Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

5-9-2015

Evaluating Changes in Diversity and Functional Gene Abundance
of Denitrifying Microbe Communities and Nutrient Concentrations
in Runoff following the Implementation of Low-Grade Weirs in
Agricultural Drainage Systems
Beth Harlander Baker

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Baker, Beth Harlander, "Evaluating Changes in Diversity and Functional Gene Abundance of Denitrifying
Microbe Communities and Nutrient Concentrations in Runoff following the Implementation of Low-Grade
Weirs in Agricultural Drainage Systems" (2015). Theses and Dissertations. 1947.
https://scholarsjunction.msstate.edu/td/1947

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Automated Template B: Created by James Nail 2011V2.1

Evaluating changes in diversity and functional gene abundance of denitrifying microbe
communities and nutrient concentrations in runoff following the implementation
of low-grade weirs in agricultural drainage systems

By
Beth H. Baker

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Forest Resources
in the Department of Wildlife, Fisheries and Aquaculture
Mississippi State, Mississippi
May 2015

Copyright by
Beth H. Baker
2015

Evaluating changes in diversity and functional gene abundance of denitrifying microbe
communities and nutrient concentrations in runoff following the implementation
of low-grade weirs in agricultural drainage systems
By
Beth H. Baker
Approved:
____________________________________
Eric D. Dibble
(Major Professor, Graduate Coordinator)
____________________________________
James A. Martin
(Committee Member)
____________________________________
John P. Brooks
(Committee Member)
____________________________________
Matthew T. Moore
(Committee Member)
____________________________________
James L. Martin
(Committee Member)
____________________________________
Robert Kröger
(Committee Member)
____________________________________
George Hopper
Dean
College of Forest Resources

Name: Beth H. Baker
Date of Degree: May 8, 2015
Institution: Mississippi State University
Major Field: Forest Resources
Major Professor: Dr. Eric D. Dibble
Title of Study:

Evaluating changes in diversity and functional gene abundance of
denitrifying microbe communities and nutrient concentrations in runoff
following the implementation of low-grade weirs in agricultural
drainage systems

Pages in Study: 110
Candidate for Degree of Doctor of Philosophy
Increasing awareness of hypoxia in coastal marine regions across the globe has
led to creation of nutrient reduction strategies to protect water resources and organisms
living in affected waters. In the Mississippi River Basin, the Governor’s Action Plan has
called for a 45% load reduction of both, total nitrogen (N) and total phosphorus (P), to
reduce the Gulf of Mexico hypoxic zone to a manageable size. Objectives of this
dissertation aimed to determine nutrient reduction efficiencies of low-grade weirs, and to
evaluate abundance and composition of microbial communities involved in key processes
of denitrification following low-grade weir implementation in the Mississippi Delta.
Results of this dissertation evidenced the efficiencies of low-grade weirs to reduce
nutrient runoff to downstream waters as a viable BMP. Average median load reductions
in N, P, and sediment of -5%, 23%, and 29%, respectively, were determined in ditches
with low-grade weirs. Results highlighted more efficient reductions in P and sediment,
and greater variability in N reductions during storm events, prompting management
considerations toward BMP successes and limitations. Valuable insight towards seasonal

nutrient fluxes in agricultural runoff due to spring fertilizer applications, increased
rainfall patterns in the winter and spring, and drying-wetting cycles, was also evidenced
by the data collected. It was determined that utilizing a three-scale sampling regime was
most effective for capturing patterns of microbial community abundance and composition
in ditches with low-grade weirs. Preliminary evidence towards weir proximity
influencing microbial community abundance, and relationships between microbes and
soil carbon and N was also found. Utilizing the three-scale sampling regime, microbial
communities in multiple drainage ditches, with and without weirs, were investigated.
Outcomes showed that weirs increased soil moisture, which subsequently increased
functional gene abundance of 16S rRNA and nirS. Furthermore, weir implementation
and associated constructions were not found to directly influence microbial community
diversity, abundance, or chemical parameters. Results from this dissertation support the
potential benefits of weirs to create suitable environments to physically reduce P and
sediment loads and for denitrifying microbes to remediate N from agricultural runoff.
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CHAPTER I
INTRODUCTION

As concern for water scarcity increases globally, complex relationships between
water and other natural resources, such as food, have begun to emerge and highlight
challenges to the sustainable management of water resources. Molden (2007) reported
that irrigation for food production accounts for 70% of global water use, while production
practices impact water quality as a major source of surface- and groundwater pollution.
Expanding populations within the United States have led to intensified agricultural
practices, including a dramatic increase in nutrient (principally nitrogen and phosphorus)
fertilizer applications since the 1950s. Following application, excess fertilizers have the
potential to be transported from agricultural landscapes to downstream aquatic systems,
leading to increased loading in both freshwater and marine ecosystems. Agriculture
production throughout the Mississippi-Atchafalaya River Basin has been identified as the
predominant source of nutrients to the Gulf of Mexico (Alexander et al. 2007). Increased
nutrient loading often results in degradation of water quality and can lead to the
eutrophication of coastal waters. In the Gulf of Mexico, this has resulted in the
occurrence of an annual coastal hypoxic zone (Rabalais et al. 2002b). The hypoxic zone
routinely covers an area of 15,000 km2 and has reached a size of 20,000 km2 or more
(National Research Council 2000; Alexander et al. 2000; Rabalais et al. 2002a; Turner
and Rabalais 2003).
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Widespread concern for nutrient enrichment of freshwater and marine
environments, and a better understanding of the causes and consequences of hypoxia in
coastal systems led to the formation of a 2001 Action Plan by the Mississippi River/Gulf
of Mexico Watershed Nutrient Task Force, which aimed to reduce the annual hypoxic
zone in the Gulf of Mexico to less than 5,000 km2 by 2015 (USEPA 2001). The USEPA
Science Advisory Board called for 45% reductions in nitrogen and phosphorus loads
from the Mississippi River Basin to achieve the 2015 hypoxic zone reduction goal
(USEPA 2007). Efforts to reduce nutrient loads to the Gulf of Mexico have led to the
increased allocation of resources and research initiatives to implement innovative
management strategies, particularly, for agricultural producers to implement best
management practices (BMPs). Best management practices are strategies that have been
conceptualized and implemented on agricultural landscapes to reduce negative
environmental consequences induced by anthropogenic influences, while maintaining
land productivity for economic profits (Heatwole et al. 1991, Mostaghimi et al. 1997).
Various BMPs have been utilized internationally with aims of reducing total outflows
from drainage ditches and reducing nutrient loads to receiving waters (Evans et al. 1992,
Evans et al. 1995, Borin et al. 2001, Wesström and Messing 2007).
Various studies have previously identified drainage ditches as key conduits and a
major source for the transport of nitrogen, other nutrients, and agricultural pollutants (e.g.
suspended sediments, pesticides) to streams and rivers (Moore et al. 2001, Randall and
Vetsch 2005, Needelman et al. 2007, Kröger et al. 2008, Smith et al. 2008). Deleterious
environmental consequences of drainage ditch functions have been further supported by
literature linking drainage ditches to hypoxic conditions in the Gulf of Mexico as a source
2

