were fit using restricted maximum likelihood (REML) estimations. The final 

model for chl-a did not include a random structure and was fit using maximum likelihood (ML). 

All analyses were performed using the statistical software R (R Core Team, 2022). Generalized 

least squares models were run using the nlme package (Pinheiro et al., 2022). 
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 ANCOVA’s with type III sums of squares were then applied to each final model to 

determine if there were differences in flux rates among treatments, whether vegetation and 

hydrology interacted, and which covariates influenced mean flux rate or chl-a content 

estimations. Predicted means and confidence intervals were calculated using the emmeans 

package (Lenth, 2022). Post-hoc pairwise comparisons were made using Tukey’s Honestly 

Significant Difference (HSD) Test. 

 

Nonlinearity in the Phosphate Data 

 Phosphate content rapidly declined in all treatments after 1 day (24 h) of inundation. This 

led to an initial steep reduction in PO4
3- content followed by a leveling out and then slow decline 

between days 2 – 5. As such, there were two distinct linear trends in the PO4
3- data when viewed 

across the 5-day experiment timeframe. To correct for this violation of the assumption of a liner 

relationship, the data were split into two groups and modeled separately. One dataset contained 

PO4
3- flux rates calculated using data up to day 1 while the second dataset contained data from 

days 2 – 5. A single model including all time points would have underestimated the true 

retention rate for whichever treatment was most efficient at reducing PO4
3- content. This is 

because the most efficient treatment would have the lowest PO4
3- content by day 5, resulting in a 

lower number in the numerator of the flux rate calculations. This would yield a smaller overall 

retention rate compared to other treatments, potentially leading to the erroneous conclusion that 

the treatment most efficient at reducing PO4
3- content had the lowest overall retention rate. 

Breaking these data into two analyses allowed for the determination of which treatment was most 

efficient at retaining PO4
3- and highlighted how treatment flux rates change across a 5-day flood. 
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Missing Data 

For all analyses, data from mesocosm #4 (bare soil – 3-day hydroperiod) were removed 

due to missing soil nutrient data and an erroneous value for chl-a resulting from incomplete 

extraction from the soil (n = 35 for NO3
-, PO4

3-, and chl-a analyses). Additionally, DOC data 

collected at day 5 did not include samples from mesocosms 34 – 36 because (1) mesocosm 36 

was dry at the time of sampling due to a leak in the tub and (2) a thunderstorm prevented the 

sampling of mesocosms 34 and 35. 

For soil core incubations, no data was collected from mesocosm #33’s soil core 

(herbaceous vegetation – 3-week hydroperiod) during the 12 h sampling event due to a pump 

issue. The issue was repaired during the 12 h sampling event, and dissolved gas data for 

mesocosm #33 was included in each subsequent analysis.  

 

Dissolved Gas Data Outlier Removal 

To correct for potentially erroneous gas flux rates within a group of triplicate samples, 

any sample with a flux rate >90% different from the group mean was removed prior to 

averaging. However, this removal criterion biases heavily against lower values, and N2O and 

CH4 concentrations were very low across all sampling time points. Therefore, no N2O or CH4 

flux rate data were removed from a set of triplicate samples before averaging. 
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Soil Nutrient, AFDM, and Algal Data 

Changes in pre- and post-dosing soil nutrient concentrations within a given vegetation or 

hydrologic treatment were evaluated using paired Wilcoxon-Signed Ranked tests. A Kruskal-

Wallis test was used to determine if AFDM content differed between the factors and among 

factor levels. Pairwise comparisons for the AFDM analysis were made using Dunn’s test with a 

Benjamini-Hochberg correction for multiple comparisons. The ci.median function in the misty 

package (Yanagida, 2022) was used to estimate medians and confidence intervals using a 

binomial distribution. 

 

 

Results 

 

Dissolved Nutrients Starting Concentrations 

 Mean NO3
- and PO4

3- concentrations among the mixing tanks were 10.5 and 1.2 mg L-1, 

respectively. There were marginally significant differences in starting NO3
- concentration among 

the mixing tanks (p = 0.05); however, post-hoc pairwise comparisons detected no differences 

(Table 2.4). There were no differences in PO4
3- concentrations among the tanks. 
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Table 2.4 Mean nutrient concentrations in the mixing tanks. 

 

Mixing Tank 

ID 

NO3
- (mg L-1) PO4

3- (mg L-1) 

   

1a 10.90 1.35 

1b 11.80 0.95 

2a 9.88 1.15 

2b 9.54 1.06 

3a 10.30 1.26 

3b 9.33 1.26 

4a 11.40 1.40 

4b 11.20 0.98 

 

 

Nitrate Retention 

 All treatments reduced NO3
 in the overlying water by >90% (by mass) after five days of 

inundation (Fig. 6.4). Herbaceous vegetation was most efficient at reducing NO3
- mass (Table 

3.4), with >80% reduction on average by day 3 for both hydrology levels. In the 3-day 

hydroperiod treatments, herbaceous vegetation had on average 74% greater uptake than bare 

soils (p <0.001) and 65% greater than tree plantings (p < 0.001). The number of days until 

uptake rates became nonlinear varied across treatments, ranging from 3 to 5 days and generally 

occurred once NO3
- content was reduced by approximately 85% (Fig. 6.4).  
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Figure 6.4 Percent change in NO3
- over time. Triangles indicate a 3-day hydroperiod. Circles 

indicate a 3-week hydroperiod. Lines represent means (3-day hydroperiod = dashed; 3-week 

hydroperiod = solid). 

  



127 

 

Table 3.4 Predicted mean NO3
-, PO4

3-, and DOC flux rates (mg m-2 day-1) by treatment (no interaction or vegetation type by 

hydrology level (interaction present). * ± values = standard error 

             
No interaction             

             

 

 

Vegetation 

 

Hydrology 

  

Nutrient 

 

Bare Soil  

Herbaceous 

Vegetation 
 

Tree 

Planting 
 

3-Day 

Hydroperiod 
 

3-Week 

Hydroperiod 
  

PO4
3- - first 24 h 

 

-114 ± 5  -96 ± 4  -109 ± 4  -110 ± 3  -102 ± 5   

             

With Interaction             

  

Vegetation levels grouped by hydrology 

  

 

Nutrient 

 

3-day Hydroperiod 

 

3-week Hydroperiod 

             

  Bare Soil  

Herbaceous 

Vegetation 
 

Tree 

Planting 
 Bare Soil  

Herbaceous 

Vegetation 
 Tree Planting 

             

NO3
-  -251 ± 16*  -437 ± 19  -265 ± 9  -255 ± 16  -343 ± 19  -246 ± 9 

PO4
3- - days 2 – 5  -1.70 ± 0.2  -2.50 ± 1  -5.17 ± 1  -0.84 ± 0.2  -5.19 ± 2.52  -1.99 ± 0.64 

DOC  99 ± 19  57 ± 10  65 ± 7  166 ± 36  47 ± 11  115 ± 17 
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Differences in NO3 uptake rates occurred among vegetation levels (Chi-squared (2, 33), p 

<0.001), but no differences were observed between hydrology levels (Table 4.4). A significant 

interaction between vegetation and hydrology was detected (Chi-squared (2, 33), p = 0.015) which 

prevented the assessment of main effects for either factor. However, herbaceous vegetation had 

the greatest uptake rates regardless of hydrology (Fig. 7.4). When grouped by hydrology, 

herbaceous vegetation treated with a 3-day hydroperiod had on average 27% more uptake 

compared to the 3-week hydroperiod (p = 0.006) (Fig. 8.4). There were no differences in uptake 

rates between or within bare soil and tree planting treatments regardless of hydrology. No 

covariates influenced mean NO3
- retention rate estimates for the treatments. 
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Figure 7.4 Predicted means for NO3
- flux for each vegetation type for the 3-day (solid bars) and 

3-week (striped bars) hydroperiods. Different letters indicate significant differences. Error bars 

represent 95% CI’s. 
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Figure 8.4 Predicted means for NO3
- flux for each hydrology level for bare soil, herbaceous 

vegetation, and tree planting treatments. Different letters indicate significant differences. There 

were no differences between hydrology levels for bare soil or tree planting treatments. Error bars 

represent 95% CI’s. 
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Table 4.4 ANCOVA table for the NO3
- flux rate data. 

Source of variation Chi-squared p 

Vegetation2,33 73.05 <0.001 

Hydrology1,35 0.04 0.83 

Vegetation:Hydrology2,35 8.38 0.015 

  

 

Phosphate Retention 

First 24 Hours 

All treatments rapidly reduced PO4
3- content in the mesocosms, with an average 

reduction of >70% PO4
3- (by mass) across all treatments within the first 24 h after dosing (Fig. 

9.4). Among the vegetation treatments, bare soil was most efficient at retaining PO4
3-, reducing 

on average >88% of the PO4
3- from the water in the first 24 h. Herbaceous vegetation had the 

slowest reduction rate, reducing PO4
3- content by an average of 79% after 24 h. Percent 

reductions in PO4
3- content were similar between hydrology levels, with an average reduction of 

85% and 82% in PO4
3- content in the 3-day and 3-week hydroperiod levels, respectively. 

Additionally, there was no interaction between vegetation and hydrology (Fig. 10.4) 

Phosphate retention among treatments was influenced by AFDM content (Chi-squared 

(1,33) = 11.67, p <0.001), with a one percent increase in AFDM corresponding to a predicted 

increase of 35 mg m-2 day-1 in PO4
3- retention. Significant differences in PO4

3- flux rates were 

detected among vegetation levels after controlling for AFDM, with bare soil mesocosms having 

on average 19% more PO4
3- uptake than the herbaceous vegetation mesocosms (p = 0.054). 
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There were no other differences in PO4
3- flux rates among vegetation types or between hydrology 

levels. 

 

 

Figure 9.4 Percent change in PO4
3- over time. Triangles indicate a 3-day hydroperiod. Circles 

indicated a 3-week hydroperiod. Lines represent arithmetic means (3-day hydroperiod = dashed; 

3-week hydroperiod = solid). 
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Figure 10.4 Predicted mean flux rates of PO4
- for the first 24 h of the experiment for mesocosms 

treated with a 3-day (solid bars) and 3-week (striped bars) hydroperiod. Different letters indicate 

significant differences. There were no differences between hydrology levels. Error bars represent 

95% CI’s. 

 

Days 2 - 5 

Beyond 24 h, flux rate dynamics shifted, with uptake rates in bare soil treatments lagging 

the herbaceous vegetation and tree planting treatments. This lag in uptake by bare soil was likely 

due to bare soil treatments containing less PO4
3- by day 2 compared to the other vegetation 
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levels, resulting in a slower uptake rate. For days 2 through 5, PO4
3- uptake rates were generally 

similar within bare soil mesocosms but became variable in the herbaceous vegetation and tree 

planting treatments. A significant interaction occured between vegetation and hydrology for the 

days 2 – 5 dataset (Chi-squared (2,35), p = 0.042). 

As observed in the 24 h dataset, AFDM content influenced PO4
3- flux rate predictions, 

with high AFDM associated with higher PO4
3- retention; however, the effect size of AFDM on 

PO4
3- was weak (0.02 mg m-2 h-1 increase in PO4

3- retention per 1% increase in AFDM) (Table 

5.4). When grouped by hydrology, tree plantings treated with a 3-day hydroperiod had 200% 

more uptake on average than bare soils (p = 0.003) and 105% more uptake than herbaceous 

vegetation; however, there were no statistical differences between herbaceous vegetation and tree 

planting treatments (Fig. 11.4). For the 3-week hydroperiod, herbaceous vegetation had 516% 

greater PO4
3- uptake on average than bare soil (p = 0.028) and 161% greater uptake than tree 

planting. However, there were no statistical differences in day 2 through 5 uptake rates between 

herbaceous vegetation and tree planting treatments. 

When uptake rates for each hydrologic level were compared across vegetation type for 

days 2 through 5, bare soil treated with a 3-day hydroperiod had on average 102% (p = 0.018) 

more uptake than the 3-week hydroperiod (Fig. 12.4). Tree plantings with a 3-day hydroperiod 

had on average 160% (p = 0.031) more uptake compared to the 3-week hydroperiod. There were 

no differences in PO4
3- retention between the two hydrology levels for the herbaceous vegetation 

treatments for the days 2 through 5 data. 
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Figure 11.4 Predicted mean flux rates of PO4
- per day for days 2 through 5 of the experiment for 

mesocosms treated with a 3-day (solid bars) and 3-week (striped bars) hydroperiod. Log-PO4
3- 

flux data was back-transformed to its original units for graphing. Different letters indicate 

significant differences. Error bars represent 95% CI’s. 

 



136 

 

 

Figure 12.4 Predicted means for PO4
3- flux for each hydrology level for bare soil, herbaceous 

vegetation, and tree planting treatments. Different letters indicate significant differences. There 

were no differences between hydrology levels for herbaceous vegetation treatments. Error bars 

represent 95% CI’s. 
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Table 5.4 ANCOVA table for the PO4
3- flux data. 

Source of variation Chi-squared p 

   

First 24 h    

   

Vegetation2,33 9.16 0.010 

Hydrology1,33 0.37 0.543 

AFDM1,33 11.67 <0.001 

Vegetation:Hydrology2,33 0.60 0.740 

   

Days 2 through 5   

   

Vegetation2,33 24.98 <0.001 

Hydrology1,33 9.01 0.003 

AFDM1,33 0.003 0.957 

Vegetation:Hydrology2,33 6.34 0.042 

 

 

Trends in Dissolved Organic Carbon 

After 5 days of inundation, all treatments experienced a net release of DOC, with 

individual mesocosm flux rates ranging from 8 to 211 mg m-2 day-1 (herbaceous vegetation – 3-

week hydroperiod and bare soil – 3-week hydroperiod, respectively). Bare soil treatments had 

the greatest amount of DOC release by day 5 regardless of hydrology, while herbaceous 

vegetation treatments had the lowest release rates for each hydrology level. Mean DOC flux rates 
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were influenced by chl-a content (Chi-squared (1,32) = 6.42, p = 0.011), with increases in chl-a 

content correlating with an increase in DOC content (Table 6.4). Further, the effect size was 

larger, with a predicted 22% increase in DOC release for every 1 mg m-2 increase in chl-a. 

 

Table 6.4 ANCOVA table for DOC flux data. 

Source of variation Chi-squared p 

Vegetation2,32 4.77 0.092 

Hydrology1,32 2.88 0.090 

Log(chl-a)1,32 6.42 0.011 

Vegetation:Hydrology2,32 6.73 0.035 

 

 

There was a significant interaction between vegetation and hydrology (Chi-squared (2,32) = 

6.73, p = 0.035) which constrained pairwise comparisons to specific vegetation-hydrology 

combinations (Fig. 13.4). When hydrology levels were compared across vegetation type, bare 

soil and tree plantings treated with a 3-week hydroperiod had on average 253% and 145% more 

DOC release compared to those treated with a 3-day hydroperiod (p = <0.001 and 0.003, 

respectively). There were no differences in DOC flux rates among vegetation levels in 

mesocosms treated with a 3-day hydroperiod. When hydrology was compared by vegetation 

type, 75% more DOC was release on average in the tree planting mesocosms treated with a 3-

week hydroperiod compared to a 3-day hydroperiod (p = 0.015). There were no differences in 
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DOC release rates between hydrology levels for the bare soil and herbaceous vegetation 

treatments. 

 

 

Figure 13.4 Predicted mean DOC flux rates for vegetation levels grouped by hydrology for the 

3-day (solid bars) and 3-week hydroperiods (striped bars). Different letters indicate significant 

differences in mean flux rates. There were no differences among vegetation levels treated with a 

3-day hydroperiod. Error bars represent 95% CI’s. 
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Gas Data  

Trends in Nitrogen Gas Production 

All treatments across all timepoints had net positive N2 production (i.e., positive flux 

rates) throughout the experiment, and production rates increased with incubation time (Fig. 14.4, 

15.4, 16.4, Table 7.4). Nitrogen gas production within the herbaceous vegetation treatments 

increased slowly throughout the incubations but started at a much higher production rate 

compared to bare soil and tree planting treatments (Fig. 14.4). Production rates within the bare 

soil and tree planting treatments lagged herbaceous vegetation production rates until 48 h at 

which production rates among all vegetation levels were similar. Between 12 and 48 h of 

incubation, mean N2 production increased 64% in the bare soil, 41% in the herbaceous 

vegetation, and 68% in the tree planting. Mean N2 gas production rates were greater in the bare 

soil compared to the tree planting across all timepoints; however, confidence intervals for bare 

soil and tree planting overlapped.  
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 Figure 14.4 12 h N2 predicted means for each vegetation (A) and hydrologic level (B). Different 

letters indicate significant differences. Error bars represent 95% CI’s. 
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Figure 15.4 24 h N2 predicted means for each vegetation (A) and hydrologic level (B). There 

were no significant differences among the treatments. Error bars represent 95% CI’s. 
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Figure 16.4 48 h N2 predicted means for each vegetation (A) and hydrologic level (B). There 

were no significant differences among the treatments. Error bars represent 95% CI’s. 
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Table 7.4 Predicted means for N2 flux and SOD (O2) rates (mg m-2 h-1) for vegetation and hydrologic levels. *Estimated marginal 

means ± the standard error (SE). 

        

Gas Data without Significant Interaction 

        

Gas 

Species 

Incubation 

Timepoint 
Vegetation  Hydroperiod 

 

 Bare Soil Herbaceous Vegetation Tree Planting  3-Days 3-Weeks 

N2  12 h 4 ± 0.3* 6 ± 0.6 3 ± 0.5  5 ± 0.5 4 ± 0.3 

N2  24 h 4 ± 1.1 6 ± 0.6 4 ± 0.5  6 ± 0.9 5 ± 0.3 

N2  48 h 7 ± 0.9 7 ± 0.8 6 ± 0.5   7 ± 0.7 7 ± 0.7 
        

O2  24 h -29 ± 3.0 -48 ± 3.8 -26 ± 1.8  -36 ± 2.7 -33 ± 2.1 

O2  48 h -53 ± 5.1 -72 ± 5.1 -54 ± 3.5  -63 ± 3.4 -56 ± 4.1 
        

Gas Data with Significant Interaction         

 
 Vegetation levels grouped by hydrology 

        

 
 3-day Hydroperiod 3-week Hydroperiod 

 

 Bare Soil Herbaceous Vegetation Tree Planting Bare Soil 
Herbaceous 

Vegetation 

Tree 

Planting 

O2  12 h -26 ± 3.5 -40 ± 7.7 -13 ± 2.9 -13 ± 2.1 -42 ± 5.1 -18 ± 1.8 
        

  Hydrology levels grouped by vegetation 
  

      

  Bare Soil Herbaceous Vegetation Tree Planting 
           

  3-days 3-weeks 3-days 3-weeks 3-days 3-weeks 

O2  12 h -26 ± 3.5 -13 ± 2.1 -40 ± 7.7 -42 ± 5.1 -13 ± 2.9 -18 ± 1.8  
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Factors Influencing Nitrogen Gas Production 

Covariates influencing N2 production varied across sampling time points. Soil TN was 

included in the final model for the 12-h N2 data to stabilize model residuals; however, soil TN 

did not significantly affect 12-h N2 production rates. At 24 h, soil TN influenced N2 production, 

with a one mg g-1 increase in soil TN predicted to increase N2 production by 8 mg m-2 h-1. At 48 

h, N2 production was influenced by chl-a, with a one unit increase in chl-a predicted to increase 

N2 production by 13%. 

There were differences in 12-h mean N2 production rates among the treatments after 

controlling for soil TN, with herbaceous vegetation treatments producing on average 68% (p = 

0.014) and 83% (p = 0.008) more N2 than bare soil and tree planting treatments, respectively 

(Fig. 14.4, Table 8.4). Mesocosms treated with a 3-day hydroperiod had on average 35% more 

N2 production at 12 h compared to those treated with a 3-week hydroperiod (p = 0.027). There 

were no differences among the vegetation or hydrology treatments at 24 and 48 h. 
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Table 8.4 ANCOVA table for N2 flux rates. 

Source of variation Chi-squared p 

12 h Timepoint   

Vegetation2,34 10.33 0.006 

Hydrology1,34 2.64 0.104 

Soil TN1,34 2.65 0.104 

Vegetation:Hydrology2,34 1.99 0.370 

   

24 h Timepoint   

Vegetation2,35 1.94 0.380 

Hydrology1,35 0.064 0.800 

Soil TN1,35 10.60 0.001 

Vegetation:Hydrology2,35 0.07 0.964 

   

48 h Timepoint   

Vegetation2,35 0.68 0.71 

Hydrology1,35 0.14 0.71 

Log(chl-a)1,35 0.06 0.88 

Vegetation:Hydrology2,35 0.67 0.71 
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Soil Oxygen Demand 

Trends in Soil Oxygen Demand 

Soil oxygen demand increased (decreasing negative values indicate removal of dissolved 

oxygen from the water) among all treatments throughout the core incubations, signifying a 

greater removal rate of oxygen from the water over time. Herbaceous vegetation had 

significantly greater SOD (i.e., most negative values) across all time points with bare soil and 

tree planting treatments having much lower initial SOD that slowly increased throughout the 

experiment. Tree planting treatments had the greatest increase in SOD between 12 and 24 h of 

incubation (141% increase) followed by bare soil (69%) and herbaceous vegetation (59%). 

However, bare soil and tree planting SOD at 12 h lagged herbaceous vegetation treatments by an 

average of 17 and 22 mg m-2 h-1, respectively. By 24 h, SOD in bare soil and tree planting 

treatments were similar, with bare soil having 7% higher SOD at 24 h than tree planting and 

nearly identical SOD at 48 h (SOD rates of 53 and 54 mg m-2 h-1, respectively) (Table 9.4). Soil 

TN was included in the final models for 12- and 48-h SOD to stabilize model residuals. 

However, soil TN did not have a significant effect on mean SOD predictions for the treatments at 

either time point. 

There was an interaction between vegetation and hydrology at 12 h of incubation (Chi-

squared (2, 34) = 11.90, p = 0.003), resulting in factor combination-specific pairwise differences in 

SOD among treatments. In mesocosms treated with a 3-day hydroperiod, bare soil and 

herbaceous vegetation had on average 102% and 217% greater SOD than tree plantings (p = 

0.032 & 0.023, respectively), but bare soil and herbaceous vegetation SOD rates did not differ 

(Fig. 17.4). Conversely, herbaceous vegetation mesocosms treated with a 3-week hydroperiod 

had on average 215% and 132% greater SOD than bare soil and tree planting treatments (p = 
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0.003 & 0.007, respectively). When hydrology levels were compared by vegetation type, SOD in 

bare soil mesocosms was on average 100% greater in the 3-day hydroperiod treatments (p = 

0.013) (Fig. 18.4) There were no differences between hydrology levels for herbaceous vegetation 

or tree planting treatments.  

 

 

 

Figure 17.4 12-h predicted mean O2 flux rates for each vegetation type for mesocosms treated 

with 3-day (solid bars) (A) and 3-week (striped bars) (B) hydroperiods. Different letters indicate 

significant differences. Error bars represent 95% CI’s. 
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Figure 18.4 12-h predicted mean O2 flux rates for hydrology levels (green = 3-day hydroperiod, 

blue = 3-week hydroperiod) grouped bare soil, herbaceous vegetation, and tree planting. 

Different letters indicate significant differences. There were no differences between hydrology 

levels for herbaceous vegetation or tree planting treatments. Error bars represent 95% CI’s. 

  



150 

 

Beyond 12 h, there were no significant interactions between vegetation and hydrology. 

Soil oxygen demand rates differed among vegetation levels at 24 h and 48 h (Table 9.4) but not 

between hydrology levels. At 24 h, herbaceous vegetation treatments had on average 66% and 

92% greater SOD than bare soil and tree planting treatments (p = 0.003 & <0.001, respectively) 

(Fig. 19.4). These differences among vegetation levels persisted at 48 h, although statistical 

significances were weaker, with herbaceous vegetation having on average 34% greater SOD 

compared to bare soil and tree planting treatments (p values = 0.050 and 0.027, respectively) 

(Fig. 20.4).  
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Table 9.4 ANCOVA table for SOD flux rates. 

Source of variation Chi-squared p 

12 h Timepoint   

Vegetation2,34 16.70 <0.001 

Hydrology1,34 8.92 0.003 

Soil TN1,34 0.53 0.47 

Vegetation:Hydrology2,34 11.90 0.003 

   

24 h Timepoint   

Vegetation2,35 12.64 0.002 

Hydrology1,35 0.36 0.54 

Vegetation:Hydrology2,35 0.15 0.92 

   

48 h Timepoint   

Vegetation2,35 6.24 0.044 

Hydrology1,35 0.08 0.772 

Soil TN1,35 0.22 0.637 

Vegetation:Hydrology2,35 2.30 0.317 
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Figure 19.4 24-h predicted mean O2 flux rates for each vegetation type (A) and hydroperiod (B). 