of nutrients (Alexander et al. 2007). Drainage ditches are ubiquitous in agricultural
landscapes within the Lower Mississippi Alluvial Valley, harbor primary receiving
waters of farm run-off, and serve as the key interface between agricultural fields and
downstream freshwater aquatic systems (Moore et al. 2001, Smith and Pappas 2007); this
provides an opportunity to manage nutrients at the source. Recent studies have
highlighted advantages of low-grade weirs as controlled structures in drainage ditches to
reduce effluent nutrient loads. Kröger et al. (2008) found that low-grade weirs allowed
for the capacity to facilitate more efficient management of systems via flexible spatial
configurations rather than stationary outflow control structures. Implementation of weirs
for controlled drainage has also proven advantageous in semi-controlled experiments by
increasing hydraulic residence time (HRT) (Kröger et al. 2008), reducing nitrate (NO3¯)
concentrations (Kröger et al. 2011), and mitigating nutrients and sediment in storm water
(Kröger et al. 2008). Results of field-scale investigations also demonstrate that weirs
have similar effects on HRT and nutrient reductions (Littlejohn et al. 2014); although
research has yet to demonstrate how spatial and temporal variations of weirs effect
nutrient reductions within drainage ditches. It is imperative to understand that HRT does
not directly biochemically enhance NO3¯reductions, but rather, alters physical conditions
in aquatic systems which can enhance habitats for plants and microbial communities and
has the potential to drive biogeochemical NO3¯transformations and removal. Therefore,
despite documented successes of the potential for low-grade weirs to enhance
NO3¯reductions, it is unknown how likely it is that that potential is reached consistently
or how engineering alterations to drainage systems could negatively impact
physiochemical and biological function.
3

Aquatic environments typically have oxygen-limited soil conditions that allow for
the microbial reduction of NO3¯to occur, a process referred to as denitrification. In this
process, bacteria use NO3¯as an electron acceptor (rather than O2) to gain energy (Zumft
1997). The process of denitrification is a critical component of nitrogen cycling
(Schlesinger 1997) and involves four enzymatically-catalyzed reductive steps (Philippot
et al. 2002). The dissimilatory reduction of NO3¯results in the formation of NO2¯
(nitrite) which is reduced to NO (nitric oxide), which in turn is reduced to gaseous
nitrogen and removed from aquatic environments, primarily as N2O (nitrous oxide) and
N2 (di-nitrogen gas) (Figure 1.1) (Ye et al. 1994, Philippot et al. 2002, Wallenstein et al.
2006). Advances in molecular technology have allowed for the identification of specific
genes that code for the enzymes that catalyze the aforementioned reactions, without
which NO3¯reduction would not occur. Scientists can utilize genes involved in
denitrification to investigate microbial community dynamics (Wallenstein et al. 2006).
Molecular methods, such as quantitative polymerase-chain reaction (qPCR) and terminalrestriction fragment length polymorphism (T-RFLP), allow for the characterization of
microbial communities by utilizing amplified gene targets (Osborn et al. 2000). Because
biogeochemical reactions involved in microbial denitrification are extremely complex
and largely governed by environmental conditions, understanding denitrification in
relation to the surrounding environment is critical.
Wallenstein et al. (2006) describes environmental factors that directly affect
microbial denitrification rates as proximal controls, which include oxygen levels, carbon
availability, pH, temperature, and available NO3¯. For example, availability and
exchange of oxygen, carbon, and nitrogen between the water column and sediment has
4

been shown to affect the establishment of microbial biofilms and denitrification activity
(Eriksson 2001, Battin et al. 2003). Additionally, factors affecting microbial community
structure over a long period of time are referred to as distal controls, which include
carbon substrate availability, temperature (average and variability), moisture (average
and variability), oxygen availability (average and variability), pH, predation, and
disturbances (Wallenstein et al. 2006). Taking into account all of these factors, it’s not
surprising that community composition of denitrifying microbes varies in different soil
environments (Wallenstein et al. 2006). In lotic systems, rates of denitrification can
fluctuate spatially due to variations in biogeochemical characteristics along flow paths in
aquatic systems (Kjellin et al. 2007) and over temporal scales (Van Kessel et al. 1993,
Wolf and Brumme 2002). While natural changes in environmental conditions influence
denitrification, studies of microbial community responses to climate change, pollution,
and other anthropogenic influences have emerged as an important component in
understanding ecosystem responses (Wallenstein et al. 2006).
Recent literature has highlighted impacts of land use changes on microbial
communities due to recognition of the importance of soil microbes for nutrient cycling
and soil fertility. Studies investigating land use changes, in the form of trends in tillage
management (Chèneby et al. 2009, Vargas Gil et al. 2009, Attard et al. 2010) and
increasing agricultural intensity (Dell et al. 2008), have reported significant shifts in
microbial community structure and function. However, little documentation exists
regarding how microbial communities of terrestrial and aquatic habitats react to changing
NO3¯concentrations and nitrogen speciation (Kraft et al. 2011). Although the term
“anthropogenic influence” often has a negative connotation surrounding it, it
5

encompasses all human influences to the environment, including positive actions such as
flood control, restoration, and conservation practices. Interestingly, Best and Jacobs
(1997) reported that in addition to land use, water management practices, such as BMPs,
can also influence factors affecting denitrification.
From a national perspective of protecting freshwater resources, traditional
agricultural drainage practices throughout the Mississippi-Atchafalaya River Basin are
limited by the following: 1) innovative practices for management of water resources have
traditionally not been supported by quantifiable data, 2) effects of water management
strategies have not addressed potential impacts on microbial communities, and 3) current
management strategies fail to integrate strategies to conserve water, food, and habitat
resources simultaneously. The overall objective of this study aimed to determine the
influence of variable frequency and spatial patterns of controlled drainage structures on
drainage ditch environments. This study evaluated the composition of microbial
communities involved in key processes of denitrification following physiochemical
changes introduced by low-grade weir implementation. Investigations of functional
genes involved in denitrification via qPCR included those encoding for subunits of nitrate
reductase (nirK, nirS) and nitrous oxide (nosZ). These functional genes helped determine
community diversity using T-RFLP analysis. Understanding how low-grade weirs alter
drainage environments in such a way that impacts microbial community structure and
function, and subsequent nutrient transformations, will advance engineering and
remediation strategies. Understanding the impacts of low-grade weirs on nutrient
reduction capacities will also provide a greater understanding of how to improve nutrient
management strategies to reduce Gulf of Mexico hypoxia.
6

Figure 1.1

Denitrification reduction pathway

Notes: Denitrification reduction pathway showing location of enzymes relative to
microbial cytoplasmic membrane: Nar, nitrate reductase; Nir, nitrite reductase; Nor, nitric
oxide reductase; Nos, nitrous oxide reductase (modified from Ye et al. 1994).
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CHAPTER II
A FIELD SCALE INVESTIGATION OF NUTRIENT AND SEDIMENT REDUCTION
EFFICIENCIES OF A LOW-TECHNOLOGY BEST MANAGEMENT
PRACTICE: LOW-GRADE WEIRS

Introduction
Global crop demands are forecasted to increase between 100-110% from 2005 to
2050 (Tilman et al. 2011), requiring the intensification of agricultural production to meet
demands. As agricultural intensification in the last 35 years has already resulted in a
6.87- and 3.48-fold increase in nitrogen (N) and phosphorus (P) fertilization; linear
expansion of past trends project approximately 3-fold increases in N and P associated
with continued population expansion (Tilman 1999). Increased fertilizer applications to
agricultural landscapes have the potential to result in higher nutrient loading to receiving
surface waters (Donner 2003) leading to eutrophic conditions in coastal ecosystems. This
issue is of particular concern in the Gulf of Mexico, where nutrient losses from
agricultural landscapes in the Mississippi-Atchafalaya River Basin have led to increased
nutrient loading to downstream surface waters and the occurrence of an annual coastal
hypoxic zone in the Gulf of Mexico (Rabalais et al. 2002, Rabalais 2011). Efforts to
reduce nutrient loads to the Gulf of Mexico have led to the establishment of 45%
reduction in riverine total N and P loads (USEPA 2008, GOMA 2009) and an increased
12

allocation of resources and research initiatives to implement innovative management
strategies to achieve those nutrient reductions.
Ditch systems, found throughout the Lower Mississippi Alluvial Valley, are
essential features for adequate drainage to maintain crop production. Serving as primary
conduits for agricultural runoff, these systems have been shown to transport nutrients and
other agricultural pollutants to downstream waters (Moore et al. 2001, Randall and
Vetsch 2005, Needelman et al. 2007, Smith et al. 2008). However, drainage ditches also
function to control water table levels influencing chemical and biological processes
(Needelman et al. 2007) and have been examined as a management practice for nutrient
remediation (Moore et al. 2001, Cooper et al. 2002, Moore et al. 2010). Recent studies
have demonstrated the ability of drainage ditches to mitigate nutrient runoff (Kröger et al.
2007, Kröger et al. 2008a, Moore et al. 2010); furthermore, utilizing controlled drainage
structures within ditch systems has been identified as having additional benefits for
nutrient management (Evans et al. 1995).
Best management practices (BMPs) in the form of controlled drainage have been
implemented on the agricultural landscape to reduce nutrient concentrations and loads to
receiving waters by reducing drainage outflows (Gilliam et al. 1979, Evans et al. 1992,
Evans et al. 1995, Borin et al. 2001). Controlled drainage is a practice in which a
structure, such as a variable-height riser, is used to manage the water level in a drainage
outlet (Evans et al. 1995). Low-grade weirs (hereafter referred to as weirs) have been
utilized in lieu of traditional control drainage practices (i.e. variable-height risers) to
reduce effluent nutrient loads in recent studies. Kroger et al. (2008a) showed that weirs
had the potential to facilitate more efficient management of systems via flexible spatial
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configurations within the drainage ditch rather than stationary outflow control structures.
Semi-controlled experiments showed increases in hydraulic residence time (HRT)
(Kröger et al. 2008b) and reduced nitrate concentrations (Kröger et al. 2011, Kröger et al.
2012) in systems with weirs. Results of a field-scale investigation of a single drainage
ditch with weirs installed showed similar effects on HRT and nutrient reductions of N
and P constituents ranging from 14 to 67% (Littlejohn et al. 2014). Additional
investigation of the potential use of weirs for controlled drainage at the field scale is
warranted for replication. Furthermore, innovative practices for management of water
resources have traditionally not been supported by quantifiable data.
The objective of this study was to quantify the nutrient reduction efficiencies of
weirs in drainage ditches on agriculture runoff at the field-scale. The experiment was
conducted in the Mississippi Delta, a highly productive agricultural region of large
economic importance to the State of Mississippi. The Mississippi Delta is located in
northwestern Mississippi and is part of the larger Mississippi River Basin. The hypothesis
of this study was that the implementation of weirs in agricultural drainage ditches would
alter hydraulic residence time and denitrification, resulting in enhanced nutrient load and
concentration reductions compared to ditches without weirs due. The null hypothesis in
this case, was that weir implementation in drainage ditches doesn’t affect nutrient
reduction capacity. This was accomplished by evaluating nutrient concentrations and
loads in drainage ditches with and without weirs on working row-crop agricultural
landscapes. Goals of weir implementation and nutrient monitoring aim to highlight the
effectiveness of these structures for water quality improvement. This investigation also
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aims to demonstrate how innovative, low-technology nutrient reduction strategies can
decrease nutrient contributions to coastal ecosystems.
Materials and Methods
Study sites were located in in the Mississippi Delta, an area formed by alluvial
deposits of the Mississippi River and its tributaries (Fisk 1951). Sub-watersheds were
chosen because of their priority status within a Mississippi River Healthy Basins
Initiative priority watershed and listing on the Mississippi Department of Environmental
Quality 303(d) list due to impaired waters (Upper Yazoo – Hydrologic unit code
08030206). A total of six agricultural drainage ditches were used for experimental sites
located in Humphreys and Yazoo Counties, MS (Figure 2.1). Of the six ditches, two
were reference ditches with no weirs (hereafter referred to as Ref-A and Ref-B), two
were ditches with two weirs installed in each (hereafter referred to as W2-A and W2-B),
and two were ditches with four weirs installed in each (hereafter referred to as W4-A and
W4-B). Ditches were characterized by their physical differences and soil types. Physical
differences included the respective watershed drainage area around each ditch, as well as
the drainage ditch area. These values were used to determine a watershed to drainage
ditch ratio.
Watershed analysis of the agricultural drainage area was conducted to calculate
the fall of each ditch via elevation surveys with laser level (Spectra Precision LL300,
Westminster, CO, USA). The fall of each ditch aided in determining weir placement and
height to efficiently manage hydrologic flow, residence times, and reductions in nutrient
losses from these primary drainage ditches downstream. The target goal for weir
placement was to maintain 0.03 m of grade fall per 30.5 m of ditch length. Weir
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placement was agreed upon by Delta Farmers Advocating Resource Management
(F.A.R.M), Mississippi State University, and landowners prior to installation. All parties
felt the proposed placement would promote nutrient reductions, as well as serve
agricultural and environmental interests, and enable adaptive management practices.
Delta F.A.R.M installed weirs with help from landowners between August 2011 and
November 2011. Delta F.A.R.M completed precision surveys to provide data for creating
trapezoidal equations for sampling sites, which were used to create Hydrologic
Engineering Centers River Analysis System (HEC-RAS, Fluent User’s Guide, Fluent
Inc., Ansys, Lebanon) models to calculate channel flow.
Low-flow grab samples were collected (if water was flowing) every three weeks
during the growing season (March-October) and every six weeks during the dormant
season (November-February), while storm-flow samples were collected on a per-rainevent basis. Both storm- and low-flow samples were collected from January 2011
through July 2013. At primary drains from each ditch, automated ISCO 6712 water
samplers (24 bottle, polyethylene, HACH, Loveland, CO, USA) fitted with Module 720
velocity and water level loggers were installed. ISCO samplers were calibrated and
programmed to collect 900 mL samples every 10 minutes for the first hour of every rain
event once the water depth raised 10 cm above water levels at time of programming, and
every hour thereafter if the rain event continued. The maximum samples collected via
ISCO sampler per rain event was 24. Individual weirs were instrumented with PVC
passive storm samplers (custom in-house fabrication). Staked samplers were set at fixed
heights (200-1200 mm above the sediment surface) within the drainage ditch to capture
the rising limb of a storm hydrograph. PVC storm samplers have a storage capacity of
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650ml and self-seal once filled. To monitor water level, each sampler also had a
designated LevelTroll® (In-Situ Inc., Ft. Collins CO, USA) stationed above the weir, and
a Baro Troll® (In-Situ Inc., Ft. Collins CO, USA) was deployed as an atmospheric