Different letters indicate significant differences. There were no differences between hydrology 

levels. Error bars represent 95% CI’s. 
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Figure 20.4 48-h predicted mean O2 flux rates for each vegetation type (A) and hydroperiod (B). 

Different letters indicate significant differences at α = 0.05. Different letters with stars represent 

significant differences at the α = 0.1 level. There were no differences between hydrology levels. 

Error bars represent 95% CI’s. 

 

N2 and SOD Correlations 

 Nitrogen gas and O2 flux correlations yielded different relationships among treatments 

and across timepoints. Increasing SOD was generally correlated with increasing N2 production, 

and this trend strengthened as incubation time increased. Correlations between SOD and N2 
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production were strongest in the herbaceous vegetation – 3-day hydroperiod treatment across all 

sampling timepoints (R2
 ≥0.69 for all rounds) (Fig. 21.4). Nitrogen gas and SOD became 

moderately correlated at 24 h for tree plantings treatments for both the 3-day and 3-week 

hydroperiod factor levels (R2 = 0.55 and 0.68, respectively). For bare soil treatments, N2 and 

SOD were strongly correlated for the 3-week hydroperiod treatment (R2 = 0.91) and weakly 

correlated for the 3-day hydroperiod treatment (R2 = 0.26 (Fig. 22.4)). After 48 h, N2 and SOD 

were negatively correlated for all treatments except herbaceous vegetation – 3-week 

hydroperiod; however, this was likely a result of an outlying value (mesocosm # 30) which had 

was substantially higher (3.9 mg m-2 h-1 more N2 produced) than the treatment mean (7.13 mg m-

2 h-1) (Fig. 23.4).  
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Figure 21.4 O2 flux regressed against N2 flux for each factor combination at 12 h of incubation. 

Bands are 95% CI’s. 
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Figure 22.4 O2 flux regressed against N2 flux for each factor combination at 24 h of incubation. 

Bands are 95% CI’s. 
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Figure 23.4 O2 flux regressed against N2 flux for each factor combination at 48 h of incubation. 

Bands are 95% CI’s. 
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Greenhouse Gases 

Nitrous Oxide 

 Minimal N2O production occurred in all mesocosms, and flux rates decreased among all 

treatments as the incubations progressed. Flux rates were slightly higher for the 3-day 

hydroperiod level compared to the 3-week level; however, concentrations among all treatments 

were so low that any differences were likely not ecologically significant. Nitrous oxide yield was 

also low with N2O accounting for <1% of N2 production among all treatments (Fig. 24.4). 

Nitrous oxide flux rates were variable among the treatments and arithmetic confidence intervals 

overlapped for all treatments within each timepoint (Fig. 25.4, 26.4). 
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Figure 24.4 N2O yield for all treatments. Lines represent arithmetic means. Points are observed 

data. 
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Figure 25.4 Arithmetic mean N2O flux rates for the bare soil (brown), herbaceous vegetation 

(yellow), and tree planting (blue) treatments for each sampling time point. Error bars represent 

95% CI’s. 
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Figure 26.4 Arithmetic mean N2O flux rates for the 3-day hydroperiod (green) and 3-week 

hydroperiod (blue) treatments for each sampling time point. Error bars represent 95% CI’s. 

 

Methane 

 Methane production was low across all mesocosms and treatments with all flux rates <4.5 

µg m-2 h-1. Mean flux rates remained near zero for all vegetation treatments except herbaceous 

vegetation (Fig. 27.4). Methane production increased over time in herbaceous vegetation 

treatments but was relatively stable in bare soil and tree planting treatments. The 3-day 

hydroperiod treatments produced more CH4 than the 3-week hydroperiods across all sampling 
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time points; however, concentrations were so low that this difference was likely ecologically 

negligible (Fig. 28.4).  

 

 

Figure 27.4 Arithmetic mean CH4 flux rates for the bare soil (brown), herbaceous vegetation 

(yellow), and tree planting (blue) treatments for each sampling time point. Error bars represent 

95% CI’s. 
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Figure 28.4 Arithmetic mean CH4 flux rates for the 3-day hydroperiod (green) and 3-week 

hydroperiod (blue) treatments for each sampling timepoint. Error bars represent 95% CI’s.
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Soil Nutrients 

 Soil nutrient content in the pre- and post-dosing samples was low. There were significant 

differences in pre- and post-dosing soil nutrient contents within treatments. However, these 

differences likely did not have an ecologically significant effect on nutrient retention as the 

differences in pre- and post-dosing values were minimal (Table 10.4). The largest difference in 

soil nutrient content between pre- and post-dosing samples was observed in the herbaceous 

vegetation treatments in which soil TC increased by 1.45 mg g-1 (p value = 0.077). All vegetation 

treatments experienced statistically significant increases in soil TN following the experiment; 

however, the largest increase in soil TN among the vegetation levels was only 0.3 mg g-1 (tree 

planting treatment). There was even less change in extractable soil P content with only bare soil 

treatments having a significant increase in soil P content before and after dosing, and this 

difference was an increase of only 0.001 mg g-1. When compared between hydrology levels, 

there were some differences in pre- and post-dosing soil nutrient contents; however, these 

differences also likely did not have an ecologically significant effect on nutrient retention as the 

greatest change in soil nutrient content was a 0.4 mg g-1 decrease in soil TC (3-week hydroperiod 

treatment). Ties were present in all statistical tests among vegetation and hydrology levels 

excluding soil P for herbaceous vegetation, further supporting the conclusion that there were not 

ecologically significant differences between pre- and post-dosing soil nutrients. 
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Table 10.4 Wilcoxon Ranked-Sign paired t-test results, differences in pre- and post-dosing soil nutrient content, and the 

corresponding percent change. 

 
 Soil TC  Soil TN  Soil P 

       

Vegetation  p value 

Difference 

(mg g-1) 

Percent 

Change 

 

p value 

Difference 

(mg g-1) 

Percent 

Change 

 

p 

value 

Difference 

(mg g-1) 

Percent 

Change 

             

Bare Soil  0.689 -0.1 -2  0.003 0.3 50  0.076 0 0 

Herbaceous 

Vegetation 

 

0.077 -1.45 -17  0.002 0.2 29  0.733 0 0 

Tree 

Planting 

 

0.09 -0.65 -9  0.002 0.3 50  0.677 -0.01 -50 

             

Hydrology             

3-day 

Hydroperiod 

 

0.586 -0.45 -6  <0.001 0.3 50  0.107 0 0 

3-week 

Hydroperiod 

 

0.035 -0.4 -6  <0.001 0.3 50  0.009 0.01 100 



  

Chlorophyll-a and Ash-free Dry Mass 

 Chlorophyll-a content differed between the hydrology treatments, but not among 

vegetation levels. The 3-day hydroperiod treatment had on average 336% more chl-a than the 3-

week hydroperiod treatment. Chlorophyll-a was also more variable in the 3-day hydroperiod 

treatment with values ranging from 2 to 274 mg chl-a m-2 (Fig. 29.4) compared to a range of 2 – 

30 mg m-2 in the 3-week hydroperiod treatment. Surficial AFDM content was low in all 

mesocosms (median = 30 mg g-1 across all treatments), and there were no differences among the 

vegetation or hydrologic factor levels (Table 11.4). 
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Figure 29.4 Predicted mean chl-a content for each vegetation and hydrology level. Different 

letters indicate significant differences. There were no differences among vegetation levels. Error 

bars represent 95% confidence intervals. 
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Table 11.4 ANOVA table for chl-a data. 

Source of variation Chi-squared p 

Vegetation2,35 3.16 0.206 

Hydrology1,35 13.08 <0.001 

Vegetation:Hydrology2,35 0.35 0.838 

 

 

Discussion 

 

Evaluation of Hypotheses 

Hypothesis 1) Vegetation type affects dissolved NO3
-, PO4

3-, N2, N2O, and CH4 flux rates. 

 This hypothesis was generally supported as there were differences in nutrient retention 

among vegetation types, but these differences were dependent on the hydrology level applied. 

This hypothesis was also partially supported for N2 and O2 data; however, I did not predict that 

these differences would weaken over time. The prediction that herbaceous vegetation would 

retain the most NO3
- and produce the most N2 was supported, but this prediction was not 

supported beyond 12 h of incubation. Further, SOD was greatest in the herbaceous vegetation 

treatments; although, I did not predict that all treatments would approach a universal mean SOD 

rate as the incubations progressed. 

My hypothesis that N2O production would be greatest in herbaceous vegetation 

treatments was not supported as bare soils produced the most N2O, but only through the first 24 h 
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of incubation. Results supported my hypothesis that CH4 production would be greatest in the 

herbaceous vegetation mesocosms; however, the difference in production rates among the 

vegetation levels for both N2O and CH4 was likely ecologically negligible.  

 

Hypothesis 2) Duration of inundation during wet-dry cycles affects nutrient flux rates. 

My hypothesis that nutrient retention would be greatest in the 3-week hydroperiod 

treatments was partially supported for NO3
- retention. Due to the interaction between vegetation 

and hydrology, the direct effect of hydrology on NO3
- retention could not be assessed. In the 

herbaceous vegetation and tree planting treatments, NO3
- retention was greatest in the 

mesocosms treated with a 3-day hydroperiod. For bare soils, NO3
- retention was greatest in the 

mesocosms treated with a 3-week hydroperiod, further highlighting the influence of this 

interaction between vegetation and hydrology. My prediction that short-term wet-dry cycles 

would retain less PO4
3- was also partially supported. The analysis of PO4

3- flux rates for the first 

24 h following flooding indicated that there was no interaction between vegetation and 

hydrology and there were no differences in PO4
3- flux rates between the hydrology levels. 

Conversely, an interaction was present in the analysis of PO4
3- flux rates for days 2 – 5. In this 

analysis, the treatment most efficient at removing PO4
3- differed between hydrology levels, with 

tree plantings having the greatest uptake rate for the 3-day hydroperiod treatment and herbaceous 

vegetation having the greatest uptake in the 3-week hydroperiod treatment. 

My hypothesis for N2 and O2 was weakly supported as the 3-day hydroperiod treatments 

produced more N2 and had higher SOD rates compared to the 3-week hydroperiod treatment. 

However, I did not predict that these differences would weaken as the incubations progressed. 
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Additionally, my hypothesis that mesocosms treated with a 3-day hydroperiod would produce 

more N2O whereas those treated with a 3-week hydroperiod would produce more CH4 was 

supported for N2O, but not for CH4 as the 3-day hydroperiod treatments produced more N2O and 

CH4 regardless of time point. 

 

 Vegetation-Hydrology Interaction 

 Nutrient retention within mesocosms was dependent on a combination of vegetation type 

and hydrologic regime with certain vegetation levels retaining the most nutrients under specific 

hydrologic conditions. For NO3
-, herbaceous vegetation had the highest retention rate regardless 

of hydrology. Conversely, the vegetation type that retained the most PO4
3- differed between 

hydrology levels. The effect of this interaction on NO3
- and PO4

3- retention is an important 

finding both for understanding nutrient dynamics in floodplain wetlands and for wetland 

management. As seen in this and other studies, interactions between vegetation and hydrology 

can greatly influence nutrient retention rates by regulating nutrient storage and removal 

capacities within floodplain wetlands (Baldwin & Mitchell, 2000; S. Faulkner et al., 2011b; 

Silvan et al., 2004). Further, interactions between soil moisture (as a function of hydrology) and 

vegetation can influence soil nutrient distribution and composition, leading to shifts in nutrient 

transformation pathways and rates (Ross et al., 2006). Therefore, attempting to predict NO3
- and 

PO4
3- retention rates may lead inaccurate conclusions if only vegetation community composition 

or hydrologic regime are considered. 
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Dissolved Nutrients 

Nitrate 

All treatments were effective at reducing NO3
- content to near-zero after 5 days of 

inundation. However, reductions in the herbaceous vegetation mesocosms were much faster than 

in the other vegetation treatments regardless of hydrology, reaching NO3
- depletion by day 3. 

Water residence time had a positive linear relationship with NO3
- retention among all treatments, 

but the effect was more pronounced in bare soil and tree planting treatments, as evidenced by 

their similar daily NO3
- retention rates. This is consistent with previous studies that found that 

water residence time was positively correlated with NO3
- retention in stormwater treatment and 

riverine wetlands (Carleton et al., 2001; Jansson et al., 1994). Additionally, the NO3
- removal 

rates observed in this study were consistent with findings from two previous mesocosm studies 

which reported that mesocosms planted with L. oryzoides also achieved a >90% reduction in 

NO3
- content after 3 days of inundation with nutrient-enriched water (Taylor et al., 2015; Tyler et 

al., 2012). These studies also reported similar removal rates in unvegetated mesocosms with a 

>60% reduction in NO3
- content after 2 days of inundation. 

The faster reduction of NO3
- content in the herbaceous vegetation treatments suggests 

that NO3
- retention was more influenced by vegetation type and potentially the associated 

microbial communities than water residence time. Plant and microbial uptake and processes can 

be a significant pathway of N retention in aquatic systems, particularly under low-flow 

conditions (Taylor et al., 2015; Vymazal, 2007). Additionally, herbaceous vegetation can provide 

a steady supply of labile C to microbes via leaf senescence, which can enhance denitrification 

and N mineralization (Hefting et al., 2005; Korol et al., 2019; Taylor et al., 2015), leading to a 

reduction in DOC content (Castaldelli et al., 2013; Zarnetske et al., 2011). In this experiment, 
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DOC flux into the water from sediment/vegetation was lowest in herbaceous vegetation 

treatments, suggesting microbes were using DOC faster than it was released by plants and/or 

soil. This likely facilitated the faster reduction of NO3
- observed in these treatments. 

The presence of substantial amounts of algae in the bare soil and tree planting treatments 

(Sup. Image 1.4) may have also influenced NO3
- retention. Algae can be a significant NO3

- 

retention pathway in aquatic ecosystems (Griffiths et al., 2021); however, chl-a content did not 

appear to affect NO3
- retention rates in this experiment. Wetlands dominated by emergent 

vegetation (like L. oryzoides) can have higher NO3
- retention than those dominated by 

filamentous green algae (Korol et al., 2019), supporting the conclusion that NO3
- removal from 

the water was achieved through non-algal mediated pathways. While not a significant predictor 

of NO3
- uptake in this study, the effects of algae on NO3

- retention in wetlands with variable 

plant communities and hydrologic regimes are poorly understood. Therefore, further research is 

needed to determine the contribution of algae to NO3
- retention in wetlands. 

 

Phosphate 

Twenty-four Hour Retention Rates. 

 The rapid reduction of PO4
3- within the first 24 h of inundation was likely due to physical 

or chemical processes as opposed to biological uptake as abiotic processes are often the 

dominant P retention pathway upon soil rewetting (Baldwin & Mitchell, 2000a; Craft, 1996; 

Reddy et al., 1998). However, the significantly lower PO4
3- retention rate in the herbaceous 

vegetation mesocosms compared to bare soil and tree planting treatments suggests that 

vegetation type may have also influenced retention rates within the first 24 h of flooding. The 



173 

 

relationship between P retention and vegetation types can vary across vegetation functional 

groups (Kucey et al., 1989), and L. oryzoides may have altered physical and chemical 

characteristics of the soil that were not measured like pH or bulk density, contributing to the 

slower uptake rate observed in the herbaceous vegetation treatments. 

Another possible reason for the slower mean PO4
3- uptake rate observed in herbaceous 

vegetation treatments may be related to differences in soil redox conditions. In the soil core 

incubation experiment, herbaceous vegetation treatments had greater SOD at 6 h compared to 

bare soil and tree plantings. Herbaceous vegetation treatments may have been primed for rapid 

increases in SOD due to the availability of organic C from several months of regular leaf 

senescence which increased microbial biomass and activity, leading to a reduction in O2 content 

at the soil-water interface. Starting the core incubations at a lower redox state may have reduced 

P binding rates with the soil (Ann et al., 1999; Baldwin & Mitchell, 2000; Braskerud et al., 

2005), leading to slower PO4
3- retention in herbaceous vegetation treatments. 

While there were no ecologically significant differences in soil P content among the 

treatments after 5 days of flooding, there may have been P bound in the soil that could not be 

accounted for using the Mehlich III extraction method. High soil pH and iron content can 

decrease extraction efficiency (J. Kang et al., 2009; Penn et al., 2018), and these variables were 

not measured in the present study. Therefore, it is possible that a portion of the PO4
3- that was 

rapidly removed from the water after 24 h of flooding became bound to the soil but could not be 

accounted for due to limitations of the extraction process. 

 

Retention Rates Across Days 2 – 5. 
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After 2 days of flooding, PO4
3- retention rates became more variable in the herbaceous 

vegetation and tree planting treatments. Phosphate removal rates in the bare soil treatments 

slowed after 24 h of inundation, presumably due to these mesocosms containing less PO4
3- by 

day 2 than the herbaceous vegetation and tree planting treatments. This resulted in bare soils 

being predicted to have the lowest PO4
3- retention rates for the day 2 – 5 dataset despite having 

the greatest PO4
3- retention rate during the first 24 h of flooding. By day 2, vegetation and 

hydrology began interacting, leading to differences in PO4
3- retention among treatments being 

contingent on factor combinations. However, only bare soil treatments were significantly 

different from other vegetation levels regardless of hydrology. Further, retention rates for 

herbaceous vegetation and tree planting treatments became more similar over time and as the 

mesocosms approached PO4
3- depletion. 

This convergence towards a similar daily retention rate for herbaceous vegetation and 

tree planting treatments may indicate that water residence time had a stronger effect on PO4
3- 

retention rates than vegetation or hydrologic regime when considered across 2 – 5 days of 

flooding. Water residence time has been identified as the main factor controlling PO4
3- in 

constructed treatment wetlands and likely became the dominant factor regulating PO4
3- retention 

among treatments as flood duration increased beyond 24 h (Koskiaho et al., 2003; Reinhardt et 

al., 2005). 
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Gas Data 

Dinitrogen Gas Production and Soil Oxygen Demand 

 All treatments experienced net N2 production at each time point in the incubation 

experiment. I anticipated that the 3-day hydroperiod and herbaceous vegetation treatments would 

produce the most N2, and this occurred across all sampling time points. However, N2 production 

in the 3-day hydroperiod and herbaceous vegetation treatments were only statistically greater at 

12 h of incubation. Beyond 12 h, N2 production rates across all treatments converged toward a 

uniform mean. Vegetation and hydrology did not interact to influence N2 production rates at any 

sampling time point. 

Greater N2 production in the 3-day hydroperiod treatment compared to the 3-week 

treatment supports findings of other studies in which rapid wet-dry cycles can enhance N2 

production, often via coupled nitrification-denitrification processes (Marchant et al., 2016b; 

Verhoeven et al., 2018b; Xia et al., 2017). The rapid wet-dry cycling of the 3-day hydroperiod 

treatment potentially supported a mix of aerobic and anerobic microbes that were primed to 

quickly denitrify available NO3
- as an oxic-anoxic redox gradient formed in the soil following 

rewetting (Baldwin & Mitchell, 2000). Coupled nitrification-denitrification likely slowed and 

ultimately ceased as soil oxygen content was depleted over the course of the incubations, 

potentially explaining why differences in N2 production rates between hydrology levels were not 

significant beyond 12 h. 

As with NO3
- retention, differences in N2 production between herbaceous vegetation and 

bare soil and tree planting treatments may have resulted from a lower initial soil redox state in 

the herbaceous vegetation mesocosms due to high amounts of bioavailable C. Denitrifying 
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microbes use C as an energy source for cellular respiration, and C can be a limiting nutrient for 

these species. When C is limited, denitrifying microbes are unable to continue the reduction 

reactions that convert NO3
- to N2 (Dodds & Whiles, 2010). Leersia oryzoides’s high biomass 

turnover rate may have provided sufficient bioavailable C in the form of DOC to prevent C-

limitation, thereby enhancing anerobic microbial biomass accretion and activity. Increased 

microbial biomass and activity may have reduced soil redox, leading to greater denitrification 

rates in herbaceous vegetation compared to other treatments (Reddy et al., 1989; Weisner et al., 

1994). As incubation time increased, this relationship between soil redox state and denitrification 

became more apparent as evidenced by the steady increase in SOD across time points. The 

convergence of N2 production and SOD rates toward a uniform mean across treatments and lack 

of differences beyond 12 h further highlights how the effect of water residence time may begin to 

supersede vegetation type or hydrologic regime as flood duration increases. 

 

Dinitrogen gas and SOD Correlations  

The strong correlation between N2 and SOD at 12 h in herbaceous vegetation treatments 

provides further evidence that these treatments were at a lower redox state compared to bare soil 

and tree plantings prior to incubations. This correlation between denitrification and SOD has 

been identified in previous studies (Baldwin & Mitchell, 2000; Peralta et al., 2010; Taylor et al., 

2015) with higher SOD increasing denitrification rates (de Klein et al., 2017; Tomaszek & 

Czerwieniec, 2003). The decline and rebound of this correlation across sampling time points in 

herbaceous vegetation treatments is puzzling and appears due to increasing variability at 24 h, 

but the cause of this increased variability is uncertain. These changes in the relationship between 
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N2 production and SOD do not appear related to hydrology as this trend was observed in both 3-

day and 3-week hydroperiod treatments. 
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Greenhouse Gases 

 Greenhouse gas production across all treatments was much lower than expected, perhaps 

because of the five-day inundation period prior to the core incubation experiment for N2O or the 

relatively short duration that the mesocosms were flooded compared to natural systems for CH4. 

Previous research has found that saturated soils are often CH4 sources (Bohn et al., 2007; 

Calabrese et al., 2021) and that N2O production is typically greatest immediately following 

inundation (Bronson et al., 1997; Xiong et al., 2007). Areas with high CH4 production are 

typically inundated longer than five days and often are permanently or semi-permanently 

inundated (Bronson et al., 1997), and production rates are greatest in inundated areas with 

sufficient organic C deposition to fuel methanogenesis (Taylor et al., 2015). 

 This paradox of mesocosms being inundated too long to produce large quantities of N2O 

but not long enough to produce large quantities of CH4 complicates interpretation of the 

greenhouse gas data; however, one possible explanation as to why N2O production was low in 

the core incubation experiment is that five days of inundation prior to the core experiment 

resulted in too little O2 at the sediment-water interface to produce N2O by the time incubation 

cores were collected. Nitrous oxide is typically produced as a byproduct of incomplete 

denitrification in which the presence of oxygen disrupts the final step of converting N2O to N2. 

Oxygen in the sediment-water interface within the mesocosms may have been depleted over the 

five days of inundation prior to the experiment. If oxygen at the sediment-water interface was at 

or near depletion prior to or shortly after beginning the experiment, complete denitrification 

would likely be favored, reducing the amount of N2O produced. Nitrous oxide production 

trended downward as incubation time increased, suggesting that the environment within the 

cores among all treatments was still being reduced (i.e., hypoxic as opposed to anoxic). This is 
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supported by coinciding increases in SOD as incubations progressed. Surprisingly, N2O 

production was greatest in bare soil as opposed to vegetated mesocosms, perhaps because of root 

zone oxygen depletion in which root metabolism reduces the soil-water interface environment to 

an anerobic state (Siam et al., 2019). However, the greater N2O production rate in bare soil 

treatments may be a result of the small amount of N2O produced among treatments as all flux 

rates fell between 0.2 and -0.02 mg m-2 h-1 (i.e., likely not ecologically significant). As I was 

unable to quantify in-situ N2O flux rates during the nutrient dosing experiment, it is unknown if 

an ecologically significant amount of N2O was produced upon initial flooding. However, I 

suspect that N2O production was greatest during this five-day period of inundation prior to the 

core incubation experiment where N2O flux rates could be measured. 

 In contrast to N2O production, CH4 production may have been limited by not being 

inundated long enough. Like denitrification, methanogenesis is an anaerobic process that can be 

interrupted by the presence of O2 (Dodds & Whiles, 2010). Trends in SOD suggest that 

conditions in the sediment-water interface were likely hypoxic at the beginning of core 

incubations (as evidenced by a near-zero CH4 production for all treatments at 12 h) and able to 

support very limited methanogenesis. While CH4 production was low throughout the experiment, 

mean production in herbaceous vegetation treatments trended higher as incubations progressed 

and approached 1 mg m-2 h-1 by 48 h in the herbaceous vegetation – 3-day hydroperiod 

treatments. No increases in CH4 flux were observed in bare soil and tree planting treatments 

across all sampling timepoints. This contrast between herbaceous vegetation and bare soil and 

tree planting treatments may be related to the root structure of herbaceous vegetation and 

availability of labile C. The rhizomes of L. oryzoides are shallow and bundled and have been 

associated with depleting O2 at the sediment-water interface, creating an anerobic environment 
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within the root zone (Siam et al., 2019). Conversely, bare soil, which was absent of roots, or tree 

planting treatments, which likely had deeper roots, may not have experienced substantial root-

zone O2 depletion as quickly as herbaceous vegetation treatments. However, quantifying root 

mass and root zone oxygen depletion was beyond the scope of this study. 