reference.
All water samples were handled, collected, and transported according to USEPA
quality assurance/quality control guidelines (USEPA 2002). Water samples were
transported (in coolers, on ice) from field sampling locations to the Mississippi State
University Water Quality Laboratory for analysis within 48 hr from when the initial
sample was collected and analyzed within 24 hr once arriving at the laboratory.
Unfiltered grab, storm, and ISCO water samples were analyzed for total inorganic
phosphorus (TIP) using TNT 843 analysis kits (HACH, Loveland, CO, USA) and total
suspended solids (TSS) according to methods described in APHA (1998). All samples
were also filtered through 0.45μm cellulose membrane filters to be analyzed for ammonia
(NH3), nitrate (NO3¯), and nitrite (NO2¯) using a Lachat Flow Injection Analysis (FIA)
8500 (Lachat Instruments, Loveland, CO, USA). Lachat FIA standard methods of
automated cadmium reduction allowed for analysis of NOx¯ and NO2¯ (APHA 1998),
where NO3¯ values were calculated as the difference between NOx¯ and NO2¯.
Ammonia, NO3¯, and NO2¯ were added together to calculate total inorganic nitrogen
(TIN) and will be reported as TIN.
As drainage ditches receive water throughout the year via storm events or
irrigation practices, runoff into ditches can create variable flow regimes. To evaluate
temporal and spatial changes in flow intensity, flow discharge was calculated using HECRAS. Loads were calculated for each sampling point of each ditch using flows generated
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through HEC-RAS models utilizing logged water depths, physical characteristics of the
ditch, and nutrient concentrations for storm events occurring between March 2011 and
June 2013. To standardize loads by drainage area, loads were reported as kg/ha. Loads
were not calculated for ditch Ref-A as a HEC-RAS model was not developed for this
system due to financial restrictions.
Statistical Analysis
Prior to statistical analysis, data underwent quality assurance/quality control
analysis and event mean concentrations were calculated when multiple samples were
taken from a specific sampling location during a sampling event. Water quality
parameters that fell below the specific detection limit were reported as one-half the
detection limit rather than zero. Data was checked for normality using Shapiro-Wilk tests
set at a significance level of α <0.05 and was found to be non-normal. Nutrient load
reductions (percent) of TIN, TIP, and TSS were calculated based on reductions in
nutrients from each upstream sampling point to lower sampling points in the system and
from the outflow. All load reductions calculated for each event were compared between
sites using Kruskal-Wallis ANOVA with Dunn’s post hoc test and a Bonferonni
corrected significance level of α=0.005. Outflow nutrient and sediment loads (kg/ha)
were assessed for differences between sites using Kruskal-Wallis ANOVA with Dunn’s
post hoc test and a Bonferroni corrected significance level of α=0.005. Outflow storm
and low-flow concentrations were also compared between sites using Kruskal-Wallis
ANOVA with Dunn’s post hoc test and a Bonferroni corrected significance value of
α=0.005. Mean percent difference between storm and low-flow that were collected
during (storm) or after (low-flow) the same event were calculated for further comparison
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of temporal changes in nutrient concentrations. Comparisons between mean percent
differences were conducted using Kruskal-Wallis ANOVA with Dunn’s post hoc test and
a Bonferroni corrected significance level of α=0.0008. Seasonal changes of nutrient
concentrations (mg/L) in storm runoff for all ditches (with or without weirs) was assessed
using Kruskal-Wallis ANOVA with Dunn’s post hoc test and a Bonferroni corrected
significance level of α=0.0083. Annual mean outflow concentrations (mg/L) of TIN,
TIP, and TSS were determined for reference ditches and ditches with weirs using
Kruskal-Wallis ANOVA with Dunn’s post hoc test and a Bonferroni corrected
significance level of α=0.0033 to determine pairwise comparisons. All previously
described Kruskal-Wallis ANOVA depended on significance levels set at α<0.05 initially
and were conducted using Microsoft® Excel 2010/XLSTAT©-Pro 2014.2.07 (Addinsoft,
Inc., Brooklyn, NY, USA).
Results
Ditch physical characteristics, watershed drainage area, drainage ditch area,
watershed to drainage ditch ratio, and soil types were determined; all characteristic
surveys were conducted following reconstruction and weir implementation (Table 2.1).
Ditches Ref-A and W4-B had the smallest watershed to drainage ditch ratios at 72:1 and
74:1, respectively, and ditches W2-A and W4-B had the greatest watershed to drainage
ditch ratios of 146:1 and 144:1, respectively. Ratios for ditches Ref-B and W2-B fell
between those extremes. Overall, a total of 2515 storm-flow and 533 low-flow samples
were collected from all of the ditches combined. A greater number of storm-flow
samples were collected due to the greater frequency of rain events than routine sampling
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events annually, because drainage systems are ephemeral, and because automated
samplers at outflows collected a greater number of samples per event.
Nutrient and sediment loads
Nutrient load reductions of TIN, TIP, and TSS ranged greatly (Table 2.2). The
majority of median TIN reductions were negative, showing that TIN loads increased in
most of the ditches during storm flows. Alternatively, positive median reduction values
of TIP and TSS show that loads were reduced in systems with and without weirs during
storm events, with the exception of TIP in ditch W4-B. Variability in differences
between systems indicate that the presence and/or frequency of weirs in ditches did not
significantly affect the capacity to reduce TIN, but the capacity of weirs to reduce TIP
and TSS loads was observed. Similarly, outflow nutrient loads between sites showed no
significant differences in TIN or TSS (Figure 2.2).
Nutrient and sediment concentrations
Storm- and low-flow nutrient concentrations from ditch outflows are shown in
Figure 2.3. Storm-flow TIN, TIP, and TSS concentrations were found to be variable
between sites, and no clear pattern in nutrient and sediment concentrations was
identifiable. Low-flow nutrient and sediment concentrations also showed variability
between sites (Figure 2.3). However, results showed that low-flow TIN, TIP, and TSS
concentrations were consistently much lower than storm-flow concentrations, with the
exception of comparable TIN values being observed at site W2-A and W2-B.
Descriptive statistics and mean percent difference between storm- and low-flow
outflow concentrations within each ditch are shown in Table 2.3. Results highlight that
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low-flow samples have significantly lower nutrient concentrations than storm-flow
samples, except for TIN values at W2-A. Reductions of nutrients, from storm-flow
samples to low-flow samples, range from 28-97%, with the lowest observed reductions in
nutrients being TIN concentrations at sites W2-A and W2-B.
Temporal changes in nutrient concentrations
Seasonal changes in outflowing nutrients during storm events from all ditches
combined are shown in Figure 2.4. Results show that TIN concentrations increase
biannually in the spring and fall, as those concentrations were found to be significantly
greater than concentrations in both the summer (p=0.003; Q=3.007 and p=0.007;
Q=2.702, respectively) and winter (p<0.0001; Q=9.346 and p<0.0001; Q=7.379,
respectively). Additionally, summer TIN concentrations were found to be significantly
greater than winter (p<0.0001; Q=4.286) concentrations. Outflow concentrations of TIP
and TSS showed a different trend, with the highest concentrations observed in the spring
(TIP, p<0.0001, K=41.034; TSS, p<0.0001, K=122.349).
All storm-flow data for control ditches (Ref-A and Ref-B) were combined and all
ditches with weirs (W2-A, W2-B, W4-A, and W4-B) were combined, to compare control
ditches to ditches with weirs annually in conjunction with rainfall data (Figure 2.5).
Results show opposing trends between TIN results and results of TIP and TSS with
regard to rainfall trends. TIN concentrations in control ditches decreased annually as
rainfall increased, while TIN concentrations in ditches with weirs remained fairly
constant in conjunction with rainfall increases. However, TIP and TSS concentrations in
control ditches and those with weirs, increased annually as rainfall increased. Results
also show that by the third year of the investigation (2013), TIN concentrations were
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significantly higher in ditches with weirs than in reference ditches (p<0.0001; K=72.517),
TSS concentrations show no significant differences between ditches with weirs and
control ditches, but that TIP concentrations were significantly lower in ditches with weirs
than reference ditches (p<0.0001; K=128.432).
Discussion
Understanding the nutrient reduction efficiencies of agricultural best management
practices is necessary to adequately reduce nutrient loads to downstream aquatic
ecosystems as agriculture production continues to intensify to sustain expanding global
populations. This study aimed to quantify nutrient reduction efficiencies of weirs
implemented in drainage ditches at the field-scale. Results of this three-year
investigation in the Mississippi Delta yielded data supporting: 1) the nutrient reduction
potential of utilizing controlled drainage in agricultural ditches and the implications of
variability observed in this study, 2) considerations towards nutrient management
limitations and successes, and 3) insight towards seasonal N and P fluxes in agricultural
runoff.
Nutrient reduction potential of controlled drainage
Utilizing vegetative drainage ditches for nutrient reduction benefits has been
identified as a viable strategy for reducing nutrient runoff from agricultural landscapes
(Cooper et al. 2002, Kröger et al. 2007, Kröger et al. 2008b, Moore et al. 2010), as has
the use of controlled drainage (Evans et al. 1992, Evans et al. 1995, Wesström et al. 2001,
Wesström and Messing 2007, Kröger et al. 2013a). In the current study, nutrient load
reductions were observed in drainage ditches with and without weirs; however, nutrient
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reductions were not consistent and variability in nutrient and sediment loads ranged
widely. Much of the variability in nutrient reductions in the current study is hypothesized
to be caused by hydrological variability (Kovacic et al. 2000, Hoffmann et al. 2012,
Littlejohn et al. 2014). Nutrient reduction variability of TIN (-885-96%) and TIP (-165%) in ditches with controlled drainage was comparable to ranges reported by Littlejohn
et al. (2014), of -850-89% reductions in NO3¯ and 2-97% reductions in TIP. Similar
ranges of TIN reductions are likely a result of both investigations being field studies
conducted under similar conditions within the Mississippi Delta. Despite similarities, the
individuality of each system and experimental conditions should not be overlooked.
Median TIN load reductions in ditches with weirs in the current study were lower than
those reported by Littlejohn et al (2014), however, discrepancies could be attributed to
differences in annual rainfall patterns, drainage ditch characteristics, and/or fertilizer
applications. Research on drainage water management in agricultural systems in Illinois
also reported greater nutrient reductions (37-79% reductions in NO3¯) than those
observed in the current study; though, drainage water management techniques utilized
restricted drainage volumes via subsurface drainage (Cooke and Verma 2012). In regards
to nutrient reductions in systems without controlled drainage, results from this study were
also found to be lacking (-16%) in comparison to those described by Kröger et al. (2007),
who reported a 57% reduction in dissolved inorganic N loads from agricultural runoff in
drainage ditches in northern Mississippi. Vegetation could have increased nutrient
reductions in the aforementioned study, as authors made no mention of ditch construction
prior to experimentation, which resulted in resetting of vegetation succession in the
current study. Also, in systems without controlled drainage in the Mississippi Delta,
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Moore et al. (2010) highlighted P load reductions of 36% in vegetated ditches and 71% in
non-vegetated ditches and Total Kjehldahl N load reductions of 77% in non-vegetated
ditches and 92% in vegetated ditches. Nonetheless, the aforementioned study was carried
out using simulated storm events, in which hydraulic flows and nutrient concentrations
were unlikely to meet extreme hydraulic flows observed in field studies. Results from
the current study highlight critical variability in nutrient reductions observed at the field
scale and realities of extreme environmental conditions that can hinder the nutrient
reduction potential of controlled drainage efforts.
Considerations nutrient management limitations and success
In the current study, maximum nutrient load reductions highlight that systems,
both with and without weirs, show the capability of reducing nutrients under certain
conditions, while minimum nutrient reductions highlight when capacity limitations were
exceeded. Additionally, differences in nutrient and sediment concentrations between
storm- and low-flow samples point towards water velocity as the driving force behind the
observed differences. To sufficiently decrease velocities and increase HRT for nutrient
reductions during intense rainfall events, the capture capacity of the current drainage
systems must meet the runoff potential of surrounding acreage. The ratio of watershed to
drainage ditch area in the current study ranged from 72:1 to 146:1, and appeared to have
minimal buffering capacity for nutrient removal during precipitation events. Mitsch and
Day (2006) reported that concentrations of nitrate-nitrite discharging from a nutrient
management system, with a watershed to wetland (area) ratio of 14:1, did not increase
significantly during precipitation events; qualifying that the ratio appeared to be
sufficient for buffering storm pulses of surface runoff. These findings indicate that
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engineering systems in the current study so that ratios of watershed to drainage ditch are
closer to those reported by Mitsch and Day (2006) may increase nutrient reduction
efficiencies. This is critical in the Mississippi Delta and analogous areas that are prone to
dramatic changes in seasonal and annual rainfall patterns. Moreover, how the public,
government officials, and scientists gauge successful nutrient management needs to be
reassessed, as Raisin et al. (1997) found that a nutrient management system draining an
agricultural watershed during high-flow periods could be expected only to retain 10 and
20% of N and P loads, respectively. Perhaps management of nutrients and sediment
during large storm events should aim towards precision application and/or more
permanent retention systems.
Insight towards seasonal N and P dynamics in agricultural runoff
The typical transport of nutrients during intense rain events in the “wet season”
(January to June) is often inflated in the spring as a result of fertilizer application during
the growing season. In the current study, significantly higher concentrations of nutrients
and sediment were observed in the spring, but an additional increase in N was also
observed in the fall. General trends in the Mississippi-Atchafalaya River Basin show that
N and P loading tends to be highest in the late winter and spring when flow is highest,
and lowest in summer and fall when stream flow is low (Goolsby et al. 2000, Shields et
al. 2009). While these results support findings in the current study regarding increases in
N and P in the spring, they contradict the observation of increased N during the fall. The
observed fall pulse of N is hypothesized to be the result of atypical rainfall during the
fall, following a dry period during the summer. This phenomenon has been described by
Cui and Caldwell (1997), in which the wetting of a dry soil resulted in a pulse of
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available soil NO3¯; authors also reported that available P was not affected, which would
explain why an increase in P was not also observed during the fall in the current study.
Conversely, it’s hypothesized that if the majority of available N was mineralized and
mobilized during storm events (always mobilizing the maximum amount of N), this
would explain why annual trends decreased or remained fairly constant despite increased
rainfall patterns. Slightly higher incidence of N concentrations in ditches with weir could
be a result of ditches with weirs acting as a more efficient sink of N during low flows
than ditches without weirs, and consequently, retaining more N which could then
mineralize and be released during high flows.
Annual sediment and P trends, however, paralleled increasing rainfall trends,
indicating that as long as rain events produced surface runoff, agricultural fields and
drainage ditches acted as sources for sediment and P. However, differences in annual
sediment and P trends showed lower concentrations in systems with weirs, indicating that
weirs have the potential to effectively slow water allowing for retention of sediment and
P. Kröger et al. (2013b) also reported that sediment and P were effectively retained
behind weirs. Although, with average sediment depths of 50 cm behind weirs one year
after construction, authors cautioned the likelihood that yearly maintenance would be
necessary to ensure optimal sediment and P reductions (Kröger et al. 2013b). While this
investigation highlighted both the successes and limitations of utilizing low-grade weirs
as a BMP, innovations toward the development and assessment of more efficient BMPs is
warranted.
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4