The 3-day hydroperiod treatments trended towards higher CH4 production rates compared 

to the 3-week hydroperiod treatments, and this may be a source of available carbon for 

methanogenesis. Mesocosms exposed to 3 weeks of inundation may have experienced periods of 

hypoxia at the soil-water interface. During these periods, available C may have been depleted via 

methanogenesis (and denitrification), reducing the amount of C available for methanogenesis 

during the core incubation experiment. However, CH4 production rates were not measured 

during the hydrologic treatment applications prior to the experiment nor during the nutrient 

dosing experiment. Therefore, this possible explanation as to why CH4 production rates were 

highest in the 3-day hydroperiod treatments should be tested in future experiments before 

definitive conclusions can be drawn. 

 Methane production in herbaceous vegetation treatments may also have been enhanced 

by labile C availability and the rate at which it was utilized by microbes. Herbaceous vegetation 

treatments had the lowest amount of DOC at the end of the dosing experiment (Table 14), as well 

as lowest DOC release rates, potentially because herbaceous vegetation treatments used available 

DOC to fuel both denitrification and ultimately CH4 production once soil oxygen was 

sufficiently depleted. While neither post-dosing DOC content nor DOC flux rates were included 

in the analyses due to significant autocorrelation with soil nutrients, DOC use by microbes has 

been identified as an important regulator for CH4 production (Lu, Wassmann, Neue, & Huang, 

2000a; Sullivan et al., 2013; Taylor et al., 2015). Further, C derived from root zones of other 
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monocots has been identified as a strong regulator of CH4 production in inundated soils (Lu, 

Wassmann, Neue, & Huang, 2000a; Lu, Wassmann, Neue, Huang, et al., 2000b). 

 

Soil Nutrients 

 Low soil nutrient content in pre- and post-dosing samples suggest that biological 

assimilatory and/or dissimilatory processes were primarily responsible for aqueous NO3
- and 

PO4
3- mass reductions. Although there were significant pairwise differences in pre- and post-

dosing soil nutrients within some treatments, low concentrations may have overestimated model 

significance, and these differences are unlikely to be ecologically significant. The significance of 

soil TN for the N2 model at 24 h indicated that soil TN needed to be controlled to accurately 

predict mean N2 flux rates influenced by vegetation and hydrology. I found no significant 

differences in N2 production for either vegetation or hydrology, and soil TN was not correlated 

with N2 production at 24 h. Also, soil nutrient content was not a significant parameter in any of 

the models with significant differences in flux rates among treatments. Therefore, it is unlikely 

that soil nutrient content had a strong effect on NO3
-, PO4

3-, N2, or SOD flux in my experiment. 

Soil nutrient content in my mesocosms was lower than those typical of wetland ecosystems, and 

soil nutrient content may not affect flux rates until a soil nutrient content threshold is reached. 

However, comparative field studies are needed to determine if this lack of a correlation persists 

in natural wetlands. 
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Conclusions 

 All treatments were effective at reducing NO3
- and PO4

3- content to near-zero after 5 days 

of inundation in static wetland mesocosms. If this pattern simulates reduction rates in restored 

wetlands, floodwaters should be held for at least 5 days. Conversely, there may be differences in 

retention rates among these habitats during floods lasting between 24 – 72 h, especially for N.  

Nitrate and PO4
3- retention rates were generally influenced by an interaction between 

vegetation and hydrology, but this interaction was not always present, and the strength of its 

effect was dependent on the timeframe considered. While this interaction influenced NO3
- and 

PO4
3- retention rates for days 2 – 5 of inundation, treatment level in herbaceous vegetation 

mesocosms and water residence time in bare soil and tree planting mesocosms appeared to have 

stronger effects on retention rates. 

 I also found that potential interactions between vegetation and hydrology did not affect 

N2 production. As predicted, herbaceous vegetation and the 3-day hydroperiod treatments 

resulted in the greatest N2 production but only during the first 12 h of flooding. Soil redox 

appeared to influence N2 production rates as SOD and N2 production were generally positively 

correlated across all treatments and sampling time points. This conclusion is further supported by 

convergence among treatments toward a uniform mean flux rate for N2 and SOD as incubation 

time increased. Further, N2 production was positively correlated with flood duration, further 

suggesting that increases in flood duration enhance N removal processes like denitrification. 

There were no tradeoffs between nutrient retention and greenhouse gas production in this 

experiment, consistent with results of some previous studies but conflicting with others 

(Ballantine et al., 2015; Hambäck et al., 2023; Morse & Bernhardt, 2013). Additional field and 

lab experiments are needed to determine under what conditions these tradeoffs may occur. This 



183 

 

study shows that vegetation, hydrologic regime, interaction between vegetation and hydrology, 

and water residence time all influence nutrient retention potential, and failure to consider these 

relationships may hinder achieving optimal nutrient retention capacity in restored floodplain 

wetlands. 
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CHAPTER 5: DISSERTATION CONCLUSIONS 

 

Habitat Type, Hydrology, and Soil Properties 

 This dissertation investigated the dynamic interactions among habitat, hydrology, and soil 

properties and their collective influence on nutrient retention in restored floodplain wetlands. 

The primary objectives of these chapters were to contribute to the existing body of knowledge 

about wetland biogeochemical cycling and provide insights as to which restoration practices 

optimize nutrient retention. I assessed nutrient retention potential across five restored habitat 

types, identifying key factors influencing retention rates, examining relationships between flood 

frequency and nutrient cycling and soil properties, and evaluating effects of different vegetation 

types and hydrologic regimes on retention rates. The findings from these investigations highlight 

the significance of vegetation, hydrology, soil properties, and interactions among these factors in 

influencing nutrient retention in restored floodplain wetlands, and how the strength of these 

effects and interactions can vary across time and locations. 
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Chapter Synopses 

 

Chapter Two 

Chapter Two evaluated maximum nutrient uptake potentials and compared retention rates 

among five restored wetland habitat types: inundated shallow water areas, dry shallow water 

areas, tree plantings, remnant forests, and natural regeneration. All habitats sampled across 22 

restored floodplain wetlands in western Tennessee and Kentucky retained nitrate (NO3
-) and 

phosphate (PO4
3-) on average throughout a simulated 48-h flood. Soil properties influenced 

retention rates which varied across flood duration and nutrient species. Further, nutrient retention 

appeared more affected by flood duration than habitat type when flooding persisted beyond 6 

hours. 

 

Chapter Three 

Chapter Three examined the relationship between inundation frequency (IF) over 180 

days prior to field sampling with nutrient retention and soil properties. Hydrology was positively 

correlated with NO3
- retention but only at 6 h of flooding, beyond which IF no longer correlated 

with NO3
- retention. Soil total nitrogen (TN) and total carbon (TC) were negatively correlated 

with IF whereas pH was negatively correlated with IF. There were also site-specific differences 

in the relationship between IF and soil pH. Minimal to no flooding within 30 days prior to 

sampling was detected using multispectral photographic imagery. These findings provide 

evidence that IF may influence ecosystem structure and functioning and suggest that the effects 

of IF may persist across intermittent dry periods. 
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Chapter Four 

In Chapter Four, an experimental mesocosm study demonstrated how different types of 

wetland vegetation, hydrologic regimes and their interaction influence nutrient retention and 

nitrogen gas (N2), nitrous oxide (N2O), and methane (CH4) production rates. Herbaceous 

vegetation (represented by Leersia oryzoides (Rice cutgrass)) reduced dissolved NO3
- content in 

mesocosms significantly faster than bare soil or tree planting (represented by Betula nigra (River 

birch) and Taxodium distichum (Bald cypress)) treatments regardless of hydrology. Nitrogen gas 

production also was greater in herbaceous vegetation and 3-day hydroperiod treatments during a 

simulated 48-h flood but differences among vegetation types and hydrology levels were not 

observed beyond 6 h of flooding. Nitrous oxide and CH4 production rates were low across all 

treatments, suggesting there were no tradeoffs between N removal and N2O and CH4 emissions 

in this experiment. All combinations of vegetation type and hydrology rapidly reduced dissolved 

PO4
3- content during the first 24 h of flooding. Beyond 2 – 3 days of flooding, effects of 

vegetation and hydrology weakened, and water residence time became the primary factor 

regulating nutrient retention in the mesocosms. 
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Major Factors Influencing Nutrient Retention 

 

Soil Redox Potential 

The findings of Chapters Two and Four emphasize the potential importance of soil redox 

in nutrient retention. In these studies, NO3
- retention was positively correlated with soil oxygen 

demand (SOD) across all sampling time points. These findings support previous research which 

reported that a reduced soil redox environment enhances denitrification and NO3
- retention rates 

(Hunting & van der Geest, 2011; Marchant et al., 2016a; Pett-Ridge et al., 2006). While 

reductions in soil redox potential (represented by increases in SOD) were expected to prompt 

soil-P release, PO4
3- retention was either unaffected or weakly enhanced by increases in SOD. 

These positive correlations between microbial abundance and activity and PO4
3- retention 

suggest that dissolved O2 content at the soil-water may not have been depleted enough to prompt 

P dissolution from metal complexes in the soil or any release was negated by microbial uptake. 

Therefore, during a 1 – 5-day flood, biological uptake may counteract any P release from the soil 

due to declining O2 content. 

 

Water Residence time 

The results of all three studies support the consensus in the literature that wetland 

hydrology is a primary regulator of wetland ecosystem structure and function (Baldwin & 

Mitchell, 2000; Hansson et al., 2005; Paul Keddy, 2000). Increases in inundation time and flood 

frequency were associated with enhanced NO3
- retention across all studies in this dissertation. 

Phosphate retention was generally greatest following initial inundation but slowed as flood 
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duration increased, although on average, no PO4
3- release was observed in any of these studies. 

The salient relationship between water residence time and nutrient retention implies that the 

effects of distinct biogeochemical features of restored wetland habitat types and hydrologic 

regimes may be superseded by residence time when flooding persists beyond 12 – 24 h. 

 

 

Management Implications 

 

The results of these studies indicate that hydrology is a key factor influencing wetland 

nutrient retention, and increasing water residence time during flooding may be an effective 

strategy for reducing downstream nutrient export. Increasing flood frequency may also enhance 

N retention without affecting P retention as no correlations between IF and PO4
3- flux were 

detected in Chapter Three. Therefore, focusing restoration efforts on improving floodplain 

connectivity and increasing water residence time may be a more economical approach to 

enhancing nutrient retention than committing substantial capital and labor to revegetation. 

However, this conclusion needs rigorous field validation before modifying management 

practices, and other restoration goals like increasing biodiversity must be balanced with 

maximizing nutrient retention. 

 While this dissertation expands our knowledge of the complex dynamics of wetland 

nutrient cycling, additional research is needed to elucidate other facets of wetland 

biogeochemistry not investigated in these studies. For example, more in situ measurements of 

nutrient flux rates are needed to determine if these trends hold under natural conditions. Further, 
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studies conducted in other regions are needed to determine if the relationships identified in this 

dissertation may be generalized to other areas. Time and effort limitations prevented the 

inclusion of a seasonal component in this dissertation, constraining study conclusions to the 

months of May – September. As such, incorporating seasonal variability into future studies 

would provide a more holistic view of restored floodplain wetland nutrient cycling in this region. 

Finally, this research may also serve as a foundation for developing mechanistic hypotheses to be 

tested in future studies. 
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APPENDIX A: CHAPTER 2 DATA 

 



  

Site Habitat 

Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

1 

Remnant 

Forest 
6 -8.33 -2.80 0.55 0.82 5.0 27.31 2.73 0.050 

1 SW - Dry 6 -16.49 -0.67 1.44 0.53 6.1 22.00 2.30 0.038 

1 
SW - 

Inundated 

6 -15.72 -1.78 1.51 0.58 6.2 27.44 2.34 0.026 

1 

Tree 

Planting 

6 -8.43 -1.14 0.37 0.93 5.2 23.18 2.20 0.041 

2 

Natural 

Regeneration 
6 -4.90 3.83 0.11 1.13 5.8 20.23 1.68 0.072 

2 

Remnant 

Forest 

6 -7.86 1.50 0.30 0.93 5.5 28.72 2.33 0.075 

2 SW - Dry 6 -0.19 -2.39 0.28 1.08 5.4 12.67 1.25 0.027 

2 

SW - 

Inundated 

6 -10.03 -3.98 1.08 0.94 5.8 19.82 1.97 0.035 

2 

Tree 

Planting 
6 3.87 0.37 0.18 0.94 5.6 24.25 2.13 0.054 

3 
Remnant 

Forest 

6 NA NA 0.45 0.90 5.6 33.82 2.88 0.083 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

3 SW - Dry 6 NA NA 0.65 0.78 5.1 18.02 1.83 0.051 

3 

SW - 

Inundated 
6 NA NA 0.78 0.93 5.5 14.98 1.55 0.053 

3 
Tree 

Planting 

6 NA NA 0.32 0.78 5.5 27.16 2.18 0.068 

4 

Remnant 

Forest 

6 -7.99 -5.77 0.56 0.94 5.2 26.78 2.89 0.050 

4 SW - Dry 6 -13.87 -3.01 0.56 1.12 5.5 14.98 1.50 0.056 

4 

SW - 

Inundated 
6 -23.83 -3.26 0.72 0.90 5.6 13.95 1.35 0.038 

4 
Tree 

Planting 

6 -15.24 -4.90 0.48 1.16 5.4 15.07 1.44 0.055 

5 

Remnant 

Forest 

6 -16.81 -1.07 1.04 0.55 5.5 50.72 4.27 0.041 

5 SW - Dry 6 -21.18 -1.00 0.89 0.78 5.3 34.26 3.10 0.022 

5 

SW - 

Inundated 
6 -24.46 -2.39 1.23 0.67 5.5 30.09 2.98 0.021 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

5 

Tree 

Planting 
6 -28.25 -0.58 0.48 0.71 5.6 36.76 3.33 0.045 

6 SW - Dry 6 -1.69 -1.16 0.67 0.94 5.3 23.43 1.94 0.044 

6 
SW - 

Inundated 

6 -11.29 -1.59 0.97 0.73 5.2 24.08 2.04 0.049 

6 

Tree 

Planting 

6 -10.80 -1.47 0.55 1.04 5.5 23.54 1.78 0.079 

7 

Tree 

Planting 
6 -4.79 -3.12 0.38 0.93 4.9 20.15 1.73 0.038 

8 

Natural 

Regeneration 

6 -12.13 -5.00 0.96 0.67 5.2 37.95 3.30 0.075 

8 

SW - 

Inundated 

6 -17.82 -3.37 0.48 1.12 6.1 7.04 0.74 0.045 

9 

Remnant 

Forest 
6 4.82 0.49 0.92 0.65 6.0 46.00 3.54 0.055 

9 SW - Dry 6 12.26 0.79 0.41 0.89 6.2 23.43 2.11 0.067 

9 
SW - 

Inundated 

6 -20.23 -1.05 0.86 0.87 7.1 18.48 1.78 0.056 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

10 

Natural 

Regeneration 
6 -5.49 -1.03 0.29 1.11 5.7 17.25 1.53 0.032 

10 
SW - 

Inundated 

6 -10.46 -2.71 0.90 0.80 6.3 14.71 1.48 0.026 

10 

Tree 

Planting 

6 -4.04 -3.25 1.15 0.41 5.2 62.99 4.34 0.159 

11 

Natural 

Regeneration 
6 -5.20 -1.15 0.28 0.84 5.2 25.27 2.34 0.057 

11 
Remnant 

Forest 

6 1.74 -0.75 0.32 0.86 5.0 24.22 2.17 0.034 

11 SW - Dry 6 -10.89 -2.63 0.61 0.88 4.7 23.88 2.33 0.103 

11 

SW - 

Inundated 

6 -12.01 -6.31 0.66 1.06 5.0 15.05 1.40 0.067 

11 

Tree 

Planting 
6 -8.47 -3.06 0.41 0.84 5.0 25.59 2.51 0.059 

12 
Remnant 

Forest 

6 7.26 -1.97 0.31 0.87 5.1 26.00 2.62 0.048 

12 

SW - 

Inundated 

6 -11.55 -5.67 1.34 0.57 5.3 37.17 3.10 0.035 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

12 

Tree 

Planting 
6 2.19 -2.55 0.27 0.95 5.0 22.67 1.77 0.048 

13 
Remnant 

Forest 

6 -4.48 -1.52 0.35 0.87 5.8 41.18 3.50 0.093 

13 SW - Dry 6 -9.18 -4.50 0.40 1.14 5.9 18.50 1.50 0.027 

13 

SW - 

Inundated 

6 -23.66 -4.59 0.74 0.86 5.2 14.27 1.48 0.019 

13 

Tree 

Planting 
6 -11.59 -3.16 0.45 1.92 5.5 16.11 1.51 0.035 

14 

Remnant 

Forest 

6 -8.46 -3.89 0.45 0.94 5.3 26.08 2.45 0.043 

14 

SW - 

Inundated 

6 -25.66 2.04 1.30 0.59 5.2 23.29 2.53 0.050 

14 

Tree 

Planting 
6 -11.30 -1.88 0.36 0.95 5.6 22.44 2.06 0.068 

15 
Remnant 

Forest 

6 -5.55 0.13 0.34 1.12 6.3 13.08 1.16 0.072 

15 SW - Dry 6 -4.38 -2.83 0.91 0.62 5.5 37.84 3.06 0.072 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

15 

SW - 

Inundated 
6 -10.84 -3.26 1.11 0.78 6.7 23.20 2.30 0.042 

15 
Tree 

Planting 

6 -4.31 -1.00 0.41 1.00 5.7 26.77 2.35 0.048 

16 

Natural 

Regeneration 

6 1.74 -2.62 0.65 0.63 4.1 34.09 3.41 0.053 

16 SW - Dry 6 4.09 -3.50 0.25 1.02 4.7 10.32 0.98 0.017 

16 

SW - 

Inundated 
6 -21.76 -3.05 0.59 1.02 6.1 11.06 0.96 0.022 

16 

Tree 

Planting 

6 -0.13 -2.50 0.40 0.97 4.6 16.31 1.51 0.029 

17 

Remnant 

Forest 

6 -15.59 -0.64 0.33 0.97 4.8 29.95 2.65 0.029 

17 SW - Dry 6 0.94 -0.07 0.65 0.68 4.0 35.08 3.17 0.027 

17 

Tree 

Planting 
6 -20.48 1.67 0.30 0.98 4.9 21.26 1.98 0.027 

18 
Remnant 

Forest 

6 -11.67 -1.80 0.20 0.83 5.1 25.40 2.07 0.041 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

18 SW - Dry 6 -8.75 -1.48 0.97 0.71 5.1 18.78 1.73 0.023 

18 

SW - 

Inundated 
6 -16.79 -1.55 0.80 0.91 5.3 10.89 1.25 0.031 

18 
Tree 

Planting 

6 -1.89 -2.11 0.14 0.89 5.1 20.60 1.62 0.035 

19 

Remnant 

Forest 

6 -1.74 -1.66 0.45 0.89 5.2 29.13 2.45 0.032 

19 SW - Dry 6 16.18 2.89 0.24 1.21 4.8 10.77 1.17 0.015 

19 

SW - 

Inundated 
6 -4.37 4.53 0.57 1.02 5.3 9.53 0.77 0.014 

19 
Tree 

Planting 

6 0.09 1.06 0.37 1.04 5.3 18.28 1.37 0.016 

20 

Natural 

Regeneration 

6 -17.55 -5.37 1.29 0.71 5.8 35.88 2.80 0.051 

20 

Tree 

Planting 
6 -7.61 -2.69 0.37 0.90 5.6 18.92 1.54 0.027 

21 
Remnant 

Forest 

6 0.97 -0.85 0.32 1.11 5.6 10.35 0.95 0.048 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

21 SW - Dry 6 4.82 1.36 0.52 0.73 5.6 27.50 2.55 0.049 

21 

SW - 

Inundated 
6 -21.01 -1.92 0.78 0.86 5.7 15.27 1.70 0.039 

22 
Remnant 

Forest 

6 0.0.97 -0.85 0.32 1.11 5.6 10.35 0.95 0.048 

1 

Remnant 

Forest 

24 -6.98 -1.83 0.55 0.82 5.0 27.31 2.73 0.050 

1 SW - Dry 24 -5.99 -0.48 1.44 0.53 6.1 22.00 2.30 0.038 

1 

SW - 

Inundated 
24 -13.28 -1.17 1.51 0.58 6.2 27.44 2.34 0.026 

1 
Tree 

Planting 

24 -9.09 -0.81 0.37 0.93 5.2 23.18 2.20 0.041 

2 

Natural 

Regeneration 

24 -12.11 2.29 0.11 1.13 5.8 20.23 1.68 0.072 

2 

Remnant 

Forest 
24 -5.70 -0.64 0.30 0.93 5.5 28.72 2.33 0.075 

2 SW - Dry 24 -9.35 -0.69 0.28 1.08 5.4 12.67 1.25 0.027 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

2 

SW - 

Inundated 
24 -7.44 -1.38 1.08 0.94 5.8 19.82 1.97 0.035 

2 
Tree 

Planting 

24 -2.68 -1.04 0.18 0.94 5.6 24.25 2.13 0.054 

3 

Remnant 

Forest 

24 -15.23 -1.77 0.45 0.90 5.6 33.82 2.88 0.083 

3 SW - Dry 24 -25.21 -1.95 0.65 0.78 5.1 18.02 1.83 0.051 

3 

SW - 

Inundated 
24 -18.62 -2.70 0.78 0.93 5.5 14.98 1.55 0.053 

3 

Tree 

Planting 

24 -19.80 -1.38 0.32 0.78 5.5 27.16 2.18 0.068 

4 

Remnant 

Forest 

24 -11.96 -2.80 0.56 0.94 5.2 26.78 2.89 0.050 

4 SW - Dry 24 -16.85 -2.47 0.56 1.12 5.5 14.98 1.50 0.056 

4 

SW - 

Inundated 
24 -17.90 -3.35 0.72 0.90 5.6 13.95 1.35 0.038 

4 
Tree 

Planting 

24 -14.15 -3.33 0.48 1.16 5.4 15.07 1.44 0.055 



200 

 

Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

5 

Remnant 

Forest 
24 23.62 -0.94 1.04 0.55 5.5 50.72 4.27 0.041 

5 SW - Dry 24 15.07 -2.19 0.89 0.78 5.3 34.26 3.10 0.022 

5 
SW - 

Inundated 

24 3.50 -2.47 1.23 0.67 5.5 30.09 2.98 0.021 

5 

Tree 

Planting 

24 10.17 -1.70 0.48 0.71 5.6 36.76 3.33 0.045 

6 SW - Dry 24 -15.89 -1.60 0.67 0.94 5.3 23.43 1.94 0.044 

6 

SW - 

Inundated 
24 -15.85 -2.16 0.97 0.73 5.2 24.08 2.04 0.049 

6 
Tree 

Planting 

24 -19.66 -1.03 0.55 1.04 5.5 23.54 1.78 0.079 

7 

Tree 

Planting 

24 -13.00 -2.16 0.38 0.93 4.9 20.15 1.73 0.038 

8 

Natural 

Regeneration 
24 -17.28 -3.92 0.96 0.67 5.2 37.95 3.30 0.075 

8 
SW - 

Inundated 

24 -21.60 -2.88 0.48 1.12 6.1 7.04 0.74 0.045 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

9 

Remnant 

Forest 
24 -8.63 -1.68 0.92 0.65 6.0 46.00 3.54 0.055 

9 SW - Dry 24 -15.13 -1.92 0.41 0.89 6.2 23.43 2.11 0.067 

9 
SW - 

Inundated 

24 -15.85 -2.02 0.86 0.87 7.1 18.48 1.78 0.056 

10 

Natural 

Regeneration 

24 -7.03 -0.48 0.29 1.11 5.7 17.25 1.53 0.032 

10 

SW - 

Inundated 
24 -8.11 -2.70 0.90 0.80 6.3 14.71 1.48 0.026 

10 

Tree 

Planting 

24 -8.82 -1.94 1.15 0.41 5.2 62.99 4.34 0.159 

11 

Natural 

Regeneration 

24 -13.41 1.67 0.28 0.84 5.2 25.27 2.34 0.057 

11 

Remnant 

Forest 
24 -16.53 2.52 0.32 0.86 5.0 24.22 2.17 0.034 

11 SW - Dry 24 -20.11 0.50 0.61 0.88 4.7 23.88 2.33 0.103 

11 
SW - 

Inundated 

24 -18.99 0.24 0.66 1.06 5.0 15.05 1.40 0.067 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