W4-B

155

98

113

79

44

117

1.08

1.32

1.25

0.54

0.49

1.63

Drainage
Ditch Area
(ha)

144:1

74:1

90:1

146:1

90:1

72:1

Watershed:drainage
ditch area ratio

Ditch Characteristics
Soil type
75% Alligator, Dowling,
and Forestdale soils, 6%
Forestdale silty clay loam
33% Alligator clay, 27%
Dowling clay, 11%
Forestdale silt loam
38% Dowling clay, 25%
Alligator clay, 12%
Alligator –Dowling clays
39% Sharkey Clay 28%
Dundee Silt Loam
43% Alligator clay, 17%
Forestdale silt loam, 13%
Forestdale silty clay loam
96% Alligator-Dowling
clays
450

257

611

536

531

130

Total storm
flow
samples

66

92

165

81

57

72

Total lowflow
samples

Note: Physical ditch characteristics were surveyed following reconstruction and weir implementation, watershed to drainage ditch
ratios were determined from the watershed drainage area and drainage ditch area; soil type was determined using the USDA
Natural Resources Conservation Service Web Soil Survey (retrieved April 2013). Ref-A and Ref-B are reference ditches (no
weirs), W2-A and W2-B are sites with two weirs, and W4-A and W4-B have four weirs installed in them. Numbers of storm- and
low-flow samples indicate the total number collected, not necessarily the total number analyzed once quality assurance/quality
control was completed.
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2

W2-A

W4-A

0

Ref-B

2

0

Ref-A

W2-B

# weirs

Watershed
Drainage
Area (ha)

Physical ditch characteristics

Ditch

Table 2.1
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Site
Ref-B
W2-A
W2-B
W4-A
W4-B
Ref-B
W2-A
W2-B
W4-A
W4-B
Ref-B
W2-A
W2-B
W4-A
W4-B

N
34
31
55
54
48
34
31
55
54
48
34
31
55
54
48

Minimum (%)
-432.727
-334.414
-327.990
-884.728
-231.805
-239.877
-652.112
-388.885
-366.736
-1361.951
-91.633
-433.223
-368.374
-524.093
-244.270

Maximum (%)
47.799
81.301
65.829
95.709
66.987
82.887
92.902
99.506
90.556
79.760
88.286
90.309
98.524
94.567
84.933

Nutrient and sediment load reductions

Calculated load reductions

Mean (%)
-37.573
-20.818
-33.746
-79.945
-21.635
4.548
24.230
-5.224
-3.696
-40.570
28.352
17.264
4.922
-29.596
-12.009

Median (%)
-16.959
0.387
-11.578
-16.149
-3.643
18.278
65.768
11.945
15.775
-1.487
43.039
35.608
56.146
9.572
14.005

Pairwise
comparisons
A
A
A
A
A
AB
B
A
A
A
A
A
A
A
A

Note: Calculated load reductions of TIN, TIP, and TSS, minimum, maximum, mean, and median nutrient reductions (%) between
each site. Ref-B is the reference site, W2-A and W2-B are ditches with two weirs, and W4-A and W4-B are ditches with four
weirs. Pairwise comparisons were conducted using Kruskal-Wallis ANOVA with Dunn’s post hoc test and a Bonferroni corrected
significance level of α=0.005. Negative nutrient reduction values indicate increases in nutrient loads.

TSS

TIP

TIN

Table 2.2
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No. of
events
14
27
20
27
19
19
16
19
20
28
22
29
16
19
20
28
22
29

Ref-A

Ref-B

W2-A

W2-B

W4-A

W4-B

Ref-A

Ref-B

W2-A

W2-B

W4-A

W4-B

Ref-A

Ref-B

W2-A

W2-B

W4-A

W4-B

Ditch

110.6

189.3

52.0

168.0

210.4

509.9

0.050

0.120

0.050

0.050

0.050

0.210

0.766

0.136

0.314

0.915

0.292

0.225

Minimum

5675.2

10650.0

3635.0

6372.0

9095.4

18330.0

5.038

8.777

4.310

3.268

8.116

8.010

19.818

17.570

13.255

12.200

8.427

7.222

Maximum

Storm flows

1173.3

2851.9

1177.6

1003.1

759.9

3309.5

0.979

1.662

1.567

1.481

1.241

1.507

3.048

1.260

1.530

3.547

1.540

1.044

Median

1753.5

2155.2

1186.1

2011.0

3280.1

4605.9

1.749

1.887

1.656

1.254

2.361

2.254

5.087

2.592

2.289

4.248

2.536

1.859

Mean

24

26

26

17

24

29

25

27

28

18

25

31

17

24

25

23

26

No. of
events
26

13.0

42.0

9.5

14.0

16.5

10.0

0.050

0.177

0.192

0.143

0.189

0.126

0.024

0.026

0.085

0.068

0.020

0.005

Minimum

Descriptive statistics of all storm- and low-flow outflow concentrations

2840.0

1212.0

1128.0

530.0

2170.0

922.0

2.370

1.759

1.044

0.842

1.608

1.785

1.092

4.166

8.289

15.213

0.966

0.746

Maximum

Low-flows

172.0

141.0

188.0
139.0

78.5

82.0

0.382

0.486

0.454

0.509

0.396

0.323

0.206

0.224

0.598

1.825

0.127

0.091

Median

287.7

301.6

148.9

223.5

266.3

156.6

0.557

0.560

0.427

0.432

0.554

0.420

0.271

0.474

1.544

3.061

0.180

0.149

Mean

83.59%

86.01%

87.45%

88.88%

91.88%

96.60%

68.14%

70.32%

74.21%

65.57%

76.52%

81.37%

94.68%

81.72%

32.55%

27.94%

92.89%

91.99%

Mean percent
difference
from storm
flow to lowflow

Note: Descriptive statistics of all storm- and low-flow outflow concentrations and the calculation of mean percent reductions of total inorganic nitrogen (TIN), total inorganic phosphorus (TIP), and total suspended solids (TSS)
from storm- to low-flow samples. Ref-B is the reference site, W2-A and W2-B are ditches with two weirs, and W4-A and W4-B are ditches with four weirs. All mean percent reductions shaded gray indicate that a significant
difference was determined by Kruskal-Wallis ANOVA with Dunn’s post hoc test and a Bonferroni corrected significance level of α<0.0008.