11 

Tree 

Planting 
24 -16.66 0.66 0.41 0.84 5.0 25.59 2.51 0.059 

12 
Remnant 

Forest 

24 4.05 -1.11 0.31 0.87 5.1 26.00 2.62 0.048 

12 

SW - 

Inundated 

24 -7.20 -2.34 1.34 0.57 5.3 37.17 3.10 0.035 

12 

Tree 

Planting 
24 -2.30 -1.43 0.27 0.95 5.0 22.67 1.77 0.048 

13 
Remnant 

Forest 

24 -24.34 -1.42 0.35 0.87 5.8 41.18 3.50 0.093 

13 SW - Dry 24 -13.10 -1.77 0.40 1.14 5.9 18.50 1.50 0.027 

13 

SW - 

Inundated 

24 -34.42 -4.60 0.74 0.86 5.2 14.27 1.48 0.019 

13 

Tree 

Planting 
24 -29.46 -2.93 0.45 1.92 5.5 16.11 1.51 0.035 

14 
Remnant 

Forest 

24 -14.98 1.29 0.45 0.94 5.3 26.08 2.45 0.043 

14 

SW - 

Inundated 

24 -33.00 -3.94 1.30 0.59 5.2 23.29 2.53 0.050 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

14 

Tree 

Planting 
24 -19.21 2.25 0.36 0.95 5.6 22.44 2.06 0.068 

15 
Remnant 

Forest 

24 -7.20 -1.61 0.34 1.12 6.3 13.08 1.16 0.072 

15 SW - Dry 24 -19.57 -3.25 0.91 0.62 5.5 37.84 3.06 0.072 

15 

SW - 

Inundated 

24 -19.77 -2.52 1.11 0.78 6.7 23.20 2.30 0.042 

15 

Tree 

Planting 
24 -11.51 -1.48 0.41 1.00 5.7 26.77 2.35 0.048 

16 

Natural 

Regeneration 

24 -5.50 -0.56 0.65 0.63 4.1 34.09 3.41 0.053 

16 SW - Dry 24 4.23 0.86 0.25 1.02 4.7 10.32 0.98 0.017 

16 

SW - 

Inundated 

24 -4.33 -0.78 0.59 1.02 6.1 11.06 0.96 0.022 

16 

Tree 

Planting 
24 -6.81 -1.35 0.40 0.97 4.6 16.31 1.51 0.029 

17 
Remnant 

Forest 

24 -5.99 -0.73 0.33 0.97 4.8 29.95 2.65 0.029 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

17 SW - Dry 24 -3.81 -2.02 0.65 0.68 4.0 35.08 3.17 0.027 

17 

Tree 

Planting 
24 -8.23 -1.60 0.30 0.98 4.9 21.26 1.98 0.027 

18 
Remnant 

Forest 

24 -23.88 -4.32 0.20 0.83 5.1 25.40 2.07 0.041 

18 SW - Dry 24 -43.42 -5.75 0.97 0.71 5.1 18.78 1.73 0.023 

18 

SW - 

Inundated 

24 -26.79 -5.42 0.80 0.91 5.3 10.89 1.25 0.031 

18 

Tree 

Planting 
24 -17.50 -4.17 0.14 0.89 5.1 20.60 1.62 0.035 

19 
Remnant 

Forest 

24 -15.53 -1.37 0.45 0.89 5.2 29.13 2.45 0.032 

19 SW - Dry 24 -7.24 -2.18 0.24 1.21 4.8 10.77 1.17 0.015 

19 

SW - 

Inundated 

24 -9.02 -0.23 0.57 1.02 5.3 9.53 0.77 0.014 

19 

Tree 

Planting 
24 -18.39 -0.91 0.37 1.04 5.3 18.28 1.37 0.016 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

20 

Natural 

Regeneration 
24 -19.86 -4.71 1.29 0.71 5.8 35.88 2.80 0.051 

20 
Tree 

Planting 

24 -7.07 -1.49 0.37 0.90 5.6 18.92 1.54 0.027 

21 

Remnant 

Forest 

24 0.47 1.00 0.32 1.11 5.6 10.35 0.95 0.048 

21 SW - Dry 24 -14.42 1.14 0.52 0.73 5.6 27.50 2.55 0.049 

21 

SW - 

Inundated 
24 -2.13 -3.16 0.78 0.86 5.7 15.27 1.70 0.039 

22 

Remnant 

Forest 

24 -14.57 -0.47 0.32 1.11 5.6 10.35 0.95 0.048 

1 

Remnant 

Forest 

48 -12.91 -1.93 0.55 0.82 5.0 27.31 2.73 0.050 

1 SW - Dry 48 -12.53 -4.59 1.44 0.53 6.1 22.00 2.30 0.038 

1 

SW - 

Inundated 
48 -11.66 -3.84 1.51 0.58 6.2 27.44 2.34 0.026 

1 
Tree 

Planting 

48 -10.44 -2.44 0.37 0.93 5.2 23.18 2.20 0.041 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

2 

Natural 

Regeneration 
48 -26.75 -1.30 0.11 1.13 5.8 20.23 1.68 0.072 

2 
Remnant 

Forest 

48 -2.92 -3.21 0.30 0.93 5.5 28.72 2.33 0.075 

2 SW - Dry 48 -16.47 -2.90 0.28 1.08 5.4 12.67 1.25 0.027 

2 

SW - 

Inundated 

48 -15.90 -3.37 1.08 0.94 5.8 19.82 1.97 0.035 

2 

Tree 

Planting 
48 -23.30 0.73 0.18 0.94 5.6 24.25 2.13 0.054 

3 

Remnant 

Forest 

48 -17.21 2.71 0.45 0.90 5.6 33.82 2.88 0.083 

3 SW - Dry 48 -20.55 2.04 0.65 0.78 5.1 18.02 1.83 0.051 

3 

SW - 

Inundated 

48 -27.04 2.05 0.78 0.93 5.5 14.98 1.55 0.053 

3 

Tree 

Planting 
48 -28.71 3.34 0.32 0.78 5.5 27.16 2.18 0.068 

4 
Remnant 

Forest 

48 -10.61 -1.47 0.56 0.94 5.2 26.78 2.89 0.050 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

4 SW - Dry 48 -16.31 -2.47 0.56 1.12 5.5 14.98 1.50 0.056 

4 

SW - 

Inundated 
48 -26.73 -3.07 0.72 0.90 5.6 13.95 1.35 0.038 

4 
Tree 

Planting 

48 -14.03 -2.35 0.48 1.16 5.4 15.07 1.44 0.055 

5 

Remnant 

Forest 

48 -18.53 -0.77 1.04 0.55 5.5 50.72 4.27 0.041 

5 SW - Dry 48 -16.35 0.51 0.89 0.78 5.3 34.26 3.10 0.022 

5 

SW - 

Inundated 
48 -32.92 -1.04 1.23 0.67 5.5 30.09 2.98 0.021 

5 
Tree 

Planting 

48 -41.60 -1.02 0.48 0.71 5.6 36.76 3.33 0.045 

6 SW - Dry 48 -20.09 -3.27 0.67 0.94 5.3 23.43 1.94 0.044 

6 

SW - 

Inundated 

48 -16.71 -3.23 0.97 0.73 5.2 24.08 2.04 0.049 

6 

Tree 

Planting 
48 -16.99 -2.11 0.55 1.04 5.5 23.54 1.78 0.079 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

7 

Tree 

Planting 
48 -17.00 -1.62 0.38 0.93 4.9 20.15 1.73 0.038 

8 
Natural 

Regeneration 

48 -14.39 -3.22 0.96 0.67 5.2 37.95 3.30 0.075 

8 

SW - 

Inundated 

48 -10.80 -2.41 0.48 1.12 6.1 7.04 0.74 0.045 

9 

Remnant 

Forest 
48 -5.64 -2.11 0.92 0.65 6.0 46.00 3.54 0.055 

9 SW - Dry 48 -1.56 -0.33 0.41 0.89 6.2 23.43 2.11 0.067 

9 

SW - 

Inundated 

48 -8.66 -1.46 0.86 0.87 7.1 18.48 1.78 0.056 

10 

Natural 

Regeneration 

48 -15.34 0.33 0.29 1.11 5.7 17.25 1.53 0.032 

10 

SW - 

Inundated 
48 -16.04 -3.43 0.90 0.80 6.3 14.71 1.48 0.026 

10 
Tree 

Planting 

48 -25.07 -1.38 1.15 0.41 5.2 62.99 4.34 0.159 

11 

Natural 

Regeneration 

48 -42.63 -0.48 0.28 0.84 5.2 25.27 2.34 0.057 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

11 

Remnant 

Forest 
48 -21.66 -0.46 0.32 0.86 5.0 24.22 2.17 0.034 

11 SW - Dry 48 -51.30 3.44 0.61 0.88 4.7 23.88 2.33 0.103 

11 
SW - 

Inundated 

48 -46.61 2.58 0.66 1.06 5.0 15.05 1.40 0.067 

11 

Tree 

Planting 

48 -51.12 -0.46 0.41 0.84 5.0 25.59 2.51 0.059 

12 

Remnant 

Forest 
48 -8.96 -0.85 0.31 0.87 5.1 26.00 2.62 0.048 

12 

SW - 

Inundated 

48 -12.21 -2.17 1.34 0.57 5.3 37.17 3.10 0.035 

12 

Tree 

Planting 

48 -10.53 -0.78 0.27 0.95 5.0 22.67 1.77 0.048 

13 

Remnant 

Forest 
48 -25.66 -0.83 0.35 0.87 5.8 41.18 3.50 0.093 

13 SW - Dry 48 -15.16 -0.19 0.40 1.14 5.9 18.50 1.50 0.027 

13 
SW - 

Inundated 

48 -53.29 -1.15 0.74 0.86 5.2 14.27 1.48 0.019 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

13 

Tree 

Planting 
48 -38.09 0.60 0.45 1.92 5.5 16.11 1.51 0.035 

14 
Remnant 

Forest 

48 -5.08 -1.79 0.45 0.94 5.3 26.08 2.45 0.043 

14 

SW - 

Inundated 

48 -23.28 -0.91 1.30 0.59 5.2 23.29 2.53 0.050 

14 

Tree 

Planting 
48 -25.89 -2.42 0.36 0.95 5.6 22.44 2.06 0.068 

15 
Remnant 

Forest 

48 -13.90 -0.09 0.34 1.12 6.3 13.08 1.16 0.072 

15 SW - Dry 48 -23.52 -1.24 0.91 0.62 5.5 37.84 3.06 0.072 

15 

SW - 

Inundated 

48 -21.14 -1.96 1.11 0.78 6.7 23.20 2.30 0.042 

15 

Tree 

Planting 
48 -20.83 -0.66 0.41 1.00 5.7 26.77 2.35 0.048 

16 
Natural 

Regeneration 

48 -50.95 -1.94 0.65 0.63 4.1 34.09 3.41 0.053 

16 SW - Dry 48 -35.27 -2.46 0.25 1.02 4.7 10.32 0.98 0.017 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

16 

SW - 

Inundated 
48 -35.51 -4.40 0.59 1.02 6.1 11.06 0.96 0.022 

16 
Tree 

Planting 

48 -24.20 -1.17 0.40 0.97 4.6 16.31 1.51 0.029 

17 

Remnant 

Forest 

48 -6.23 -0.58 0.33 0.97 4.8 29.95 2.65 0.029 

17 SW - Dry 48 -23.37 -0.98 0.65 0.68 4.0 35.08 3.17 0.027 

17 

Tree 

Planting 
48 -16.13 -0.33 0.30 0.98 4.9 21.26 1.98 0.027 

17 wetland 48 -14.96 -1.44 1.14 0.44 4.1 64.97 6.42 0.022 

18 
Remnant 

Forest 

48 -23.24 -0.79 0.20 0.83 5.1 25.40 2.07 0.041 

18 SW - Dry 48 -41.44 -0.06 0.97 0.71 5.1 18.78 1.73 0.023 

18 

SW - 

Inundated 

48 -23.54 0.19 0.80 0.91 5.3 10.89 1.25 0.031 

18 

Tree 

Planting 
48 -27.03 -0.35 0.14 0.89 5.1 20.60 1.62 0.035 
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Site Habitat 
Sampling Time 

Point (h) 

Mean NO3
- 

Flux  

(mg m-2 h-1) 

Mean 

PO4
3- Flux 

(mg m-2 h-1) 

Soil 

Moisture 

(g g-1) 

Soil Bulk 

Density 

(g cm3) 

Soil 

pH 

Soil 

Total C 

(mg g-1) 

Soil 

Total N 

(mg g-1) 

Extractable 

Soil P  

(mg g-1) 

19 

Remnant 

Forest 
48 5.61 2.41 0.45 0.89 5.2 29.13 2.45 0.032 

19 SW - Dry 48 9.93 0.75 0.24 1.21 4.8 10.77 1.17 0.015 

19 
SW - 

Inundated 

48 0.82 1.94 0.57 1.02 5.3 9.53 0.77 0.014 

19 

Tree 

Planting 

48 2.25 1.92 0.37 1.04 5.3 18.28 1.37 0.016 

20 

Natural 

Regeneration 
48 -24.51 -5.65 1.29 0.71 5.8 35.88 2.80 0.051 

20 

Tree 

Planting 

48 -13.70 -1.67 0.37 0.90 5.6 18.92 1.54 0.027 

21 

Remnant 

Forest 

48 -28.87 -0.64 0.32 1.11 5.6 10.35 0.95 0.048 

21 SW - Dry 48 -41.77 0.93 0.52 0.73 5.6 27.50 2.55 0.049 

22 

Remnant 

Forest 
48 -18.57 0.49 0.32 1.11 5.6 10.35 0.95 0.048 
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APPENDIX B: CHAPTER 3 DATA 

 

Supplemental Table 1.3 Inundation frequency values (%) for all 

sites from Chapter One that were included in the analyses. 

Site Habitat Inundation Frequency (%) 

1 SW - Inundated 3 

1 SW - Inundated 3 

1 SW - Dry 3 

1 SW - Inundated 3 

1 SW - Inundated 3 

1 SW - Inundated 3 

1 SW - Inundated 3 

1 SW - Inundated 3 

1 SW - Inundated 3 

1 SW - Inundated 3 

1 Tree Planting 1 

1 Tree Planting 1 

1 Tree Planting 0 

1 Tree Planting 0 

1 Tree Planting 0 

1 Tree Planting 1 

1 Tree Planting 2 
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Supplemental Table 1.3 (Continued) 

Site Habitat Inundation Frequency (%) 

1 Tree Planting 1 

1 Tree Planting 1 

1 Tree Planting 0 

1 Remnant Forest 0 

1 Remnant Forest 0 

1 Remnant Forest 0 

1 Remnant Forest 0 

1 Remnant Forest 0 

1 Remnant Forest 0 

1 Remnant Forest 0 

1 Remnant Forest 0 

1 Remnant Forest 0 

1 Remnant Forest 0 

4 SW - Inundated 5 

4 SW - Dry 5 

4 SW - Dry 5 

4 SW - Inundated 5 

4 SW - Dry 5 

4 SW - Inundated 5 

4 SW - Inundated 3 

4 SW - Inundated 4 
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Supplemental Table 1.3 (Continued) 

Site Habitat Inundation Frequency (%) 

4 SW - Inundated 5 

4 SW - Dry 6 

4 Tree Planting 3 

4 Tree Planting 3 

4 Tree Planting 3 

4 Tree Planting 3 

4 Tree Planting 3 

4 Tree Planting 3 

4 Tree Planting 3 

4 Tree Planting 3 

4 Tree Planting 3 

4 Tree Planting 3 

4 Remnant Forest 0 

4 Remnant Forest 0 

4 Remnant Forest 0 

4 Remnant Forest 0 

4 Remnant Forest 0 

4 Remnant Forest 0 

4 Remnant Forest 0 

4 Remnant Forest 0 

4 Remnant Forest 0 
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Supplemental Table 1.3 (Continued) 

Site Habitat Inundation Frequency (%) 

4 Remnant Forest 0 

5 SW - Inundated 10 

5 SW - Inundated 10 

5 SW - Inundated 10 

5 SW - Dry 10 

5 SW - Inundated 10 

5 SW - Dry 10 

5 Tree Planting 9 

5 Tree Planting 9 

5 Tree Planting 9 

5 Tree Planting 9 

5 Tree Planting 9 

5 Tree Planting 9 

5 Remnant Forest 1 

5 Remnant Forest 1 

5 Remnant Forest 1 

5 Tree Planting 10 

5 Tree Planting 9 

5 Tree Planting 9 

5 Tree Planting 9 

5 Tree Planting 10 
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Supplemental Table 1.3 (Continued) 

Site Habitat Inundation Frequency (%) 

5 Tree Planting 9 

5 SW - Inundated 2 

5 SW - Inundated 1 

5 SW - Inundated 1 

5 SW - Inundated 2 

5 SW - Dry 2 

5 SW - Dry 6 

5 Remnant Forest 0 

5 Remnant Forest 2 

5 Remnant Forest 0 

5 SW - Dry 10 

8 SW - Inundated 4 

8 SW - Inundated 4 

8 SW - Inundated 4 

8 SW - Inundated 0 

8 SW - Inundated 0 

8 SW - Inundated 4 

8 SW - Inundated 4 

8 SW - Inundated 4 

8 SW - Inundated 4 

8 SW - Inundated 2 
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Supplemental Table 1.3 (Continued) 

Site Habitat Inundation Frequency (%) 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 
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Supplemental Table 1.3 (Continued) 

Site Habitat Inundation Frequency (%) 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

8 

Natural 

Regeneration 

0 

9 SW - Inundated 4 
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Supplemental Table 1.3 (Continued) 

Site Habitat Inundation Frequency (%) 

9 SW - Dry 4 

9 SW - Dry 5 

9 SW - Dry 5 

9 SW - Dry 5 

9 SW - Dry 4 

9 SW - Inundated 4 

9 SW - Inundated 5 

9 SW - Inundated 5 

9 SW - Inundated 5 

9 SW - Inundated 4 

9 SW - Inundated 6 

9 SW - Inundated 4 

9 SW - Dry 5 

9 SW - Dry 4 

9 SW - Inundated 0 

9 SW - Inundated 5 

9 SW - Dry 5 

9 SW - Dry 5 

9 SW - Dry 5 

9 Remnant Forest 0 

9 Remnant Forest 0 
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Supplemental Table 1.3 (Continued) 

Site Habitat Inundation Frequency (%) 

9 Remnant Forest 0 

9 Remnant Forest 0 

9 Remnant Forest 0 

9 Remnant Forest 0 

9 Remnant Forest 0 

9 Remnant Forest 0 

9 Remnant Forest 2 

9 Remnant Forest 0 

18 SW - Inundated 1 

18 SW - Dry 0 

18 SW - Inundated 0 

18 SW - Dry 0 

18 SW - Dry 0 

18 Tree Planting 0 

18 SW - Inundated 7 

18 SW - Dry 7 

18 SW - Dry 3 

18 SW - Inundated 8 

18 SW - Inundated 5 

18 
Tree Planting 0 
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Supplemental Table 1.3 (Continued) 

Site Habitat Inundation Frequency (%) 

18 

Natural 

Regeneration 

3 

18 

Natural 

Regeneration 

1 

18 

Natural 

Regeneration 

3 

18 

Natural 

Regeneration 

0 

18 

Natural 

Regeneration 

3 

18 Tree Planting 0 

18 

Natural 

Regeneration 

0 

18 

Natural 

Regeneration 

1 

18 

Natural 

Regeneration 

1 

18 

Natural 

Regeneration 

1 

18 

Natural 

Regeneration 

0 
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Supplemental Table 1.3 (Continued) 

Site Habitat Inundation Frequency (%) 

18 Tree Planting 0 

18 Tree Planting 0 

18 Tree Planting 0 

18 Tree Planting 0 

18 Tree Planting 0 

18 Tree Planting 0 

18 Tree Planting 0 
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APPENDIX C: CHAPTER 4 PHOTOS AND DATA 

 

 

Supplemental Photo 1.4 Algal accruement among each vegetation type after four days of 

inundation during the nutrient dosing experiment. 
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Supplemental Table 1.4 Flux rates for all dissolved nutrient species (meso. = mesocosm). 

   Nutrient Flux Rates (mg m-2 h-1) 

Meso. ID Vegetation Hydroperiod 

NO3
- up to 

Day 4 

PO4
3- up to 

24 h 

PO4
3- Days 2 

- 5 

DOC  

1 

Tree 

Planting 

3 Days -205.0 -56.2 -6.7 55.5 

2 

Tree 

Planting 

3 Days -186.1 -60.8 -6.4 51.7 

3 Bare Soil 3 Days -230.7 -68.6 -1.5 148.1 

4 Bare Soil 3 Days -244.2 -69.8 -2.2 129.3 

5 Bare Soil 3 Days -227.5 -62.6 -2.0 177.0 

6 

Herbaceous 

Vegetation 

3 Days -206.9 -60.8 -3.3 52.9 

7 

Herbaceous 

Vegetation 

3 Days -174.8 -46.6 -2.4 45.5 

8 

Herbaceous 

Vegetation 

3 Days -189.2 -63.4 -0.5 84.8 

9 

Tree 

Planting 

3 Days -223.8 -63.3 -4.2 82.2 

10 

Herbaceous 

Vegetation 

3 Weeks -190.5 -54.6 -1.8 45.7 

11 

Tree 

Planting 

3 Weeks -194.2 -60.1 -0.8 127.3 

12 

Tree 

Planting 

3 Weeks -165.5 -44.7 -2.2 80.7 
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Supplemental Table 1.4 (Continued) 

   Nutrient Flux Rates (mg m-2 h-1) 

Meso. ID Vegetation Hydroperiod 

NO3
- up to 

Day 4 

PO4
3- up to 

24 h 

PO4
3- Days 2 

- 5 

DOC 

13 Bare Soil 3 Weeks -152.9 -52.7 -0.8 143.2 

14 Bare Soil 3 Weeks -150.7 -50.6 -0.6 97.9 

15 

Tree 

Planting 

3 Weeks -200.3 -62.2 -2.2 95.7 

16 Bare Soil 3 Weeks -212.3 -70.3 -1.9 103.3 

17 

Herbaceous 

Vegetation 

3 Weeks -220.3 -53.3 -3.5 36.6 

18 

Herbaceous 

Vegetation 

3 Weeks -228.0 -33.6 -9.5 57.7 

19 

Herbaceous 

Vegetation 

3 Days -171.2 -46.7 -6.1 57.8 

20 Bare Soil 3 Days -152.7 -49.7 -2.1 45.4 

21 

Tree 

Planting 

3 Days -202.9 -52.8 -3.5 78.3 

22 

Herbaceous 

Vegetation 

3 Days -155.3 -40.2 -1.6 42.6 

23 

Herbaceous 

Vegetation 

3 Days -150.4 -40.1 -5.6 50.5 

24 

Tree 

Planting 

3 Days -177.4 -49.4 -3.5 66.6 
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Supplemental Table 1.4 (Continued) 

   Nutrient Flux Rates (mg m-2 h-1) 

Meso. ID Vegetation Hydroperiod 

NO3
- up to 

Day 4 

PO4
3- up to 

24 h 

PO4
3- Days 2 

- 5 

DOC 

25 

Tree 

Planting 

3 Days -224.0 -60.4 -8.9 91.9 

26 Bare Soil 3 Days -183.9 -53.5 -1.7 144.7 

27 Bare Soil 3 Days -207.7 -55.7 -1.3 103.1 

28 

Herbaceous 

Vegetation 

3 Weeks -210.3 -49.9 -6.9 35.4 

29 

Tree 

Planting 

3 Weeks -170.4 -41.3 -1.2 71.0 

31 Bare Soil 3 Weeks -190.9 -62.3 -0.6 210.6 

32 Bare Soil 3 Weeks -173.0 -52.6 -1.0 104.4 

33 

Herbaceous 

Vegetation 

3 Weeks -218.9 -55.4 -14.8 47.1 

34 

Tree 

Planting 

3 Weeks -221.9 -58.5 NA NA 

35 

Tree 

Planting 

3 Weeks -168.2 -42.6 -6.1 NA 

36 Bare Soil 3 Weeks -209.5 -53.9 NA NA 
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Supplemental Table 2.4 Dissolved gas flux rates for each mesocosm. 

   Flux Rates (mg m-2 h-1) 

Meso. 

ID 

Vegetation Hydroperiod 

N2  

12 h 

N2  

24 h 

N2  

48 h 

O2  

12 h 

O2  

24 h 

O2  

48 h 

N2O  

12 h 

N2O  

24 h 

N2O  

48 h 

CH4  

12 h 

CH4  

24 h 

CH4  

48 h 

1 

Tree 

Planting 

3 Days 1.9 3.0 7.3 -20.4 -29.3 -72.7 0.459 0.019 -0.070 6.78E-03 8.61E-05 

2.61E-

02 

2 

Tree 

Planting 

3 Days 1.6 2.9 5.8 -4.7 -16.0 -46.6 0.055 0.054 -0.099 3.10E-02 2.11E-02 

3.37E-

02 

3 Bare Soil 3 Days 5.4 7.3 9.2 -22.3 -27.1 -65.0 1.210 -0.015 -0.127 2.02E-03 -7.20E-03 

-9.44E-

04 

4 Bare Soil 3 Days 4.0 5.6 6.5 -17.0 -31.4 -54.1 0.023 0.004 -0.074 4.62E-03 1.16E-02 

5.00E-

02 

5 Bare Soil 3 Days 3.2 3.9 5.2 -15.4 -26.8 -39.1 0.161 0.062 -0.081 -1.67E-02 -1.64E-05 

-3.00E-

03 

6 

Herbaceous 

Vegetation 

3 Days 5.7 6.7 6.5 -41.5 -50.1 -81.8 0.044 0.062 -0.087 1.06E-02 5.33E-02 

1.02E-

01 

7 

Herbaceous 

Vegetation 

3 Days 11.7 11.8 13.6 -57.8 -60.2 -97.3 0.285 0.244 0.027 1.81E-01 6.23E-01 

2.03E+

00 
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Supplemental Table 2.4 (Continued) 

   Flux Rates (mg m-2 h-1) 

Meso. 

ID 

Vegetation Hydroperiod 

N2  

12 h 

N2  

24 h 

N2  

48 h 

O2  

12 h 

O2  

24 h 

O2  

48 h 

N2O  

12 h 

N2O  

24 h 

N2O  

48 h 

CH4  

12 h 

CH4  

24 h 

CH4  

48 h 

8 

Herbaceous 

Vegetation 

3 Days 8.3 9.2 9.0 -53.9 -62.6 -81.3 0.043 -0.028 -0.001 6.76E-02 3.88E-01 

1.53E+

00 

9 

Tree 

Planting 

3 Days 2.0 2.8 4.4 -9.4 -21.5 -52.3 0.073 -0.034 -0.124 1.02E-03 -3.06E-03 

-2.32E-

03 

10 

Herbaceous 

Vegetation 

3 Weeks 4.6 6.0 6.8 -50.1 -57.9 -88.2 0.283 0.221 0.181 -2.48E-03 2.76E-02 

7.60E-

02 

12 

Tree 

Planting 

3 Weeks 5.0 4.9 7.9 -16.5 -27.0 -56.5 0.471 0.229 0.031 7.31E-03 8.45E-03 

1.51E-

02 

13 Bare Soil 3 Weeks 6.4 9.9 12.5 -18.5 -45.9 -97.7 0.096 0.224 0.258 4.16E-02 5.48E-02 

7.46E-

02 

14 Bare Soil 3 Weeks 2.6 2.6 3.0 -13.2 -19.5 -33.1 0.123 0.011 -0.027 2.58E-02 3.88E-02 

6.53E-

02 

15 

Tree 

Planting 

3 Weeks 3.6 5.7 7.8 -27.5 -30.4 -59.3 0.319 0.139 0.008 -1.23E-02 -6.75E-03 

1.22E-

02 
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Supplemental Table 2.4 (Continued) 

   Flux Rates (mg m-2 h-1) 

Meso. 

ID 

Vegetation Hydroperiod 

N2  

12 h 

N2  

24 h 

N2  

48 h 

O2  

12 h 

O2  

24 h 

O2  

48 h 

N2O  

12 h 

N2O  

24 h 

N2O  

48 h 

CH4  

12 h 

CH4  

24 h 

CH4  

48 h 

16 Bare Soil 3 Weeks 2.3 3.2 5.9 -14.8 -25.4 -48.2 0.086 0.084 -0.039 -9.38E-03 -4.78E-04 

3.72E-

03 

17 

Herbaceous 

Vegetation 

3 Weeks 9.1 8.3 8.2 -58.4 -62.0 -89.4 0.103 0.037 0.034 -7.66E-03 1.50E-02 

5.08E-

02 

18 

Herbaceous 

Vegetation 

3 Weeks 5.2 6.5 6.5 -33.3 -40.2 -54.2 0.442 0.310 0.072 1.35E-01 3.62E-01 

4.96E-

01 

19 

Herbaceous 

Vegetation 

3 Days 2.0 4.8 4.9 -13.6 -27.4 -61.4 0.170 0.038 0.306 1.05E-03 -1.18E-03 

-2.09E-

02 

20 Bare Soil 3 Days 2.7 3.3 3.7 -35.5 -38.1 -45.1 0.168 0.255 0.050 6.30E-04 -7.52E-03 

1.05E-

02 

21 

Tree 

Planting 

3 Days 3.3 7.6 8.0 -16.7 -31.0 -67.9 0.184 0.138 0.258 1.82E-02 2.81E-02 

3.77E-

02 

22 

Herbaceous 

Vegetation 

3 Days 6.7 7.5 7.5 -49.6 -61.1 -79.4 0.140 0.165 0.068 2.44E-02 2.04E-01 

4.72E-

01 
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Supplemental Table 2.4 (Continued) 

   Flux Rates (mg m-2 h-1) 

Meso. 

ID 

Vegetation Hydroperiod 

N2  

12 h 

N2  

24 h 

N2  

48 h 

O2  

12 h 

O2  

24 h 

O2  

48 h 

N2O  

12 h 

N2O  

24 h 

N2O  

48 h 

CH4  

12 h 

CH4  

24 h 

CH4  

48 h 

23 

Herbaceous 

Vegetation 

3 Days 3.9 4.2 5.0 -24.4 -34.0 -56.7 0.291 0.451 0.361 -2.38E-02 4.89E-03 

-2.30E-

02 

24 

Tree 

Planting 

3 Days 1.8 6.4 8.2 -10.5 -39.1 -69.7 0.362 0.257 0.061 -7.25E-03 1.01E-02 

3.26E-

04 

25 

Tree 

Planting 

3 Days 7.8 2.3 6.6 -9.2 -21.3 -50.5 

-

0.039 

0.024 0.022 4.42E-03 3.12E-02 

5.94E-

02 

26 Bare Soil 3 Days 4.0 4.2 6.7 -19.2 -28.9 -55.2 0.359 0.246 -0.022 -1.85E-02 -3.26E-04 

5.05E-

03 

27 Bare Soil 3 Days 3.7 4.5 6.9 -31.5 -34.4 -51.1 1.165 0.877 0.235 2.72E-02 8.36E-02 

5.11E-

02 

28 

Herbaceous 

Vegetation 

3 Weeks 2.9 4.1 4.8 -26.6 -37.5 -50.8 0.213 0.135 0.023 -5.95E-03 2.44E-02 

3.81E-

02 

29 

Tree 

Planting 

3 Weeks 3.4 4.5 6.0 -17.8 -27.4 -37.2 0.081 0.072 -0.063 -4.34E-03 -3.51E-03 

-9.76E-

03 
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Supplemental Table 2.4 (Continued) 

   Flux Rates (mg m-2 h-1) 

Meso. 

ID 

Vegetation Hydroperiod 

N2  

12 h 

N2  

24 h 

N2  

48 h 

O2  

12 h 

O2  

24 h 

O2  

48 h 

N2O  

12 h 

N2O  

24 h 

N2O  

48 h 

CH4  

12 h 

CH4  

24 h 

CH4  

48 h 

30 

Herbaceous 

Vegetation 

3 Weeks 6.0 5.6 11.0 -43.9 -47.1 -44.6 0.080 0.012 0.068 -2.28E-03 4.69E-02 

2.84E-

01 

31 Bare Soil 3 Weeks 2.8 2.6 6.2 -5.6 -14.4 -41.9 0.108 0.026 -0.112 -2.69E-03 6.07E-04 

-5.19E-

03 

32 Bare Soil 3 Weeks 3.9 7.5 10.8 -14.5 -33.6 -71.6 0.073 0.089 -0.085 9.31E-05 3.32E-03 

1.01E-

02 

33 

Herbaceous 

Vegetation 

3 Weeks NA 4.1 5.5 NA -36.5 -78.6 NA 0.093 -0.003 NA -1.88E-02 

1.95E-

02 

34 

Tree 

Planting 

3 Weeks 1.7 2.9 6.1 -14.6 -26.5 -44.9 0.262 0.557 0.165 -9.33E-03 1.38E-03 

-1.23E-

04 

35 

Tree 

Planting 

3 Weeks 2.3 2.4 3.5 -16.7 -18.9 -37.5 0.346 0.255 0.002 2.66E-03 -2.89E-03 

1.65E-

02 

36 Bare Soil 3 Weeks 2.9 4.1 5.6 -15.7 -26.2 -45.5 0.135 0.100 -0.120 8.76E-03 1.46E-02 

2.18E-

02 
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Supplemental Table 3.4 Soil nutrient content, chl-a, and AFDM data before and after dosing with N and P enriched water. 

  Pre-dosing Data  Post-dosing Data 

Vegetation Hydroperiod 

Meso.  

I.D. 

 TC  

(mg g-1) 

TN 

 (mg g1) 

Extrac. P 

(mg g-1)  

TC  

(mg g-1) 

TN 

(mg g-1) 

Extract. P  

(mg g-1) 

Chl-a 

(mg m-2) 

AFDM  

(mg g-1) 

Tree Planting 3-Days 1 
 

5.3 0.5 0.02 
 

5.5 0.9 0.01 124 30 

Tree Planting 3-Days 2 
 

5.9 0.5 0.02 
 

5.8 0.9 0.02 16 31 

Bare Soil 3-Days 3 
 

6.9 0.6 0.02 
 

7.1 0.9 0.02 129 30 

Bare Soil 3-Days 4 
 

7.6 0.6 0.02 
 

NA NA NA NA NA 

Bare Soil 3-Days 5 

 

5.3 0.5 0.01 

 

6.5 0.9 0.01 274 31 

Herbaceous 

Vegetation 

3-Days 6 

 

9.3 0.8 0.02 

 

10.2 1.1 0.02 59 35 

Herbaceous 

Vegetation 

3-Days 7 

 

10.1 0.8 0.02 

 

6.7 1 0.01 10 32 
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Supplemental Table 3.4 (Continued) 

 
 

Pre-dosing Data 
 

Post-dosing Data 

Vegetation Hydroperiod 

Meso.  

I.D. 

 TC  

(mg g-1) 

TN 

 (mg g1) 

Extrac. P 

(mg g-1)  

TC  

(mg g-1) 

TN 

(mg g-1) 

Extract. P  

(mg g-1) 

Chl-a 

(mg m-2) 

AFDM  

(mg g-1) 

Herbaceous 

Vegetation 

3-Days 8 

 

7.9 0.6 0.01 

 

7.1 0.9 0.01 51 33 

Tree Planting 3-Days 9 
 

5.7 0.5 0.02 
 

6 0.8 0.02 44 30 

Herbaceous 

Vegetation 

3-weeks 10 

 

7.2 0.6 0.02 

 

6.5 0.9 0.02 26 29 

Tree Planting 3-weeks 11 
 

7.2 0.6 0.01 
 

7.1 1 0.02 20 32 

Tree Planting 3-weeks 12 
 

6.7 0.6 0.01 
 

6.5 1 0.01 20 31 

Bare Soil 3-weeks 13 
 

6.5 0.5 0.02 
 

8.1 1 0.02 27 33 

Bare Soil 3-weeks 14 
 

6.7 0.6 0.01 
 

7.6 0.9 0.01 22 29 

Tree Planting 3-weeks 15 
 

8.6 0.7 0.02 
 

8.1 1 0.02 24 32 

Bare Soil 3-weeks 16 
 

7.8 0.7 0.01 
 

7.9 1 0.01 23 35 
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Supplemental Table 3.4 (Continued) 

 
 

Pre-dosing Data 
 

Post-dosing Data 

Vegetation Hydroperiod 

Meso.  

I.D. 

 TC  

(mg g-1) 

TN 

 (mg g1) 

Extrac. P 

(mg g-1)  

TC  

(mg g-1) 

TN 

(mg g-1) 

Extract. P  

(mg g-1) 

Chl-a 

(mg m-2) 

AFDM  

(mg g-1) 

Herbaceous 

Vegetation 

3-weeks 17 

 

9.8 0.8 0.02 

 

7.7 1.1 0.02 22 30 

Herbaceous 

Vegetation 

3-weeks 18 

 

10.2 0.7 0.02 

 

6.8 0.9 0.02 16 31 

Herbaceous 

Vegetation 

3-Days 19 

 

8.6 0.7 0.02 

 

7.1 1 0.02 91 28 

Bare Soil 3-Days 20 
 

6.3 0.6 0.02 
 

6.4 0.8 0.02 30 27 

Tree Planting 3-Days 21 
 

7 0.6 0.02 
 

5.2 0.7 0.01 87 25 

Herbaceous 

Vegetation 

3-Days 22 

 

6.6 0.6 0.02 

 

7.9 0.8 0.02 44 25 

Herbaceous 

Vegetation 

3-Days 23 

 

9 0.7 0.01 

 

7 1 0.02 32 28 

Tree Planting 3-Days 24 
 

7.1 0.6 0.01 
 

6.4 0.8 0.01 129 31 
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Supplemental Table 3.4 (Continued) 

 
 

Pre-dosing Data 
 

Post-dosing Data 

Vegetation Hydroperiod 

Meso.  

I.D. 

 TC  

(mg g-1) 

TN 

 (mg g1) 

Extrac. P 

(mg g-1)  

TC  

(mg g-1) 

TN 

(mg g-1) 

Extract. P  

(mg g-1) 

Chl-a 

(mg m-2) 

AFDM  

(mg g-1) 

Tree Planting 3-Days 25 
 

7.4 0.7 0.02 
 

7.7 0.9 0.02 78 29 

Bare Soil 3-Days 26 
 

5.8 0.6 0.02 
 

5.5 0.8 0.02 46 31 

Bare Soil 3-Days 27 
 

5.7 0.5 0.01 
 

6.3 0.8 0.02 115 30 

Herbaceous 

Vegetation 

3-weeks 28 

 

8.4 0.7 0.01 

 

8.6 0.9 0.01 13 32 

Tree Planting 3-weeks 29 
 

7.9 0.6 0.01 
 

6.7 0.9 0.02 12 26 

Herbaceous 

Vegetation 

3-weeks 30 

 

6.8 0.6 0.02 

 

6.3 0.9 0.02 2 30 

Bare Soil 3-weeks 31 
 

6 0.5 0.02 
 

5.1 0.9 0.02 8 31 

Bare Soil 3-weeks 32 
 

7.5 0.6 0.01 
 

6 1 0.02 6 30 
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Supplemental Table 3.4 (Continued) 

 
 

 
 

Pre-dosing Data 
 

Post-dosing Data 

Vegetation Hydroperiod 

Meso.  

I.D. 

 TC  

(mg g-1) 

TN 

 (mg g1) 

Extrac. P 

(mg g-1)  

TC  

(mg g-1) 

TN 

(mg g-1) 

Extract. P  

(mg g-1) 

Chl-a 

(mg m-2) 

AFDM  

(mg g-1) 

Herbaceous 

Vegetation 

3-weeks 33 

 

5.8 0.5 0.01 

 

6 0.7 0.02 5 24 

Tree Planting 3-weeks 34 
 

6 0.6 0.02 
 

5.8 0.8 0.01 7 26 

Tree Planting 3-weeks 35 
 

5.8 0.5 0.01 
 

4.5 0.7 0.01 21 26 

Bare Soil 3-weeks 36 
 

6.5 0.6 0.01 
 

5.8 0.9 0.01 30 28 

 

  



238 

 

REFERENCES 

Alldred, M., & Baines, S. B. (2016). Effects of wetland plants on denitrification rates: a meta-

analysis. Ecological Applications, 26(3), 676–685. 

https://doi.org/https://doi.org/10.1890/14-1525 

Allen, J., Keeland, B., Stanturf, J., Clewell, A., & Kennedy Jr, H. (2001). , A guide to bottomland 

hardwood restoration: U.S. Geological Survey, Biological Resources Division Information 

and Technology Report USGS/BRD/ITR-2000-0011 . 

Ann, Y., Reddy, K. R., & Delfino, J. J. (1999). Influence of redox potential on phosphorus 

solubility in chemically amended wetland organic soils. Ecological Engineering, 14(1–2), 

169–180. https://doi.org/10.1016/S0925-8574(99)00027-0 

Ardón, M., Morse, J. L., Colman, B. P., & Bernhardt, E. S. (2013). Drought-induced saltwater 

incursion leads to increased wetland nitrogen export. Global Change Biology, 19(10), 

2976–2985. https://doi.org/https://doi.org/10.1111/gcb.12287 

Argiroff, W. A., Zak, D. R., Lanser, C. M., & Wiley, M. J. (2017). Microbial Community 

Functional Potential and Composition Are Shaped by Hydrologic Connectivity in Riverine 

Floodplain Soils. Microbial Ecology, 73(3), 630–644. https://doi.org/10.1007/s00248-016-

0883-9 

Association of Official Analytical Chemist. (2000). Micro-chemical Determination of Carbon, 

Hydrogen, and Nitrogen, Automated Method. In Official Methods of Analysis of AOAC 

International: Vol. Method 972.43 (17th ed.). AOAC. 



239 

 

Axt, J. R., & Walbridge, M. R. (1999). Phosphate Removal Capacity of Palustrine Forested 

Wetlands and Adjacent Uplands in Virginia. Soil Science Society of America Journal, 63(4), 

1019–1031. https://doi.org/https://doi.org/10.2136/sssaj1999.6341019x 

Baeseman, J. L., Smith, R. L., & Silverstein, J. (2006). Microbial Ecology Denitrification 

Potential in Stream Sediments Impacted by Acid Mine Drainage: Effects of pH, Various 

Electron Donors, and Iron. Microbial Ecology, 51, 232–241. 

https://doi.org/10.1007/s00248-005-5155-z 

Bagheri-Novair, S., Hosseini, H. M., Etesami, H., Razavipour, T., Lajayer, B. A., & Astatkie, T. 

(2020). Short-term soil drying-rewetting effects on respiration rate and microbial biomass 

carbon and phosphorus in a 60-year paddy soil. 3 Biotech. https://doi.org/10.1007/s13205-

020-02486-w 

Bai, J., Ouyang, H., Deng, W., Zhu, Y., Zhang, X., & Wang, Q. (2005). Spatial distribution 

characteristics of organic matter and total nitrogen of marsh soils in river marginal 

wetlands. Geoderma, 124(1–2), 181–192. 

https://doi.org/10.1016/J.GEODERMA.2004.04.012 

Bai, J., Ouyang, H., Xiao, R., Gao, J., Gao, H., Cui, B., & Huang, L. (2010). Spatial variability 

of soil carbon, nitrogen, and phosphorus content and storage in an alpine wetland in the 

Qinghai–Tibet Plateau, China. Soil Research, 48(8), 730–736. 

https://doi.org/10.1071/SR09171 

Bai, J., Wang, Q., Deng, W., Gao, H., Tao, W., & Xiao, R. (2012). Spatial and seasonal 

distribution of nitrogen in marsh soils of a typical floodplain wetland in Northeast China. 



240 

 

Environmental Monitoring and Assessment, 184(3), 1253–1263. 

https://doi.org/10.1007/s10661-011-2037-3 

Bai, J., Yu, L., Du, S., Wei, Z., Liu, Y., Zhang, L., Zhang, G., & Wang, X. (2020). Effects of 

flooding frequencies on soil carbon and nitrogen stocks in river marginal wetlands in a ten-

year period. Journal of Environmental Management, 267, 110618. 

https://doi.org/10.1016/J.JENVMAN.2020.110618 

Baldwin, D. S., & Mitchell, A. M. (2000a). The effects of drying and re-flooding on the sediment 

and soil nutrient dynamics of lowland river–floodplain systems: a synthesis. Regulated 

Rivers: Research & Management, 16(5), 457–467. 

https://doi.org/https://doi.org/10.1002/1099-1646(200009/10)16:5<457::AID-

RRR597>3.0.CO;2-B 

Baldwin, D. S., & Mitchell, A. M. (2000b). The effects of drying and re-flooding on the 

sediment and soil nutrient dynamics of lowland river-floodplain systems: A synthesis. River 

Research and Applications, 16(5), 457–467. https://doi.org/10.1002/1099-

1646(200009/10)16:5<457::aid-rrr597>3.0.co;2-b 

Baldwin, D. S., Paul, W. L., Wilson, J. S., Pitman, T., Rees, G. N., & Klein, A. R. (2015). 

Changes in soil carbon in response to flooding of the floodplain of a semi-arid lowland 

river. Freshwater Science, 34(2), 431–439. https://doi.org/10.1086/681009 

Ballantine, K. A., Lehmann, J., Schneider, R. L., & Groffman, P. M. (2015). Trade-offs between 

soil-based functions in wetlands restored with soil amendments of differing lability. 

Ecological Applications, 25(1), 215–225. https://doi.org/https://doi.org/10.1890/13-1409.1 



241 

 

Bao, F., Pott, A., Ferreira, F. A., & Arruda, R. (2014). Soil seed bank of floodable native and 

cultivated grassland in the Pantanal wetland: effects of flood gradient, season and species 

invasion. Brazilian Journal of Botany, 37(3), 239–250. https://doi.org/10.1007/s40415-014-

0076-z 

Bash, J. S., & Ryan, C. M. (2002). Stream Restoration and Enhancement Projects: Is Anyone 

Monitoring? Environmental Management, 29(6), 877–885. https://doi.org/10.1007/s00267-

001-0066-3 

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting Linear Mixed-Effects Models 

Using lme4. Journal of Statistical Software, 67(1), 1–48. 

Bernal, B., & Mitsch, W. J. (2008). A comparison of soil carbon pools and profiles in wetlands 

in Costa Rica and Ohio. Ecological Engineering, 34(4), 311–323. 

https://doi.org/10.1016/J.ECOLENG.2008.09.005 

Bernhardt, E. S., & Likens, G. E. (2002). Dissolved Organic Carbon Enrichment Alters Nitrogen 

Dynamics in a Forested Stream. Ecology, 83(6), 1689–1700. 

https://doi.org/https://doi.org/10.1890/0012-9658(2002)083[1689:DOCEAN]2.0.CO;2 

Bernot, M. J., & Dodds, W. K. (2005). Nitrogen Retention, Removal, and Saturation in Lotic 

Ecosystems. Ecosystems, 8(4), 442–453. https://doi.org/10.1007/s10021-003-0143-y 

Bezabih Beyene, B., Li, J., Yuan, J., Dong, Y., Liu, D., Chen, Z., Kim, J., Kang, H., Freeman, 

C., & Ding, W. (2022). Non‐native plant invasion can accelerate global climate change by 

increasing wetland methane and terrestrial nitrous oxide emissions. Global Change Biology, 

28(18), 5453–5468. https://doi.org/10.1111/gcb.16290 



242 

 

Bini, L. M., Landeiro, V. L., Padial, A. A., Siqueira, T., & Heino, J. (2014). Nutrient enrichment 

is related to two facets of beta diversity for stream invertebrates across the United States. 

Ecology, 95(6), 1569–1578. https://doi.org/https://doi.org/10.1890/13-0656.1 

Blackwell, M. S. A., Brookes, P. C., de la Fuente-Martinez, N., Murray, P. J., Snars, K. E., 

Williams, J. K., & Haygarth, P. M. (2009). Effects of soil drying and rate of re-wetting on 

concentrations and forms of phosphorus in leachate. Biology and Fertility of Soils, 45(6), 

635–643. https://doi.org/10.1007/s00374-009-0375-x 

Blake, G. R., & Hartge, K. H. (1986). Bulk Density. In Methods of Soil Analysis (pp. 363–375). 

https://doi.org/https://doi.org/10.2136/sssabookser5.1.2ed.c13 

Block, W. M., Franklin, A. B., Ward Jr., J. P., Ganey, J. L., & White, G. C. (2001). Design and 

Implementation of Monitoring Studies to Evaluate the Success of Ecological Restoration on 

Wildlife. Restoration Ecology, 9(3), 293–303. https://doi.org/https://doi.org/10.1046/j.1526-

100x.2001.009003293.x 

Bohn, T. J., Lettenmaier, D. P., Sathulur, K., Bowling, L. C., Podest, E., McDonald, K. C., & 

Friborg, T. (2007). Methane emissions from western Siberian wetlands: heterogeneity and 

sensitivity to climate change. Environmental Research Letters, 2(4), 045015. 

https://doi.org/10.1088/1748-9326/2/4/045015 

Borrok, D. M., Lenz, R. M., Jennings, J. E., Gentry, M. L., Steensma, J., & Vinson, D. S. (2018). 