TSS
(mg/L)

TIP
(mg/L)

TIN
(mg/L)

Table 2.3
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Figure 2.1

Study sites

Note: Study site locations (on the left) are shown within the Yazoo River watershed and
their respective counties; Site 1 is located in Humphreys County and Site 2 is located in
Yazoo County. All experimental ditches with sampling sites and weir locations within
each ditch channel are shown on the right.
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Figure 2.2

Mean nutrient and sediment loads

Note: Mean loads (kg/ha) of total inorganic nitrogen (TIN), total inorganic phosphorus
(TIP), and total suspended solids (TSS) collected from outflows from a reference site
with no weirs (Ref-B), ditches with two weirs (W2-A and W2-B) and ditches with four
weirs (W4-A and W4-B). Error bars are representative of the standard error of means.
Significant differences between ditches were determined using Kruskal-Wallis ANOVA
with Dunn’s post hoc test and a Bonferroni corrected significance level of α<0.005.
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Figure 2.3

Storm and low-flow mean concentrations

Note: Storm and low-flow mean concentrations of total inorganic nitrogen (TIN), total
inorganic phosphorus (TIP), and total suspended solids (TSS) collected from outflows of
ditches with no weirs (Ref-A and Ref-B), ditches with two weirs (W2-A and W2-B) and
ditches with four weirs (W4-A and W4-B). Error bars are representative of the standard
error of means. Significant differences between ditches were determined using KruskalWallis ANOVA with Dunn’s post hoc test and a Bonferroni corrected significance level
of α<0.005.
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Mean seasonal outflow concentrations

Note: Mean seasonal outflow concentrations of a) total inorganic nitrogen (TIN) (winter n=701, spring n=529, summer n=261, fall
n=239), b) total inorganic phosphorus (TIP) (winter n=517, spring n=303, summer n=180, fall n=187), and c) total suspended
solids (TSS) (winter n=516, spring n=301, summer n=161, fall n=180) from all ditches (with and without weirs) during storm
flows. Error bars are representative of the standard error of means. Significant differences between ditches were determined using
Kruskal-Wallis ANOVA with Dunn’s post hoc test and a Bonferroni corrected significance level of α<0.0083.

Figure 2.4
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Figure 2.5

Annual mean outflow concentrations

Note: Annual mean outflow concentrations (mg/L) of a) total inorganic nitrogen (TIN)
(2011 control n=61, 2011 weir n=60, 2012 control n=322, 2012 weir n=477, 2013 control
n=125, 2013 weir n=685); b) total inorganic phosphorus (TIP) (2011 control n=70, 2011
weir n=207, 2012 control n=310, 2012 weir n=329, 2013 control n=54, 2013 weir
n=408); and c) TSS (2011 control n=70, 2011 weir n=110, 2012 control n=207, 2012
weir n=310, 2013 control n=54, 2013 weir n=407) for all reference ditches (no weirs) and
ditches with weirs. Error bars are representative of the standard error of means.
Significant differences between ditches were determined using Kruskal-Wallis ANOVA
with Dunn’s post hoc test and a Bonferroni corrected significance level of α<0.0033.
Coinciding annual regional average rainfall data (d) for the lower Mississippi Delta was
retrieved from the National Climatic Data Center, U.S. Department of Commerce.
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CHAPTER III
ABUNDANCE AND DIVERSITY OF DENITRIFYING MICROBE COMMUNITIES
WITHIN AN AGRICULTURAL DRAINAGE SYSTEM FITTED
WITH LOW-GRADE WEIRS