The origins of high concentrations of iron, sodium, bicarbonate, and arsenic in the Lower 

Mississippi River Alluvial Aquifer. Applied Geochemistry, 98, 383–392. 

https://doi.org/10.1016/J.APGEOCHEM.2018.10.014 



243 

 

Bostic, E. M., & White, J. R. (2007). Soil Phosphorus and Vegetation Influence on Wetland 

Phosphorus Release after Simulated Drought. Soil Science Society of America Journal, 

71(1), 238–244. https://doi.org/10.2136/sssaj2006.0137 

Braskerud, B. C., Hartnik, T., & Løvstad, Ø. (2005). The effect of the redox-potential on the 

retention of phosphorus in a small constructed wetland. Water Science and Technology, 

51(3–4), 127–134. https://doi.org/10.2166/wst.2005.0583 

Brettar, I., Sanchez-Perez, J.-M., & Trémolières, M. (2002). Nitrate elimination by 

denitrification in hardwood forest soils of the Upper Rhine floodplain – correlation with 

redox potential and organic matter. Hydrobiologia, 469(1), 11–21. 

https://doi.org/10.1023/A:1015527611350 

Bridgham, S. D., Johnston, C. A., Schubauer-Berigan, J. P., & Weishampel, P. (2001). 

Phosphorus Sorption Dynamics in Soils and Coupling with Surface and Pore Water in 

Riverine Wetlands. Soil Science Society of America Journal, 65(2), 577–588. 

https://doi.org/10.2136/sssaj2001.652577x 

Brix, H. (1997). Do macrophytes play a role in constructed treatment wetlands? Water Science 

and Technology, 35(5), 11–17. https://doi.org/10.1016/S0273-1223(97)00047-4 

Broadfoot, W. M. (1967). Shallow-Water Impoundment Increases Soil Moisture and Growth of 

Hardwoods. Soil Science Society of America Journal, 31(4), 562–564. 

https://doi.org/10.2136/sssaj1967.03615995003100040036x 

Brockett, B. F. T., Prescott, C. E., & Grayston, S. J. (2012). Soil moisture is the major factor 

influencing microbial community structure and enzyme activities across seven 



244 

 

biogeoclimatic zones in western Canada. Soil Biology and Biochemistry, 44(1), 9–20. 

https://doi.org/10.1016/J.SOILBIO.2011.09.003 

Bronson, K. F., Neue, H.-U., Abao, E. B., & Singh, U. (1997). Automated Chamber 

Measurements of Methane and Nitrous Oxide Flux in a Flooded Rice Soil: II. Fallow Period 

Emissions. Soil Science Society of America Journal, 61(3), 988–993. 

https://doi.org/10.2136/sssaj1997.03615995006100030039x 

Brown, R. (2023). Assessing Nutrient Retention and Removal Measurements Among Restored 

Floodplain Wetlands [Dissertation]. Tennessee Technological University. 

Bruland, G. L., & Richardson, C. J. (2005a). Hydrologic, Edaphic, and Vegetative Responses to 

Microtopographic Reestablishment in a Restored Wetland. Restoration Ecology, 13(3), 

515–523. https://doi.org/10.1111/j.1526-100X.2005.00064.x 

Bruland, G. L., & Richardson, C. J. (2005b). Spatial Variability of Soil Properties in Created, 

Restored, and Paired Natural Wetlands. Soil Science Society of America Journal, 69(1), 

273–284. https://doi.org/https://doi.org/10.2136/sssaj2005.0273a 

Bruland, G. L., & Richardson, C. J. (2006). An Assessment of the Phosphorus Retention 

Capacity of Wetlands in the Painter Creek Watershed, Minnesota, USA. Water, Air, & Soil 

Pollution, 171(1), 169–184. https://doi.org/10.1007/s11270-005-9032-7 

Bünemann, E. K., Keller, B., Keller, B., Hoop, D., Jud, K., Boivin, P., & Frossard, E. (2013). 

Increased availability of phosphorus after drying and rewetting of a grassland soil: 

processes and plant use. Plant and Soil. https://doi.org/10.1007/s11104-013-1651-y 



245 

 

Burke, M. K., Lockaby, B. G., & Conner, W. H. (1999). Aboveground production and nutrient 

circulation along a flooding gradient in a South Carolina Coastal Plain forest. Canadian 

Journal of Forest Research, 29(9), 1402–1418. https://doi.org/10.1139/x99-111 

Calabrese, S., Garcia, A., Wilmoth, J. L., Zhang, X., & Porporato, A. (2021). Critical inundation 

level for methane emissions from wetlands. Environmental Research Letters, 16(4), 

044038. https://doi.org/10.1088/1748-9326/abedea 

Carleton, J. N., Grizzard, T. J., Godrej, A. N., & Post, H. E. (2001). Factors affecting the 

performance of stormwater treatment wetlands. Water Research, 35(6), 1552–1562. 

https://doi.org/10.1016/S0043-1354(00)00416-4 

Castaldelli, G., Colombani, N., Vincenzi, F., & Mastrocicco, M. (2013). Linking dissolved 

organic carbon, acetate and denitrification in agricultural soils. Environmental Earth 

Sciences, 68(4), 939–945. https://doi.org/10.1007/s12665-012-1796-7 

Chen, H., Jarosch, K. A., Mészáros, É., Frossard, E., Zhao, X., & Oberson, A. (2021). Repeated 

drying and rewetting differently affect abiotic and biotic soil phosphorus (P) dynamics in a 

sandy soil: A 33P soil incubation study. Soil Biology and Biochemistry, 153, 108079. 

https://doi.org/10.1016/j.soilbio.2020.108079 

Clarke, P. J. (1985). Nitrogen pools and soil characteristics of a temperate estuarine wetland in 

eastern Australia. Aquatic Botany, 23(3), 275–290. https://doi.org/10.1016/0304-

3770(85)90071-3 

Cooke, J. A., & Johnson, M. S. (2002). Ecological restoration of land with particular reference to 

the mining of metals and industrial minerals: A review of theory and practice. 

Environmental Reviews, 10(1), 41–71. https://doi.org/10.1139/a01-014 



246 

 

Cooper, D. J., Kaczynski, K. M., Sueltenfuss, J., Gaucherand, S., & Hazen, C. (2017). Mountain 

wetland restoration: The role of hydrologic regime and plant introductions after 15 years in 

the Colorado Rocky Mountains, U.S.A. Ecological Engineering, 101, 46–59. 

https://doi.org/10.1016/j.ecoleng.2017.01.017 

Cornwell, J. C., Kemp, W. M., & Kana, T. M. (1999). Denitrification in coastal ecosystems: 

methods, environmental controls, and ecosystem level controls, a review. Aquatic Ecology, 

33(1), 41–54. https://doi.org/10.1023/A:1009921414151 

Craft, C. B. (1996). Dynamics of nitrogen and phosphorus retention during wetland ecosystem 

succession. Wetlands Ecology and Management, 4(3), 177–187. 

https://doi.org/10.1007/BF01879236 

Dale, V., Bianchi, T., Blumberg, A., Boynton, W., Conley, D. J., Crumpton, W., David, M., 

Gilbert, D., Howarth, R. W., Kling, C., Lowrance, R. R., Mankin, K., Meyer, J. L., 

Opaluch, J., Paerl, H., Reckhow, K., Sanders, J., Sharpley, A. N., Simpson, T. W., … 

Wangsness, D. (2008). Hypoxia in the Northern Gulf of Mexico: An update by the EPA 

Science Advisory Board. Environmental Protection Agency. EPA-SAB-08-003. 

Darke, A. K., & Walbridge, M. R. (2000). Al and Fe Biogeochemistry in a floodplain forest: 

Implications for P retention. Biogeochemistry, 51(1), 1–32. 

https://doi.org/10.1023/A:1006302600347 

De Groot, C.-J., & Van Wijck, C. (1993). The impact of desiccation of a freshwater marsh 

(Garcines Nord, Camargue, France) on sediment-water-vegetation interactions. 

Hydrobiologia, 252(1), 83–94. https://doi.org/10.1007/BF00000130 



247 

 

de Klein, J. J. M., Overbeek, C. C., Juncher Jørgensen, C., & Veraart, A. J. (2017). Effect of 

Temperature on Oxygen Profiles and Denitrification Rates in Freshwater Sediments. 

Wetlands, 37(5), 975–983. https://doi.org/10.1007/s13157-017-0933-1 

De Steven, D., & Gramling, J. M. (2012). Diverse Characteristics of Wetlands Restored under 

the Wetlands Reserve Program in the Southeastern United States. Wetlands, 32(4), 593–

604. https://doi.org/10.1007/s13157-012-0303-y 

Dettmann, E. H. (2001). Effect of water residence time on annual export and denitrification of 

nitrogen in estuaries: A model analysis. Estuaries, 24(4), 481–490. 

https://doi.org/10.2307/1353250 

Devlin, J. F., Eedy, R., & Butler, B. J. (2000). The effects of electron donor and granular iron on 

nitrate transformation rates in sediments from a municipal water supply aquifer. Journal of 

Contaminant Hydrology, 46(1–2), 81–97. https://doi.org/10.1016/S0169-7722(00)00126-1 

Ding, C., Du, S., Ma, Y., Li, X., Zhang, T., & Wang, X. (2019). Changes in the pH of paddy 

soils after flooding and drainage: Modeling and validation. Geoderma, 337, 511–513. 

https://doi.org/10.1016/J.GEODERMA.2018.10.012 

Ding, J., Hua, Z., & Chu, K. (2019). The effect of hydrodynamic forces of drying/wetting cycles 

on the release of soluble reactive phosphorus from sediment. Environmental Pollution, 252, 

992–1001. https://doi.org/10.1016/J.ENVPOL.2019.06.016 

Dodds, W., & Whiles, M. (2010). Freshwater Ecology: Concepts and Environmental 

Applications of Limnology (2nd ed.). Elsevier. 



248 

 

Doney, S. C. (2010). The Growing Human Footprint on Coastal and Open-Ocean 

Biogeochemistry. Science, 328(5985), 1512–1516. https://doi.org/10.1126/science.1185198 

Dong, L. F., Smith, C. J., Papaspyrou, S., Stott, A., Osborn, A. M., & Nedwell, D. B. (2009). 

Changes in Benthic Denitrification, Nitrate Ammonification, and Anammox Process Rates 

and Nitrate and Nitrite Reductase Gene Abundances along an Estuarine Nutrient Gradient 

(the Colne Estuary, United Kingdom). Applied and Environmental Microbiology, 75(10), 

3171–3179. https://doi.org/10.1128/AEM.02511-08 

Drake, C. W., Jones, C. S., Schilling, K. E., Amado, A. A., & Weber, L. J. (2018). Estimating 

nitrate-nitrogen retention in a large constructed wetland using high-frequency, continuous 

monitoring and hydrologic modeling. Ecological Engineering, 117, 69–83. 

https://doi.org/10.1016/J.ECOLENG.2018.03.014 

Dunne, E. J., Reddy, K. R., & Clark, M. W. (2006a). Phosphorus release and retention by soils of 

natural isolated wetlands. International Journal of Environment and Pollution, 28(3/4), 496. 

https://doi.org/10.1504/IJEP.2006.011225 

Dunne, E. J., Reddy, R., & Clark, M. W. (2006b). Biogeochemical indices of phosphorus 

retention and release by wetland soils and adjacent stream sediments. Wetlands, 26(4), 

1026–1041. https://doi.org/10.1672/0277-5212(2006)26[1026:BIOPRA]2.0.CO;2 

Edmondson, W. T. (1994). Sixty Years of Lake Washington: a Curriculum Vitae. Lake and 

Reservoir Management, 10(2), 75–84. https://doi.org/10.1080/07438149409354178 

Escalera-Vazquez, L. H., & Zambrano, L. (2010). The effect of seasonal variation in abiotic 

factors on fish community structure in temporary and permanent pools in a tropical wetland. 

Freshwater Biology, 55(12), 2557–2569. https://doi.org/10.1111/j.1365-2427.2010.02486.x 



249 

 

Evans, J. L., & Murdock, J. N. (2018). Drivers of Nutrient Retention in a Shallow Agricultural 

Lake. In ProQuest Dissertations and Theses. 

https://ezproxy.tntech.edu/login?url=https://www.proquest.com/dissertations-theses/drivers-

nutrient-retention-shallow-agricultural/docview/2172417976/se-2?accountid=28833 

Faulkner, S., Barrow, W., Keeland, B., Walls, S., & Telesco, D. (2011a). Effects of conservation 

practices on wetland ecosystem services in the Mississippi Alluvial Valley. Ecological 

Applications, 21(sp1), S31–S48. https://doi.org/10.1890/10-0592.1 

Faulkner, S., Barrow, W., Keeland, B., Walls, S., & Telesco, D. (2011b). Effects of conservation 

practices on wetland ecosystem services in the Mississippi Alluvial Valley. Ecological 

Applications, 21(3), S31–S48. 

Faulkner, S. P., & Patrick Jr., W. H. (1992). Redox Processes and Diagnostic Wetland Soil 

Indicators in Bottomland Hardwood Forests. Soil Science Society of America Journal, 

56(3), 856–865. https://doi.org/https://doi.org/10.2136/sssaj1992.03615995005600030030x 

Firestone, M. K., Firestone, R. B., Firestone, R. B., & Tiedje, J. M. (1980). Nitrous Oxide from 

Soil Denitrification: Factors Controlling Its Biological Production. Science. 

https://doi.org/10.1126/science.208.4445.749 

Freeman, C., Lock, M. A., Hughes, S., Reynolds, B., & Hudson, J. A. (1997). Nitrous Oxide 

Emissions and the Use of Wetlands for Water Quality Amelioration. Environmental Science 

& Technology, 31(8), 2438–2440. https://doi.org/10.1021/es9604673 

Gacia, E., Bernal, S., Nikolakopoulou, M., Carreras, E., Morgado, L., Ribot, M., Isnard, M., 

Sorolla, A., Sabater, F., & Martí, E. (2019). The role of helophyte species on nitrogen and 



250 

 

phosphorus retention from wastewater treatment plant effluents. Journal of Environmental 

Management, 252, 109585. https://doi.org/10.1016/J.JENVMAN.2019.109585 

Galatowitsch, S. M., & van der Valk, A. G. (1996). The Vegetation of Restored and Natural 

Prairie Wetlands. Ecological Applications, 6(1), 102–112. https://doi.org/10.2307/2269557 

Galloway, J. N., & Cowling, E. B. (2002). Reactive Nitrogen and The World: 200 Years of 

Change. AMBIO: A Journal of the Human Environment, 31(2), 64–71. 

https://doi.org/10.1579/0044-7447-31.2.64 

Gao, H., Bai, J., Xiao, R., Yan, D., Huang, L., & Huang, C. (2012). Soil Net Nitrogen 

Mineralization in Salt Marshes with Different Flooding Periods in the Yellow River Delta, 

China. CLEAN – Soil, Air, Water, 40(10), 1111–1117. 

https://doi.org/https://doi.org/10.1002/clen.201200031 

Glibert, P. M. (2017). Eutrophication, harmful algae and biodiversity — Challenging paradigms 

in a world of complex nutrient changes. Marine Pollution Bulletin, 124(2), 591–606. 

https://doi.org/10.1016/J.MARPOLBUL.2017.04.027 

Grantz, E. M., Kogo, A., & Scott, J. T. (2012). Partitioning whole-lake denitrification using in 

situ dinitrogen gas accumulation and intact sediment core experiments. Limnology and 

Oceanography, 57(4), 925–935. https://doi.org/10.4319/lo.2012.57.4.0925 

Griffiths, L. N., Haupt, T. N., Zhang, L., & Mitsch, W. J. (2021). Role of emergent and 

submerged vegetation and algal communities on nutrient retention and management in a 

subtropical urban stormwater treatment wetland. Wetlands Ecology and Management, 

29(2), 245–264. https://doi.org/10.1007/s11273-020-09781-6 



251 

 

Grimm, N. B., Gergel, S. E., McDowell, W. H., Boyer, E. W., Dent, C. L., Groffman, P., Hart, S. 

C., Harvey, J., Johnston, C., Mayorga, E., McClain, M. E., & Pinay, G. (2003). Merging 

aquatic and terrestrial perspectives of nutrient biogeochemistry. Oecologia, 137(4), 485–

501. https://doi.org/10.1007/s00442-003-1382-5 

Groffman, P. M., Eagan, P., Sullivan, W. M., & Lemunyon, J. L. (1996). Grass species and soil 

type effects on microbial biomass and activity. Plant and Soil, 183(1), 61–67. 

https://doi.org/10.1007/BF02185565 

Gross, A., Lin, Y., Weber, P. K., Pett-Ridge, J., & Silver, W. L. (2020). The role of soil redox 

conditions in microbial phosphorus cycling in humid tropical forests. Ecology. 

https://doi.org/10.1002/ecy.2928 

Gu, S., Gruau, G., Malique, F., Dupas, R., Petitjean, P., & Gascuel-Odoux, C. (2018). 

Drying/rewetting cycles stimulate release of colloidal-bound phosphorus in riparian soils. 

Geoderma, 321, 32–41. https://doi.org/10.1016/J.GEODERMA.2018.01.015 

Hambäck, P. A., Dawson, L., Geranmayeh, P., Jarsjö, J., Kačergytė, I., Peacock, M., Collentine, 

D., Destouni, G., Futter, M., Hugelius, G., Hedman, S., Jonsson, S., Klatt, B. K., Lindström, 

A., Nilsson, J. E., Pärt, T., Schneider, L. D., Strand, J. A., Urrutia-Cordero, P., … 

Blicharska, M. (2023). Tradeoffs and synergies in wetland multifunctionality: A scaling 

issue. Science of The Total Environment, 862, 160746. 

https://doi.org/10.1016/J.SCITOTENV.2022.160746 

Hansson, L. A., Brönmark, C., Nilsson, P. A., & Åbjörnsson, K. (2005). Conflicting demands on 

wetland ecosystem services: Nutrient retention, biodiversity or both? Freshwater Biology, 

50(4), 705–714. https://doi.org/10.1111/j.1365-2427.2005.01352.x 



252 

 

Hartman, W. H., & Richardson, C. J. (2013). Differential Nutrient Limitation of Soil Microbial 

Biomass and Metabolic Quotients (qCO2): Is There a Biological Stoichiometry of Soil 

Microbes? PLOS ONE. https://doi.org/10.1371/journal.pone.0057127 

Hefting, M. M., Clement, J. C., Bienkowski, P., Dowrick, D., Guenat, C., Butturini, A., Topa, S., 

Pinay, G., & Verhoeven, J. T. A. (2005). The role of vegetation and litter in the nitrogen 

dynamics of riparian buffer zones in Europe. Ecological Engineering, 24(5), 465–482. 

https://doi.org/10.1016/J.ECOLENG.2005.01.003 

Helsel, D. R. (1990). Less than obvious: statistical treatment of data below the detection limit. 

Environmental Science & Technology, 24(12), 1766–1774. 

Herbert, E. R., Schubauer-Berigan, J. P., Schubauer-Berigan, J. P., & Craft, C. (2020). Effects of 

10 yr of nitrogen and phosphorus fertilization on carbon and nutrient cycling in a tidal 

freshwater marsh. Limnology and Oceanography. https://doi.org/10.1002/lno.11411 

Hernandez, M. E., & Mitsch, W. J. (2007). Denitrification in created riverine wetlands: Influence 

of hydrology and season. Ecological Engineering, 30(1), 78–88. 

https://doi.org/10.1016/J.ECOLENG.2007.01.015 

Hogan, D. M., Jordan, T. E., & Walbridge, M. R. (2004). Phosphorus retention and soil organic 

carbon in restored and natural freshwater wetlands. Wetlands, 24(3), 573–585. 

https://doi.org/10.1672/0277-5212(2004)024[0573:PRASOC]2.0.CO;2 

Hopkinson, C. S. (1992). A comparison of ecosystem dynamics in freshwater wetlands. 

Estuaries, 15(4), 549–562. https://doi.org/10.2307/1352397 



253 

 

Hu, C., Li, F., Xie, Y. H., Deng, Z. M., Hou, Z. Y., & Li, X. (2019). Spatial distribution and 

stoichiometry of soil carbon, nitrogen and phosphorus along an elevation gradient in a 

wetland in China. European Journal of Soil Science, ejss.12821. 

https://doi.org/10.1111/ejss.12821 

Huang, L., Gao, X., Guo, J., Ma, X., & Liu, M. (2013). A review on the mechanism and 

affecting factors of nitrous oxide emission in constructed wetlands. Environmental Earth 

Sciences, 68(8), 2171–2180. https://doi.org/10.1007/s12665-012-1900-z 

Hunter, R. G., & Faulkner, S. P. (2001). Denitrification Potentials in Restored and Natural 

Bottomland Hardwood Wetlands. Soil Science Society of America Journal, 65(6), 1865–

1872. https://doi.org/10.2136/sssaj2001.1865 

Hunting, E. R., & van der Geest, H. G. (2011). Predictability of bacterial activity and 

denitrification in aquatic sediments with continuous measurements of redox potential. 

International Journal of Environmental Science & Technology, 8(3), 553–560. 

https://doi.org/10.1007/BF03326241 

Jacks, G., Joelsson, A., & Fleischer, S. (1994). Nitrogen Retention in Forest Wetlands. Ambio, 

23(6), 358–362. http://www.jstor.org/stable/4314236 

Jadhav, R. S., & Buchberger, S. G. (1995). Effects of vegetation on flow through free water 

surface wetlands. Ecological Engineering, 5(4), 481–496. https://doi.org/10.1016/0925-

8574(95)00039-9 

Jansson, M., Andersson, R., Berggren, H., & Leonardson, L. (1994). Wetlands and Lakes as 

Nitrogen Traps. Ambio, 23(6), 320–325. http://www.jstor.org/stable/4314231 



254 

 

Jared Diamond. (1986). Labratory Experiments, Field Experiments, and Natural Experiments. In 

Community Ecology (pp. 3–22). 

Jayakumar, A., O’Mullan, G. D., Naqvi, S. W. A., & Ward, B. B. (2009). Denitrifying Bacterial 

Community Composition Changes Associated with Stages of Denitrification in Oxygen 

Minimum Zones. Microbial Ecology, 58(2), 350–362. https://doi.org/10.1007/s00248-009-

9487-y 

Jenkins, W. A., Murray, B. C., Kramer, R. A., & Faulkner, S. P. (2010). Valuing ecosystem 

services from wetlands restoration in the Mississippi Alluvial Valley. Ecological 

Economics, 69(5), 1051–1061. https://doi.org/10.1016/J.ECOLECON.2009.11.022 

Jha, N., Palmada, T., Berben, P., Saggar, S., Luo, J., & McMillan, A. M. S. (2020). Influence of 

liming-induced pH changes on nitrous oxide emission, nirS, nirK and nosZ gene abundance 

from applied cattle urine in allophanic and fluvial grazed pasture soils. Biology and Fertility 

of Soils, 56(6), 811–824. https://doi.org/10.1007/s00374-020-01460-1 

Johnson, D. W., Cheng, W., & Burke, I. C. (2000). Biotic and Abiotic Nitrogen Retention in a 

Variety of Forest Soils. Soil Science Society of America Journal, 64(4), 1503–1514. 

https://doi.org/https://doi.org/10.2136/sssaj2000.6441503x 

Johnston, C. A. (1991). Sediment and nutrient retention by freshwater wetlands: Effects on 

surface water quality. Critical Reviews in Environmental Control, 21(5–6), 491–565. 

https://doi.org/10.1080/10643389109388425 

Johnston, C. A., Bridgham, S. D., & Schubauer-Berigan, J. P. (2001). Nutrient Dynamics in 

Relation to Geomorphology of Riverine Wetlands. Soil Science Society of America Journal, 

65(2), 557–577. https://doi.org/10.2136/sssaj2001.652557x 



255 

 

Jordan, T. E., Andrews, M. P., Szuch, R. P., Whigham, D. F., Weller, D. E., & Jacobs, A. D. 

(2007). Comparing functional assessments of wetlands to measurements of soil 

characteristics and nitrogen processing. Wetlands, 27(3), 479–497. 

https://doi.org/10.1672/0277-5212(2007)27[479:CFAOWT]2.0.CO;2 

Joris, I., & Feyen, J. (2003). Modelling water flow and seasonal soil moisture dynamics in 

analluvial groundwater-fed wetland. Hydrology and Earth System Sciences, 7(1), 57–66. 

https://doi.org/10.5194/hess-7-57-2003 

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

(1994). Membrane Inlet Mass Spectrometer for Rapid High-Precision Determination of N2, 

O2, and Ar in Environmental Water Samples. Analytical Chemistry, 66(23), 4166–4170. 

Kana, T. M., Darkangelo, C., Hunt, M. D., Oldham, J. B., Bennett, G. E., & Cornwell, J. C. 

(1994). Membrane Inlet Mass Spectrometer for Rapid High-Precision Determination of N2, 

O2, and Ar in Environmental Water Samples. Analytical Chemistry, 66(23), 4166–4170. 

Kang, E., Li, Y., Zhang, X., Yan, Z., Wu, H., Li, M., Yan, L., Zhang, K., Wang, J., & Kang, X. 

(2021). Soil pH and nutrients shape the vertical distribution of microbial communities in an 

alpine wetland. Science of The Total Environment, 774, 145780. 

https://doi.org/10.1016/J.SCITOTENV.2021.145780 

Kang, J., Hesterberg, D., & Osmond, D. L. (2009). Soil Organic Matter Effects on Phosphorus 

Sorption: A Path Analysis. Soil Science Society of America Journal, 73(2), 360–366. 

https://doi.org/10.2136/sssaj2008.0113 



256 

 

Kelly, C. A., Rudd, J. W. M., & Schindler, D. W. (1990). Acidification by nitric acid — Future 

considerations. Water, Air, and Soil Pollution, 50(1), 49–61. 

https://doi.org/10.1007/BF00284783 

Kelso, B., Smith, R. v, Laughlin, R. J., & Lennox, S. D. (1997). Dissimilatory nitrate reduction 

in anaerobic sediments leading to river nitrite accumulation. Applied and Environmental 

Microbiology, 63(12), 4679–4685. https://doi.org/10.1128/aem.63.12.4679-4685.1997 

Khan, S. U., Hooda, P. S., Blackwell, M. S. A., & Busquets, R. (2019). Microbial Biomass 

Responses to Soil Drying-Rewetting and Phosphorus Leaching. Frontiers in Environmental 

Science, 7. https://doi.org/10.3389/fenvs.2019.00133 

Kim, H., Ogram, A., & Bae, H.-S. (2017). Nitrification, Anammox and Denitrification along a 

Nutrient Gradient in the Florida Everglades. Wetlands, 37(2), 391–399. 

https://doi.org/10.1007/s13157-016-0857-1 

Kjellin, J., Wörman, A., Johansson, H., & Lindahl, A. (2007). Controlling factors for water 

residence time and flow patterns in Ekeby treatment wetland, Sweden. Advances in Water 

Resources, 30(4), 838–850. https://doi.org/10.1016/j.advwatres.2006.07.002 

Klemedtsson, L., Svensson, B. H., & Rosswall, T. (1988). Relationships between soil moisture 

content and nitrous oxide production during nitrification and denitrification. Biology and 

Fertility of Soils, 6(2), 106–111. https://doi.org/10.1007/BF00257658 

Koch, M. S., Maltby, E., Oliver, G. A., & Bakker, S. A. (1992). Factors controlling 

denitrification rates of tidal mudflats and fringing salt marshes in south-west England. 

Estuarine, Coastal and Shelf Science, 34(5), 471–485. https://doi.org/10.1016/S0272-

7714(05)80118-0 



257 

 

Korol, A. R., Noe, G. B., & Ahn, C. (2019). Controls of the spatial variability of denitrification 

potential in nontidal floodplains of the Chesapeake Bay watershed, USA. Geoderma, 338, 

14–29. https://doi.org/10.1016/J.GEODERMA.2018.11.015 

Koskiaho, J., Ekholm, P., Räty, M., Riihimäki, J., & Puustinen, M. (2003). Retaining agricultural 

nutrients in constructed wetlands—experiences under boreal conditions. Ecological 

Engineering, 20(1), 89–103. https://doi.org/10.1016/S0925-8574(03)00006-5 

Kucey, R. M. N., Janzen, H. H., & Leggett, M. E. (1989). Microbially Mediated Increases in 

Plant-Available Phosphorus. Advances in Agronomy, 42(C), 199–228. 

https://doi.org/10.1016/S0065-2113(08)60525-8 

Kumaragamage, D., Amarawansha, G. S., Indraratne, S. P., Indraratne, S. P., Indraratne, S. P., 

Jayarathne, K., Flaten, D., Zvomuya, F., & Akinremi, O. O. (2019). Degree of Phosphorus 

Saturation as a Predictor of Redox-Induced Phosphorus Release from Flooded Soils to 

Floodwater. Journal of Environmental Quality. https://doi.org/10.2134/jeq2019.04.0154 

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). lmerTest Package: Tests in 

Linear Mixed Effects Models. Journal of Statistical Software, 82(13), 1–26. 

https://doi.org/10.18637/jss.v082.i13 

Lenth, R. V. (2022). emmeans: Estimated Marginal Means, aka Least-Squares Means. 

Li, J., Han, G., Zhao, M., Qu, W., Nie, M., Song, W., Xie, B., & Eller, F. (2020). Nitrogen input 

weakens the control of inundation frequency on soil organic carbon loss in a tidal salt 

marsh. Estuarine, Coastal and Shelf Science, 243, 106878. 

https://doi.org/10.1016/J.ECSS.2020.106878 



258 

 

Li, J., Liu, L., Huang, X., Liao, J., & Liu, C. (2022). Cross-effect of wetland substrates properties 

on anammox process in three single-substrate anammox constructed wetlands for treating 

high nitrogen sewage with low C/N. Journal of Environmental Management. 

https://doi.org/10.1016/j.jenvman.2021.114329 

Li, M., Wu, H., Zhang, J., Ngo, H. H., Guo, W., & Kong, Q. (2017). Nitrogen removal and 

nitrous oxide emission in surface flow constructed wetlands for treating sewage treatment 

plant effluent: Effect of C/N ratios. Bioresource Technology, 240, 157–164. 

https://doi.org/10.1016/J.BIORTECH.2017.02.054 

Lieberman, H., Sperber, C. von, Sperber, C. von, Rothman, M., & Kallenbach, C. (2021a). 

Understanding the interdependent cycles of soil carbon, nitrogen and phosphorus during 

soil saturation events. https://doi.org/10.5194/egusphere-egu21-6703 

Lieberman, H., Sperber, C. von, Sperber, C. von, Rothman, M., & Kallenbach, C. (2021b). 

Understanding the interdependent cycles of soil carbon, nitrogen and phosphorus during 

soil saturation events. https://doi.org/10.5194/egusphere-egu21-6703 

Linn, D. M., & Doran, J. W. (1984). Effect of Water-Filled Pore Space on Carbon Dioxide and 

Nitrous Oxide Production in Tilled and Nontilled Soils. Soil Science Society of America 

Journal, 48(6), 1267–1272. 

https://doi.org/https://doi.org/10.2136/sssaj1984.03615995004800060013x 

Lovell, J. T. (2013). Dominant species responses to drought in seasonal wetlands: evidence from 

reciprocal transplants across a moisture gradient. The Journal of the Torrey Botanical 

Society, 140(2), 157–169. https://doi.org/10.3159/TORREY-D-12-00055.1 



259 

 

Lu, S., Hu, H., Sun, Y., & Yang, J. (2009). Effect of carbon source on the denitrification in 

constructed wetlands. Journal of Environmental Sciences, 21(8), 1036–1043. 

https://doi.org/10.1016/S1001-0742(08)62379-7 

Lu, Y., Wassmann, R., Neue, H. U., Huang, C., & Bueno, C. S. (2000). Methanogenic responses 

to exogenous substrates in anaerobic rice soils. Soil Biology and Biochemistry, 32(11–12), 

1683–1690. https://doi.org/10.1016/S0038-0717(00)00085-7 

Lu, Y., Wassmann, R., Neue, H.-U., & Huang, C. (2000). Dynamics of Dissolved Organic 

Carbon and Methane Emissions in a Flooded Rice Soil. Soil Science Society of America 

Journal, 64(6), 2011–2017. https://doi.org/10.2136/sssaj2000.6462011x 

Lüdecke, D. (2018). ggeffects: Tidy Data Frames of Marginal Effects from Regression Models. 

Journal of Open Source Software, 3(26), 772. https://doi.org/10.21105/joss.00772 

Ma, L., Jiang, X., Liu, G., Yao, L., Liu, W., Pan, Y., & Zuo, Y. (2020). Environmental Factors 

and Microbial Diversity and Abundance Jointly Regulate Soil Nitrogen and Carbon 

Biogeochemical Processes in Tibetan Wetlands. Environmental Science & Technology, 

54(6), 3267–3277. https://doi.org/10.1021/acs.est.9b06716 

Maag, M., & Vinther, F. P. (1996). Nitrous oxide emission by nitrification and denitrification in 

different soil types and at different soil moisture contents and temperatures. Applied Soil 

Ecology, 4(1), 5–14. https://doi.org/10.1016/0929-1393(96)00106-0 

Mander, Ü., Kuusemets, V., Lõhmus, K., Mauring, T., Teiter, S., & Augustin, J. (2003). Nitrous 

oxide, dinitrogen and methane emission in a subsurface flow constructed wetland. Water 

Science and Technology, 48(5), 135–142. https://doi.org/10.2166/wst.2003.0301 



260 

 

Maranguit, D., Guillaume, T., & Kuzyakov, Y. (2017). Effects of flooding on phosphorus and 

iron mobilization in highly weathered soils under different land-use types: Short-term 

effects and mechanisms. CATENA, 158, 161–170. 

https://doi.org/10.1016/J.CATENA.2017.06.023 

Marchant, H. K., Holtappels, M., Lavik, G., Ahmerkamp, S., Winter, C., & Kuypers, M. M. M. 

(2016a). Coupled nitrification-denitrification leads to extensive N loss in subtidal permeable 

sediments. Limnology and Oceanography, 61(3), 1033–1048. 

https://doi.org/10.1002/lno.10271 

Marchant, H. K., Holtappels, M., Lavik, G., Ahmerkamp, S., Winter, C., & Kuypers, M. M. M. 

(2016b). Coupled nitrification-denitrification leads to extensive N loss in subtidal 

permeable sediments. Limnology and Oceanography, 61(3), 1033–1048. 

https://doi.org/10.1002/lno.10271 

Marton, J. M., Fennessy, M. Siobhan., & Craft, C. B. (2014). Functional Differences between 

Natural and Restored Wetlands in the Glaciated Interior Plains. Journal of Environmental 

Quality, 43(1), 409–417. https://doi.org/10.2134/jeq2013.04.0118 

Maucieri, C., Barbera, A. C., Vymazal, J., & Borin, M. (2017). A review on the main affecting 

factors of greenhouse gases emission in constructed wetlands. Agricultural and Forest 

Meteorology, 236, 175–193. https://doi.org/10.1016/J.AGRFORMET.2017.01.006 

Maynard, J. J., Dahlgren, R. A., & O’Geen, A. T. (2011). Soil carbon cycling and sequestration 

in a seasonally saturated wetland receiving agricultural runoff. Biogeosciences, 8(11), 

3391–3406. https://doi.org/10.5194/bg-8-3391-2011 



261 

 

McFeeters, S. K. (1996). The use of the Normalized Difference Water Index (NDWI) in the 

delineation of open water features. International Journal of Remote Sensing, 17(7), 1425–

1432. https://doi.org/10.1080/01431169608948714 

McKee, K. L., & Cherry, J. A. (2009). Hurricane Katrina sediment slowed elevation loss in 

subsiding brackish marshes of the Mississippi River delta. Wetlands, 29(1), 2–15. 

https://doi.org/10.1672/08-32.1 

McNicol, G., & Silver, W. L. (2014). Separate effects of flooding and anaerobiosis on soil 

greenhouse gas emissions and redox sensitive biogeochemistry. Journal of Geophysical 

Research: Biogeosciences, 119(4), 557–566. 

https://doi.org/https://doi.org/10.1002/2013JG002433 

Mehlich, A. (1984). Mehlich 3 soil test extractant: A modification of Mehlich 2 extractant. 

Communications in Soil Science and Plant Analysis, 15(12), 1409–1416. 

https://doi.org/10.1080/00103628409367568 

Miller, J. R., & Hobbs, R. J. (2007). Habitat Restoration—Do We Know What We’re Doing? 

Restoration Ecology, 15(3), 382–390. https://doi.org/10.1111/j.1526-100X.2007.00234.x 

Mitsch, W. J., Bernal, B., & Hernandez, M. E. (2015). Ecosystem services of wetlands. 

International Journal of Biodiversity Science, Ecosystem Services & Management, 11(1), 

1–4. https://doi.org/10.1080/21513732.2015.1006250 

Mitsch, W. J., Cronk, J. K., Wu, X., Nairn, R. W., & Hey, D. L. (1995). Phosphorus Retention in 

Constructed Freshwater Riparian Marshes. Ecological Applications, 5(3), 830–845. 

https://doi.org/10.2307/1941991 



262 

 

Mitsch, W. J., Day, J. W., Zhang, L., & Lane, R. R. (2005). Nitrate-nitrogen retention in 

wetlands in the Mississippi River Basin. Ecological Engineering, 24(4), 267–278. 

https://doi.org/10.1016/J.ECOLENG.2005.02.005 

Mitsch, W. J., & Gossilink, J. G. (2000). The value of wetlands: importance of scale and 

landscape setting. Ecological Economics, 35(1), 25–33. https://doi.org/10.1016/S0921-

8009(00)00165-8 

Mitsch, W. J., & Wilson, R. F. (1996). Improving the Success of Wetland Creation and 

Restoration with Know-How, Time, and Self-Design. Ecological Applications, 6(1), 77–83. 

https://doi.org/10.2307/2269554 

Mitsch, W. J., Zhang, L., Anderson, C. J., Altor, A. E., & Hernández, M. E. (2005). Creating 

riverine wetlands: Ecological succession, nutrient retention, and pulsing effects. Ecological 

Engineering, 25(5), 510–527. https://doi.org/10.1016/j.ecoleng.2005.04.014 

Montgomery, J. S., Hopkinson, C., Brisco, B., Patterson, S., & Rood, S. B. (2018). Wetland 

hydroperiod classification in the western prairies using multitemporal synthetic aperture 

radar. Hydrological Processes, 32(10), 1476–1490. 

https://doi.org/https://doi.org/10.1002/hyp.11506 

Moor, H., Rydin, H., Hylander, K., Nilsson, M. B., Lindborg, R., & Norberg, J. (2017). Towards 

a trait-based ecology of wetland vegetation. Journal of Ecology, 105(6), 1623–1635. 

https://doi.org/10.1111/1365-2745.12734 

Moriarty, D. J. W. (1997). The role of microorganisms in aquaculture ponds. Aquaculture, 

151(1–4), 333–349. https://doi.org/10.1016/S0044-8486(96)01487-1 



263 

 

Morillas, L., Portillo-Estrada, M., & Gallardo, A. (2013). Wetting and drying events determine 

soil N pools in two Mediterranean ecosystems. Applied Soil Ecology, 72, 161–170. 

https://doi.org/10.1016/J.APSOIL.2013.06.010 

Morse, J. L., Ardón, M., & Bernhardt, E. S. (2012). Greenhouse gas fluxes in southeastern U.S. 

coastal plain wetlands under contrasting land uses. Ecological Applications, 22(1), 264–

280. https://doi.org/https://doi.org/10.1890/11-0527.1 

Morse, J. L., & Bernhardt, E. S. (2013). Using 15N tracers to estimate N2O and N2 emissions 

from nitrification and denitrification in coastal plain wetlands under contrasting land-uses. 

Soil Biology and Biochemistry, 57, 635–643. 

https://doi.org/10.1016/J.SOILBIO.2012.07.025 

Nadeau, S. A., Roco, C. A., Debenport, S. J., Anderson, T. R., Hofmeister, K. L., Walter, M. T., 

& Shapleigh, J. P. (2019). Metagenomic analysis reveals distinct patterns of denitrification 

gene abundance across soil moisture, nitrate gradients. Environmental Microbiology, 21(4), 

1255–1266. https://doi.org/10.1111/1462-2920.14587 

National Research Council. (1995). Wetlands: Characteristics and Boundaries. National 

Academies Press. https://doi.org/10.17226/4766 

Nifong, R. L., Taylor, J. M., & Moore, M. T. (2019). Mulch-Derived Organic Carbon Stimulates 

High Denitrification Fluxes from Agricultural Ditch Sediments. Journal of Environmental 

Quality, 48(2), 476–484. https://doi.org/https://doi.org/10.2134/jeq2018.09.0341 

Nilsson, C., Aradottir, A. L., Hagen, D., Halldórsson, G., Høegh, K., Mitchell, R. J., Raulund-

Rasmussen, K., Svavarsdóttir, K., Tolvanen, A., & Wilson, S. D. (2016). Evaluating the 



264 

 

process of ecological restoration. Ecology and Society, 21(1). 

http://www.jstor.org/stable/26270343 

Nixon, S. W., Ammerman, J. W., Atkinson, L. P., Berounsky, V. M., Billen, G., Boicourt, W. C., 

Boynton, W. R., Church, T. M., Ditoro, D. M., Elmgren, R., Garber, J. H., Giblin, A. E., 

Jahnke, R. A., Owens, N. J. P., Pilson, M. E. Q., & Seitzinger, S. P. (1996). The fate of 

nitrogen and phosphorus at the land-sea margin of the North Atlantic Ocean. 

Biogeochemistry, 35(1), 141–180. https://doi.org/10.1007/BF02179826 

Noe, G. B., Hupp, C. R., & Rybicki, N. B. (2013). Hydrogeomorphology Influences Soil 

Nitrogen and Phosphorus Mineralization in Floodplain Wetlands. Ecosystems, 16(1), 75–94. 

https://doi.org/10.1007/s10021-012-9597-0 

Olde Venterink, H., Davidsson, T. E., Kiehl, K., & Leonardson, L. (2002). Impact of drying and 

re-wetting on N, P and K dynamics in a wetland soil. Plant and Soil, 243(1), 119–130. 

https://doi.org/10.1023/A:1019993510737 

Olde Venterink, H., Vermaat, J. E., Pronk, M., Wiegman, F., van der Lee, G. E. M., van den 

Hoorn, M. W., Higler, L. W. G. B., & Verhoeven, J. T. A. (2006). Importance of sediment 

deposition and denitrification for nutrient retention in floodplain wetlands. Applied 

Vegetation Science, 9(2), 163–174. https://doi.org/10.1111/j.1654-109X.2006.tb00665.x 

O’Neill, R. M., Duff, A. M., Brennan, F., Gebremichael, A. W., Girkin, N. T., Lanigan, G., Krol, 

D., Wall, D. P., Renou-Wilson, F., Müller, C., Richards, K. G., & Deveautour, C. (2022). 

Linking long-term soil phosphorus management to microbial communities involved in 

nitrogen reactions. Biology and Fertility of Soils. https://doi.org/10.1007/s00374-022-

01627-y 



265 

 

Owusu, C., Snigdha, N. J., Martin, M. T., & Kalyanapu, A. J. (2022). PyGEE-SWToolbox: A 

Python Jupyter Notebook Toolbox for Interactive Surface Water Mapping and Analysis 

Using Google Earth Engine. Sustainability, 14(5), 2557. 

https://doi.org/10.3390/su14052557 

Paradis, R., & Saint-Laurent, D. (2017). Spatial distribution of organic carbon and nitrogen in 

soils related to flood recurrence intervals and land use changes in Southern Qubec, Canada. 

Journal of Soil Science and Environmental Management, 8(2), 25–36. 

https://doi.org/10.5897/JSSEM2015.0592 

Paul Keddy. (2000). Wetland Ecology: Principles and Conservation (2nd ed.). Cambridge 

University Press. 

Penn, C., & Camberato, J. (2019). A Critical Review on Soil Chemical Processes that Control 

How Soil pH Affects Phosphorus Availability to Plants. Agriculture, 9(6), 120. 

https://doi.org/10.3390/agriculture9060120 

Penn, C., Rutter, E., Arnall, D., Camberato, J., Williams, M., & Watkins, P. (2018). A 

Discussion on Mehlich-3 Phosphorus Extraction from the Perspective of Governing 

Chemical Reactions and Phases: Impact of Soil pH. Agriculture, 8(7), 106. 

https://doi.org/10.3390/agriculture8070106 

Peralta, A. L., Ludmer, S., Matthews, J. W., & Kent, A. D. (2014). Bacterial community 

response to changes in soil redox potential along a moisture gradient in restored wetlands. 

Ecological Engineering, 73, 246–253. https://doi.org/10.1016/J.ECOLENG.2014.09.047 



266 

 

Peralta, A. L., Matthews, J. W., & Kent, A. D. (2010). Microbial Community Structure and 

Denitrification in a Wetland Mitigation Bank. Applied and Environmental Microbiology, 

76(13), 4207–4215. https://doi.org/10.1128/AEM.02977-09 

Peralta, R. M., Ahn, C., & Gillevet, P. M. (2013). Characterization of soil bacterial community 

structure and physicochemical properties in created and natural wetlands. Science of The 

Total Environment, 443, 725–732. https://doi.org/10.1016/J.SCITOTENV.2012.11.052 

Pett-Ridge, J., Silver, W. L., & Firestone, M. K. (2006). Redox Fluctuations Frame Microbial 

Community Impacts on N-cycling Rates in a Humid Tropical Forest Soil. Biogeochemistry, 

81(1), 95–110. https://doi.org/10.1007/s10533-006-9032-8 

Phillips, R. L. (2008). Denitrification in cropping systems at sub-zero soil temperatures. A 

review. Agronomy for Sustainable Development, 28(1), 87–93. 

https://doi.org/10.1051/agro:2007045 

Pinay, G., Gumiero, B., Tabacchi, E., Gimenez, O., Tabacchi-Planty, A. M., Hefting, M. M., 

Burt, T. P., Black, V. A., Nilsson, C., Iordache, V., Bureau, F., Vought, L., Petts, G. E., & 

Decamps, H. (2007). Patterns of denitrification rates in European alluvial soils under 

various hydrological regimes. Freshwater Biology, 52(2), 252–266. 

https://doi.org/10.1111/j.1365-2427.2006.01680.x 

Pinheiro, J., Bates, D., & R Core Team. (2022). nlme: Linear and Nonlinear Mixed Effects 

Models. 

Qi, Q., Zhang, D., Zhang, M., Tong, S., Wang, W., & An, Y. (2021). Spatial distribution of soil 

organic carbon and total nitrogen in disturbed Carex tussock wetland. Ecological 

Indicators, 120, 106930. https://doi.org/10.1016/J.ECOLIND.2020.106930 



267 

 

Qiu, S., & McComb, A. (1995). Planktonic and microbial contributions to phosphorus release 

from fresh and air-dried sediments. Marine and Freshwater Research, 46(7), 1039. 

https://doi.org/10.1071/MF9951039 

R Core Team. (2022). R: A language and environment for statistical computing (4.2.2). R 

Foundation for Statistical Computing. 

Reddy, K. R., Clark, M. W., DeLaune, R. D., & Kongchum, M. (2013). Physicochemical 

Characterization of Wetland Soils. In Methods in Biogeochemistry of Wetlands (pp. 41–54). 

https://doi.org/https://doi.org/10.2136/sssabookser10.c3 

Reddy, K. R., Patrick, W. H., & Lindau, C. W. (1989). Nitrification-denitrification at the plant 

root-sediment interface in wetlands. Limnology and Oceanography, 34(6), 1004–1013. 

https://doi.org/10.4319/lo.1989.34.6.1004 

Reddy, K. R., Reddy, K. R., Connor, G. A. O., Gale, P. M., Gale, P. M., & Gale, P. M. (1998). 

Phosphorus sorption capacities of wetland soils and stream sediments impacted by dairy 

effluent. Journal of Environmental Quality. 

https://doi.org/10.2134/jeq1998.00472425002700020027x 

Reinhardt, M., Gächter, R., Wehrli, B., & Müller, B. (2005). Phosphorus Retention in Small 

Constructed Wetlands Treating Agricultural Drainage Water. Journal of Environmental 

Quality, 34(4), 1251–1259. https://doi.org/https://doi.org/10.2134/jeq2004.0325 

Rohe, L., Apelt, B., Vogel, H.-J., Well, R., Wu, G.-M., & Schlüter, S. (2020). Denitrification in 

soil as a function of oxygen supply and demand atthe microscale. Biogeosciences 

Discussions. https://doi.org/10.5194/bg-2020-221 



268 

 

Ross, M. S., Mitchell-Bruker, S., Sah, J. P., Stothoff, S., Ruiz, P. L., Reed, D. L., Jayachandran, 

K., & Coultas, C. L. (2006). Interaction of hydrology and nutrient limitation in the Ridge 

and Slough landscape of the southern Everglades. Hydrobiologia, 569(1), 37–59. 

https://doi.org/10.1007/s10750-006-0121-4 

Sakin, E., & Tutar, E. (2011). African Journal of Agricultural Research Vol. 6(7), pp. 1750-1757, 

4 April, 2011 Available online at http://www.academicjournals.org/AJAR DOI: 

10.5897/AJAR10.502 ISSN 1991-637X ©2011 Academic Journals Full Length Research 

Paper Bulk density of Harran plain soils in relation to other soil properties. African Journal 

of Agricultural Research, 6(7), 1750–1757. 

Saleema, S.-L., E, S. K., L, H. S., Claudia, G., T, T. J., J, Z. B., & L, B. D. (2009). Effect of pH 

and Temperature on Denitrification Gene Expression and Activity in Pseudomonas 

mandelii. Applied and Environmental Microbiology, 75(12), 3903–3911. 

https://doi.org/10.1128/AEM.00080-09 

Satterthwaite, F. E. (1946). An Approximate Distribution of Estimates of Variance Components. 

Biometrics Bulletin, 2(6), 110. https://doi.org/10.2307/3002019 

Schimel, J. P., & Firestone, M. K. (1989). Inorganic N incorporation by coniferous forest floor 

material. Soil Biology and Biochemistry, 21(1), 41–46. https://doi.org/10.1016/0038-

0717(89)90008-4 

Schjønning, P., Thomsen, I. K., Moldrup, P., & Christensen, B. T. (2003). Linking Soil 

Microbial Activity to Water- and Air-Phase Contents and Diffusivities. Soil Science Society 

of America Journal, 67(1), 156–165. https://doi.org/https://doi.org/10.2136/sssaj2003.1560 



269 

 

Schönbrunner, I. M., Preiner, S., & Hein, T. (2012). Impact of drying and re-flooding of 

sediment on phosphorus dynamics of river-floodplain systems. Science of The Total 

Environment, 432, 329–337. https://doi.org/10.1016/J.SCITOTENV.2012.06.025 

Scott, J. T., McCarthy, M. J., Gardner, W. S., & Doyle, R. D. (2008). Denitrification, 

dissimilatory nitrate reduction to ammonium, and nitrogen fixation along a nitrate 

concentration gradient in a created freshwater wetland. Biogeochemistry, 87(1), 99–111. 

https://doi.org/10.1007/s10533-007-9171-6 

Segnini, A., Posadas, A., Quiroz, R., Milori, D. M. B. P., Saab, S. C., Neto, L. M., & Vaz, C. M. 

P. (2010). Spectroscopic Assessment of Soil Organic Matter in Wetlands from the High 

Andes. Soil Science Society of America Journal, 74(6), 2246–2253. 

https://doi.org/https://doi.org/10.2136/sssaj2009.0445 

Seitzinger, S. P. (1994). Linkages between organic matter mineralization and denitrification in 

eight riparian wetlands. Biogeochemistry, 25(1), 19–39. 

https://doi.org/10.1007/BF00000510 

Sexstone, A. J., Parkin, T. B., & Tiedje, J. M. (1985). Temporal Response of Soil Denitrification 

Rates to Rainfall and Irrigation. Soil Science Society of America Journal, 49(1), 99–103. 

https://doi.org/10.2136/sssaj1985.03615995004900010020x 

Sgouridis, F., Heppell, C. M., Wharton, G., Lansdown, K., & Trimmer, M. (2011). 

Denitrification and dissimilatory nitrate reduction to ammonium (DNRA) in a temperate re-

connected floodplain. Water Research, 45(16), 4909–4922. 

https://doi.org/10.1016/J.WATRES.2011.06.037 



270 

 

Shan, J., Yang, P., Shang, X., Rahman, M. M., & Yan, X. (2018). Anaerobic ammonium 

oxidation and denitrification in a paddy soil as affected by temperature, pH, organic carbon, 

and substrates. Biology and Fertility of Soils, 54(3), 341–348. 

https://doi.org/https://doi.org/10.1007/s00374-018-1263-z 

Shan, J., Zhao, X., Sheng, R., Xia, Y., ti, C., Quan, X., Wang, S., Wei, W., & Yan, X. (2016). 

Dissimilatory Nitrate Reduction Processes in Typical Chinese Paddy Soils: Rates, Relative 

Contributions, and Influencing Factors. Environmental Science & Technology, 50(18), 

9972–9980. https://doi.org/10.1021/acs.est.6b01765 

Sheard, R. W., & Leyshon, A. J. (1976). Short-Term Flooding of Soil: Its Effect on the 

Composition of gas and water phases of soil and Phosphorus Uptake of Corn. Canadian 

Journal of Soil Science. https://doi.org/10.4141/cjss76-002 

Sheng, S., Liu, B., Hou, X., Liang, Z., Sun, X., Du, L., & Wang, D. (2018). Effects of different 

carbon sources and C/N ratios on the simultaneous anammox and denitrification process. 

International Biodeterioration & Biodegradation, 127, 26–34. 

https://doi.org/10.1016/J.IBIOD.2017.11.002 

Siam, H. S., Mahmoud, S. A., Taalab, A. S., & Ageeb, G. W. (2019). A review of 

electrochemical changes in submerged soils. Plant Archives, 19(1), 1965–1973. 

Silvan, N., Vasander, H., & Laine, J. (2004). Vegetation is the main factor in nutrient retention in 

a constructed wetland buffer. Plant and Soil, 258(1), 179–187. 

https://doi.org/10.1023/B:PLSO.0000016549.70555.9d 



271 

 

ŠImek, M., & Cooper, J. E. (2002). The influence of soil pH on denitrification: progress towards 

the understanding of this interaction over the last 50 years. European Journal of Soil 

Science. https://doi.org/10.1046/j.1365-2389.2002.00461.x 

Simpson, T. W., Sharpley, A. N., Howarth, R. W., Paerl, H. W., & Mankin, K. R. (2008). The 

New Gold Rush: Fueling Ethanol Production while Protecting Water Quality. Journal of 

Environmental Quality, 37(2), 318–324. 

https://doi.org/https://doi.org/10.2134/jeq2007.0599 

Skopp, J., Jawson, M. D., & Doran, J. W. (1990). Steady-State Aerobic Microbial Activity as a 

Function of Soil Water Content. Soil Science Society of America Journal, 54(6), 1619–

1625. https://doi.org/https://doi.org/10.2136/sssaj1990.03615995005400060018x 

Smith, C. J., DeLaune, R. D., & Patrick, W. H. (1983). Nitrous oxide emission from Gulf Coast 

wetlands. Geochimica et Cosmochimica Acta, 47(10), 1805–1814. 

https://doi.org/10.1016/0016-7037(83)90028-5 

Smith, V. H., Tilman, G. D., & Nekola, J. C. (1999). Eutrophication: impacts of excess nutrient 

inputs on freshwater, marine, and terrestrial ecosystems. Environmental Pollution, 100(1–

3), 179–196. https://doi.org/10.1016/S0269-7491(99)00091-3 

Song, K., Kang, H., Zhang, L., & Mitsch, W. J. (2012). Seasonal and spatial variations of 

denitrification and denitrifying bacterial community structure in created riverine wetlands. 

Ecological Engineering, 38(1), 130–134. https://doi.org/10.1016/J.ECOLENG.2011.09.008 

Speir, S. L., Taylor, J. M., & Scott, J. T. (2017). Seasonal Differences in Relationships between 

Nitrate Concentration and Denitrification Rates in Ditch Sediments Vegetated with Rice 



272 

 

Cutgrass. Journal of Environmental Quality, 46(6), 1500–1509. 

https://doi.org/10.2134/jeq2016.11.0450 

Spieles, D. J., & Mitsch, W. J. (1999). The effects of season and hydrologic and chemical 

loading on nitrate retention in constructed wetlands: a comparison of low- and high-nutrient 

riverine systems. Ecological Engineering, 14(1–2), 77–91. https://doi.org/10.1016/S0925-

8574(99)00021-X 

S.R. Evett, L.K. Heng, P. Moutonnet, M.L. Nguyen, Evett, S. R., Heng, L. K., Moutonnet, P., & 

Nguyen, M. L. (2008). Field estimation of soil water content: A practical guide to methods, 

instrumentation, and sensor technology. Intl. Atomic Energy Agency. 

Stevens, R. J., Laughlin, R. J., & Malone, J. P. (1998). Soil pH affects the processes reducing 

nitrate to nitrous oxide and di-nitrogen. Soil Biology and Biochemistry, 30(8–9), 1119–

1126. https://doi.org/10.1016/S0038-0717(97)00227-7 

Ström, L., Owen, A. G., Godbold, D. L., & Jones, D. L. (2005). Organic acid behaviour in a 

calcareous soil implications for rhizosphere nutrient cycling. Soil Biology and Biochemistry, 

37(11), 2046–2054. https://doi.org/10.1016/J.SOILBIO.2005.03.009 

Sullivan, B. W., Selmants, P. C., & Hart, S. C. (2013a). Does dissolved organic carbon regulate 

biological methane oxidation in semiarid soils? Global Change Biology, 19(7), 2149–2157. 

https://doi.org/10.1111/gcb.12201 

Sullivan, B. W., Selmants, P. C., & Hart, S. C. (2013b). Does dissolved organic carbon regulate 

biological methane oxidation in semiarid soils? Global Change Biology, 19(7), 2149–2157. 

https://doi.org/https://doi.org/10.1111/gcb.12201 



273 

 

Sun, Z., Wang, L., Tian, H., Jiang, H., Mou, X., & Sun, W. (2013). Fluxes of nitrous oxide and 

methane in different coastal Suaeda salsa marshes of the Yellow River estuary, China. 

Chemosphere, 90(2), 856–865. https://doi.org/10.1016/J.CHEMOSPHERE.2012.10.004 

Taddeo, S., & Dronova, I. (2018). Indicators of vegetation development in restored wetlands. 

Ecological Indicators, 94, 454–467. https://doi.org/10.1016/J.ECOLIND.2018.07.010 

Tank, J. L., Reisinger, A. J., & Rosi, E. J. (2017). Nutrient Limitation and Uptake. Methods in 

Stream Ecology: Third Edition, 2, 147–171. https://doi.org/10.1016/B978-0-12-813047-

6.00009-7 

Taylor, J. M., Moore, M. T., & Scott, J. T. (2015). Contrasting Nutrient Mitigation and 

Denitrification Potential of Agricultural Drainage Environments with Different Emergent 

Aquatic Macrophytes. Journal of Environmental Quality, 44(4), 1304–1314. 

https://doi.org/10.2134/jeq2014.10.0448 

Thronson, A., & Quigg, A. (2008). Fifty-Five Years of Fish Kills in Coastal Texas. Estuaries 

and Coasts, 31(4), 802–813. https://doi.org/10.1007/s12237-008-9056-5 

Tiessen, H., & Moir, Jo. O. (1993). Total and Organic Carbon. In M. R. Carter & E. G. 

Gregorich (Eds.), Total and organic carbon. In: Soil Sampling and Methods of Analysis 

(2nd ed., pp. 187–211). Lewis Publishers. 

Tomaszek, J. A., & Czerwieniec, E. (2003). Dentrification and oxygen consumption in bottom 

sediments: factors influencing rates of the processes. Hydrobiologia, 504(1–3), 59–65. 

https://doi.org/10.1023/B:HYDR.0000008508.81690.10 



274 

 

Trepel, M., & Palmeri, L. (2002). Quantifying nitrogen retention in surface flow wetlands for 

environmental planning at the landscape-scale. Ecological Engineering, 19(2), 127–140. 

https://doi.org/10.1016/S0925-8574(02)00038-1 

Turner, B. L., Driessen, J. P., Haygarth, P. M., & Mckelvie, I. D. (2003). Potential contribution 

of lysed bacterial cells to phosphorus solubilisation in two rewetted Australian pasture soils. 

Soil Biology and Biochemistry, 35(1), 187–189. https://doi.org/10.1016/S0038-

0717(02)00244-4 

Twedt, D. J., & Loesch, C. R. (2001). Forest area and distribution in the Mississippi alluvial 

valley: implications for breeding bird conservation. Journal of Biogeography, 26(6), 1215–

1224. https://doi.org/https://doi.org/10.1046/j.1365-2699.1999.00348.x 

Tyler, H. L., Moore, M. T., & Locke, M. A. (2012). Influence of three aquatic macrophytes on 

mitigation of nitrogen species from agricultural runoff. Water, Air, and Soil Pollution, 

223(6), 3227–3236. https://doi.org/10.1007/s11270-012-1104-x 

Ullah, S., & Faulkner, S. P. (2006). Denitrification potential of different land-use types in an 

agricultural watershed, lower Mississippi valley. Ecological Engineering, 28(2), 131–140. 

https://doi.org/10.1016/J.ECOLENG.2006.05.007 

United States Department of Agriculture. (2008). Wetland Restoration,  Enhancement, or 

Creation. In Engineering Field Handbook (2nd ed.). 

U.S. Department of Agriculture, & U.S. Environmental Protection Agency. (2015). Mississippi 

River/Gulf of Mexico Watershed Nutrient Taskforce – 2015 Report to Congress. 



275 

 

U.S. Environmental Protection Agency. (2022). Mississippi River/Gulf of Mexico Watershed 

Nutrient Task Force 2019/2021 Report to Congress. 

Valett, H. M., Baker, M. A., Morrice, J. A., Crawford, C. S., Molles Jr., M. C., Dahm, C. N., 

Moyer, D. L., Thibault, J. R., & Ellis, L. M. (2005). Biogeochemical and metabolic 

responses to the flood pulse in a semiarid floodplain. Ecology, 86(1), 220–234. 

https://doi.org/https://doi.org/10.1890/03-4091 

van der Lee, G. E. M., Olde Venterink, H., & Asselman, N. E. M. (2004). Nutrient retention in 

floodplains of the Rhine distributaries in The Netherlands. River Research and 

Applications, 20(3), 315–325. https://doi.org/https://doi.org/10.1002/rra.780 

van der Salm, C., Dolfing, J., Heinen, M., & Velthof, G. L. (2007). Estimation of nitrogen losses 

via denitrification from a heavy clay soil under grass. Agriculture, Ecosystems & 

Environment, 119(3–4), 311–319. https://doi.org/10.1016/J.AGEE.2006.07.018 

Verhoeven, E., Decock, C., Barthel, M., Bertora, C., Sacco, D., Romani, M., Sleutel, S., & Six, J. 

(2018a). Nitrification and coupled nitrification-denitrification at shallow depths are 

responsible for early season N2O emissions under alternate wetting and drying management 

in an Italian rice paddy system. Soil Biology and Biochemistry, 120, 58–69. 

https://doi.org/10.1016/J.SOILBIO.2018.01.032 

Verhoeven, E., Decock, C., Barthel, M., Bertora, C., Sacco, D., Romani, M., Sleutel, S., & Six, J. 

(2018b). Nitrification and coupled nitrification-denitrification at shallow depths are 

responsible for early season N2O emissions under alternate wetting and drying management 

in an Italian rice paddy system. Soil Biology and Biochemistry, 120, 58–69. 

https://doi.org/10.1016/j.soilbio.2018.01.032 



276 

 

Vitousek, P. M., Mooney, H. A., Lubchenco, J., & Melillo, J. M. (1997). Human Domination of 

Earth’s Ecosystems. Science, 277(5325), 494–499. 

https://doi.org/10.1126/science.277.5325.494 

Vonlanthen, P., Bittner, D., Hudson, A. G., Young, K. A., Müller, R., Lundsgaard-Hansen, B., 

Roy, D., Di Piazza, S., Largiader, C. R., & Seehausen, O. (2012). Eutrophication causes 

speciation reversal in whitefish adaptive radiations. Nature, 482(7385), 357–362. 

https://doi.org/10.1038/nature10824 

Vymazal, J. (2007). Removal of nutrients in various types of constructed wetlands. Science of 

The Total Environment, 380(1–3), 48–65. 

https://doi.org/10.1016/J.SCITOTENV.2006.09.014 

Wang, H., Piazza, S. C., Sharp, L. A., Stagg, C. L., Couvillion, B. R., Steyer, G. D., & 

McGinnis, T. E. (2017). Determining the Spatial Variability of Wetland Soil Bulk Density, 

Organic Matter, and the Conversion Factor between Organic Matter and Organic Carbon 

across Coastal Louisiana, U.S.A. . Journal of Coastal Research, 33(3), 507–517. 

Wang, J., Bai, J., Zhao, Q., Lu, Q., & Xia, Z. (2016). Five-year changes in soil organic carbon 

and total nitrogen in coastal wetlands affected by flow-sediment regulation in a Chinese 

delta. Scientific Reports, 6. https://doi.org/10.1038/srep21137 

Wang, W., Wang, C., Sardans, J., Tong, C., Jia, R., Zeng, C., & Peñuelas, J. (2015). Flood 

regime affects soil stoichiometry and the distribution of the invasive plants in subtropical 

estuarine wetlands in China. CATENA, 128, 144–154. 

https://doi.org/10.1016/J.CATENA.2015.01.017 



277 

 

Wang, Z., Ji, Y., Yan, L., Yan, Y., Zhang, H., Gao, P., & Li, S. (2020). Simultaneous anammox 

and denitrification process shifted from the anammox process in response to C/N ratios: 

Performance, sludge granulation, and microbial community. Journal of Bioscience and 

Bioengineering, 130(3), 319–326. https://doi.org/10.1016/J.JBIOSC.2020.04.007 

Warneke, S., Schipper, L. A., Matiasek, M. G., Scow, K. M., Cameron, S., Bruesewitz, D. A., & 

McDonald, I. R. (2011). Nitrate removal, communities of denitrifiers and adverse effects in 

different carbon substrates for use in denitrification beds. Water Research, 45(17), 5463–

5475. https://doi.org/10.1016/J.WATRES.2011.08.007 

Weisner, S. E. B., Eriksson, P. G., Granéli, W., & Leonardson, L. (1994). Influence of 

macrophytes on nitrate removal in wetlands. Ambio, 23(6), 363–366. 

Weiss, R. F., & Price, B. A. (1980). Nitrous oxide solubility in water and seawater. Marine 

Chemistry, 8(4), 347–359. https://doi.org/10.1016/0304-4203(80)90024-9 

Welschmeyer, N. A. (1994). Fluorometric analysis of chlorophyll a in the presence of 

chlorophyll b and pheopigments. Limnology and Oceanography, 39(8), 1985–1992. 

https://doi.org/https://doi.org/10.4319/lo.1994.39.8.1985 

White, J. R., & Reddy, K. R. (2003). Nitrification and Denitrification Rates of Everglades 

Wetland Soils along a Phosphorus-Impacted Gradient. Journal of Environmental Quality, 

32(6), 2436–2443. https://doi.org/10.2134/jeq2003.2436 

White, J. R., Reddy, K. R., & Majer-Newman, J. (2006). Hydrologic and Vegetation Effects on 

Water Column Phosphorus in Wetland Mesocosms. Soil Science Society of America 

Journal, 70(4), 1242–1251. https://doi.org/10.2136/sssaj2003.0339 



278 

 

Whiting, G. J., & Chanton, J. P. (2001). Greenhouse carbon balance of wetlands: methane 

emission versus carbon sequestration. Tellus B, 53(5), 521–528. 

https://doi.org/10.1034/j.1600-0889.2001.530501.x 

Wiesenburg, D. A., & Guinasso, N. L. (1979). Equilibrium solubilities of methane, carbon 

monoxide, and hydrogen in water and sea water. Journal of Chemical & Engineering Data, 

24(4), 356–360. https://doi.org/10.1021/je60083a006 

Wigand, C., McKinney, R. A., Chintala, M. M., Charpentier, M. A., & Groffman, P. M. (2004). 

Denitrification Enzyme Activity of Fringe Salt Marshes in New England (USA). Journal of 

Environmental Quality, 33(3), 1144–1151. 

https://doi.org/https://doi.org/10.2134/jeq2004.1144 

Wortley, L., Hero, J.-M., & Howes, M. (2013). Evaluating Ecological Restoration Success: A 

Review of the Literature. Restoration Ecology, 21(5), 537–543. 

https://doi.org/https://doi.org/10.1111/rec.12028 

Xia, X., Liu, T., Yang, Z., Michalski, G., Liu, S., Jia, Z., & Zhang, S. (2017). Enhanced nitrogen 

loss from rivers through coupled nitrification-denitrification caused by suspended sediment. 

Science of The Total Environment, 579, 47–59. 

https://doi.org/10.1016/j.scitotenv.2016.10.181 

Xiong, Z. Q., Xing, G. X., & Zhu, Z. L. (2007). Nitrous Oxide and Methane Emissions as 

Affected by Water, Soil and Nitrogen. Pedosphere, 17(2), 146–155. 

https://doi.org/10.1016/S1002-0160(07)60020-4 

Xu, F., Xu, F., Song, T., Wang, K., Xu, W., Chen, G., Xu, M., Zhang, Q., Liu, J., Zhu, Y., 

Rensing, C., Zhang, J., & Yuan, W. (2020). Frequent alternate wetting and drying irrigation 



279 

 

mitigates the effect of low phosphorus on rice grain yield in a 4‐year field trial by increasing 

soil phosphorus release and rice root growth. Food and Energy Security. 

https://doi.org/10.1002/fes3.206 

Yanagida, T. (2022). misty: Miscellaneous Functions “T. Yanagida.” 

Yang, W., Yan, Y., Jiang, F., Leng, X., Cheng, X., & An, S. (2016). Response of the soil 

microbial community composition and biomass to a short-term Spartina alterniflora 

invasion in a coastal wetland of eastern China. Plant and Soil, 408(1), 443–456. 

https://doi.org/10.1007/s11104-016-2941-y 

Yansheng, C., Fengliang, Z., Zhongyi, Z., Tongbin, Z., & Huayun, X. (2020). Biotic and abiotic 

nitrogen immobilization in soil incorporated with crop residue. Soil and Tillage Research, 

202, 104664. https://doi.org/10.1016/J.STILL.2020.104664 

Ye, S., Covino, T. P., Sivapalan, M., Basu, N. B., Li, H. Y., & Wang, S. W. (2012). Dissolved 

nutrient retention dynamics in river networks: A modeling investigation of transient flows 

and scale effects. Water Resources Research, 48(6), 1–18. 

https://doi.org/10.1029/2011WR010508 

Ye, X., Bai, J., Lu, Q., Zhao, Q., & Wang, J. (2014). Spatial and seasonal distributions of soil 

phosphorus in a typical seasonal flooding wetland of the Yellow River Delta, China. 

Environmental Earth Sciences, 71(11), 4811–4820. https://doi.org/10.1007/s12665-013-

2872-3 

Zak, D. R., & Grigal, D. F. (1991). Nitrogen mineralization, nitrification and denitrification in 

upland and wetland ecosystems. Oecologia, 88(2), 189–196. 

https://doi.org/10.1007/BF00320810 



280 

 

Zarnetske, J. P., Haggerty, R., Wondzell, S. M., & Baker, M. A. (2011). Labile dissolved organic 

carbon supply limits hyporheic denitrification. Journal of Geophysical Research: 

Biogeosciences, 116(G4). https://doi.org/https://doi.org/10.1029/2011JG001730 

Zhang, G., Yu, X., Xu, J., Duan, H., Rafay, L., Zhang, Q., Li, Y., Liu, Y., & Xia, S. (2018). 

Effects of environmental variation on stable isotope abundances during typical seasonal 

floodplain dry season litter decomposition. Science of The Total Environment, 630, 1205–

1215. https://doi.org/10.1016/J.SCITOTENV.2018.02.298 

Zhang, K., Cheng, X., Dang, H., Ye, C., & Zhang, Q. (2012). Soil nitrogen and denitrification 

potential as affected by land use and stand age following agricultural abandonment in a 

headwater catchment. Soil Use and Management, 28, 361–369. 

https://doi.org/10.1111/j.1475-2743.2012.00420.x 

Zhang, Q., Zhang, Q., Gu, C., Zhou, H., Liang, Y., Liang, Y., Zhao, Y., & Di, H. (2018). 

Alterations in anaerobic ammonium oxidation of paddy soil following organic carbon 

treatment estimated using 13 C-DNA stable isotope probing. Applied Microbiology and 

Biotechnology. https://doi.org/10.1007/s00253-017-8689-3 

Zhang, Y., Li, C., Trettin, C. C., Li, H., & Sun, G. (2002). An integrated model of soil, 

hydrology, and vegetation for carbon dynamics in wetland ecosystems. Global 

Biogeochemical Cycles, 16(4), 9-1-9–17. https://doi.org/10.1029/2001GB001838 

Zhu, Q., Castellano, M. J., & Yang, G. (2018). Coupling soil water processes and the nitrogen 

cycle across spatial scales: Potentials, bottlenecks and solutions. Earth-Science Reviews, 

187, 248–258. https://doi.org/10.1016/J.EARSCIREV.2018.10.005 



281 

 

Zimmerman, R. J., & Nance, J. M. (2001). Effects of Hypoxia on the Shrimp Fishery of 

Louisiana and Texas. In Coastal Hypoxia: Consequences for Living Resources and 

Ecosystems (pp. 293–310). https://doi.org/https://doi.org/10.1029/CE058p0293 

Zuur, A. F., Ieno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009). Mixed effects 

models and extensions in ecology with R. Springer New York. https://doi.org/10.1007/978-

0-387-87458-6 

  

  



282 

 

VITA 

 Spencer Womble earned his Bachelor of Science in Geology and Environmental Studies at 

the University of Tennessee – Knoxville in 2015. He earned his Master of Science in Biology from 

Tennessee Technological University in 2019. Spencer graduated from Tennessee Technological 

University with a Ph.D. in Environmental Sciences – Biology in August of 2023. 

ORCID: https://orcid.org/0000-0002-3189-4719 

ResearchGate: https://orcid.org/0000-0002-3189-4719 

GitHub: https://github.com/SpencerWomble 

 

https://orcid.org/0000-0002-3189-4719
https://orcid.org/0000-0002-3189-4719
https://github.com/SpencerWomble