Introduction
Anthropogenic production of reactive nitrogen (N), cultivation of N-fixing crops,
and fossil fuel combustion contributes 45% of the total global N fixation (Canfield et al.
2010). Discharge of N and other nutrients from the Mississippi-Atchafalaya River Basin,
in combination with stratification of Gulf waters, has been identified as the primary cause
of an annual hypoxic zone in the northern Gulf of Mexico (CENR 2000). Hypoxic zones
are areas where dissolved oxygen concentrations decrease to levels that will not support
aquatic life (Rabalais et al. 2002), threatening the biological integrity of marine
ecosystems and subsequently the livelihood of the local, regional, and global economy.
In light of these deleterious effects, the US Environmental Protection Agency (USEPA)
Science Advisory board has called for a 45% reduction of N loads from the Mississippi
River Basin (USEPA 2007). Additionally, the development and implementation of
nutrient reduction strategies to reduce excess nutrient loading to the Gulf of Mexico have
been requested (USEPA 2008, GOMA 2009).
Natural and created wetlands have been identified as ecological systems for N
management, acting as sinks because of typically high levels of denitrification in their
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anaerobic soils (Mitsch et al. 2001). Scientists and land managers have aimed to identify
innovative best management practices (BMPs) that marry the biogeochemical principles
of biological N removal with the drainage needs of the agricultural community.
Enhancing wetland characteristics in drainage ditches has been shown to decrease
nutrient runoff from agriculture landscapes to adjacent aquatic ecosystems (Cooper et al.
2002, Kröger et al. 2008b, Moore et al. 2010). Adding controlled drainage practices in
the form of low-grade weirs (hereafter “weirs”) within drainage ditches also resulted in
nutrient load reductions (Kröger et al. 2008a, Kröger et al. 2011, Littlejohn et al. 2014).
However, Mitsch et al. (2001) explains that wetlands formed using a controlled drainage
technique are particularly vulnerable during flooding and their stability can be hard to
predict. Semi-controlled and field experiments have reported that implementation of
weirs has led to increased hydrologic residence time (HRT) in drainage ditches (Kröger
et al. 2008a, Littlejohn et al. 2014, Prince Czarnecki et al. 2014). Despite this
observation, water quality results from Littlejohn et al. (2014) and from Chapter II of this
dissertation reflect the pronounced variability between storm-flow and low-flow
sampling, by failing to show consistent reductions in N concentrations and loads.
Variability in water quality suggests that perhaps weirs are not having a great enough
impact on hydrology to achieve goals of mimicking wetlands by creating hydric soils to
enhance aquatic plant and microbe communities, driving biogeochemical N
transformations and removal. Given the variability in current literature on the potential
successes of weirs to enhance N reductions and the dynamic nature of water quality,
investigation of an endpoint that is directly linked to the biogeochemical N cycle, and
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that is less variable within aquatic systems, is warranted to better understand the
physiochemical and biological effects of weirs.
An important biogeochemical component of N cycling is denitrification, where
nitrate (NO3¯) is transformed to gaseous N and removed from the aquatic environments,
primarily as N2O (nitrous oxide) and N2 (di-nitrogen gas) (Ye et al. 1994, Philippot et al.
2002, Wallenstein et al. 2006). Denitrification is a process in which soil microbes utilize
NO3¯ as an electron acceptor, rather than oxygen, to gain energy when soil conditions are
oxygen limited or anaerobic (Zumft 1997). Four enzymatically-catalyzed reductive steps
are involved in denitrification (Philippot et al. 2002). Without these enzymes, which
have been identified and are encoded within specific functional genes of microbes (nirK,
nirS, cnorB, qnorB, nosZ), NO3¯ reduction would not occur. These denitrification genes
are used to investigate soil health and microbial community dynamics using quantitative
polymerase-chain reaction (qPCR) and terminal-restriction length polymorphism (TRFLP). These methods utilize amplified gene targets to allow for the characterization of
microbial communities (Osborn et al. 2000), and have been instrumental in providing
insight to denitrifying bacterial communities in a variety of environments (Henry et al.
2004, Dandie et al. 2007, Ahn and Peralta 2009, Enwall et al. 2010, Bannert et al. 2011,
Dandie et al. 2011).
Biogeochemical reactions involved in microbial denitrification are largely
governed by environmental conditions; therefore, understanding these processes in
relation to the surrounding environment is critical. In addition to oxygen availability, the
availability of N and carbon (C), and their exchange between the water column and
sediment, has shown to affect the establishment of microbial biofilms and denitrification
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activity (Eriksson 2001, Battin et al. 2003). Other environmental parameters affecting
denitrification include pH, temperature, predation, and disturbances (Wallenstein et al.
2006). Microbial community responses to climate change, pollution, and anthropogenic
influences have further emerged as important components to understanding ecosystem
responses (Wallenstein et al. 2006). Recent literature has documented the influences of
tillage management (Chèneby et al. 2009, Vargas Gil et al. 2009, Attard et al. 2010) and
increasing agricultural intensity (Dell et al. 2008), reporting significant shifts in microbial
community structure and function. Furthermore, Best and Jacobs (1997) reported that
water management practices, such as BMPs, can also affect denitrification; implying that
microbial processes would be affected.
Analysis of denitrifying microbial communities and chemical soil and water
variables provides quantifiable data that offers a molecular perspective on BMP impacts
to drainage systems on the agriculture landscape. Employing soil biogeochemical
endpoints also tenders a comprehensive understanding of how the ecosystem is
responding to anthropogenic disturbances, and has the potential to identify conditions that
enhance 1) denitrifying microbial communities; 2) nitrate (NO3¯) reductions; and 3)
current nutrient management strategies. Research of this nature is in high demand in the
field of microbial ecology, which currently lacks data with associated insights and
theoretical tools required to detect underlying principles and mechanisms (Prosser et al.
2007). Prosser et al. (2007) deems developing an understanding of the ecology of
microorganisms, for the management of ecosystems and mitigation of climate change,
one of the greatest challenges of contemporary ecology. Bradford and Fierer (2012) echo
the previous notion, referring to the development of mechanistic understandings as the
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“Grand Challenge” for soil ecologists. While the hypotheses of this investigation are
centered on management implications to ecosystem processes and functionality, this
comprehensive ecological approach could foster the development of theoretical concepts
towards microbial ecology through mechanistic linkages between environmental
processes, physiological processes, resource availability, and denitrifying microbial
community dynamics.
The objectives of this study were to 1) determine an appropriate sampling regime
for the further investigation of microbial communities in drainage systems, 2) determine
if proximity to weir affects abundance and composition of microbial communities, and 3)
identify relationships between soil C and N and microbial communities. Functional
genes involved in denitrification were quantified using qPCR and 16S rRNA T-RFLP
profiles were used to determine community diversity. Results of this study offer benefits
for developing a better understanding of how weirs alter drainage environments in such a
way that impacts microbial community structure and function, and subsequent nutrient
transformations. Understanding impacts of weirs on microbial communities and N
cycling will also provide a greater understanding of how to improve management
strategies which reduce N loading to the Gulf of Mexico.
Materials and Methods
Study site
The study site is located on Spruill Farm in Humphreys County, MS, USA
(Figure 1) within a sub-watershed chosen because of its priority status within a
Mississippi River Healthy Basins Initiative priority watershed and listing on the
Mississippi Department of Environmental Quality 303(d) list due to impaired waters
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(Upper Yazoo – Hydrologic unit code 08030206). The experimental ditch (Figure 3.1)
was fitted with four low-grade weirs, and chosen to investigate spatial distribution
patterns of denitrifying microbial communities during fall 2012. A control ditch was not
included in the experimental design as this preliminary investigation aimed to identify an
appropriate sampling regime accounting for spatial heterogeneity within drainage ditches
resulting from ephemeral hydrologic flow patterns and indiscriminate water pooling,
while avoiding capturing noise associated with soil heterogeneity. It is general
knowledge that soil exhibits extreme spatial heterogeneity at field scale. The drainage
system is 1,754 m long, approximately 10 m in width, and drains approximately 98 ha of
agricultural land managed in a rotation of corn (Zea mays L.) and soybeans (Glycine max
[L.] Merr.). Soil composition in the agricultural field surrounding the ditch is dominated
by Alligator clay (43%), Forestdale silt loam (17%), and Forestdale silty clay loam (13%)
(National Resources Conservation Service Web Soil Survey; retrieved May 4, 2012).
Soil and water sample collection
Soil microbial assessments were conducted at catchment, reach, and management
scales (Figure 3.2). At the catchment scale, soil cores (3 cm diameter x 10 cm depth)
were collected at 100-m transects along the length of the ditch, beginning directly in front
of the first weir (0 m). At the reach scale, soil cores were collected at 50-m intervals
within each reach, beginning directly in front of each weir (0 m) up to 250 m. At the
management scale, soil cores were collected at 5-m intervals throughout the first 25 m of
each reach, beginning directly in front of each weir (0 m). Standardized sampling
procedures were followed at each scale, where duplicate cores were collected from the
center-most point of the thalweg at each transect. Samples collected along a single
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transect were combined in a sterile plastic bag to form a composite sample. Soil core
samplers were sterilized with 90% ethanol prior to sampling at each transect. Soil
samples were collected, stored on ice (~4°C), and transported to the Mississippi State
University Water Quality Lab within the same day.
If water was present, grab water samples and physicochemical characteristics
were monitored. Physical water characteristics including depth, temperature, pH,
dissolved oxygen, oxidation-reduction potential, and conductivity were recorded at the
center-most point of each transect. Grab water samples (300 ml) were collected from the
water column directly above areas where soil cores were taken at each interval. Water
samples were also stored on ice (~4°C), and transported to the Mississippi State
University Water Quality Laboratory for analysis.
Soil and water chemical analysis
Soil samples were completely homogenized and soil water content was
determined (Hausenbuiller 1975) subsequent to drying at 105°C. Once soil moisture was
determined samples were ground and analyzed for percent C and N using a Perkin-Elmer
2400 analyzer (PerkinElmer Inc., Waltham, MA). All water samples were analyzed to
determine concentrations of NO3¯, nitrite (NO2¯), ammonia (NH3), dissolved inorganic
phosphorus (DIP), total inorganic phosphorus (TIP), total suspended solids (TSS), and
turbidity. Unfiltered water samples were analyzed for TIP using TNT 843 analysis kits
(HACH, Loveland, CO). Total suspended solids were analyzed using standard methods
(APHA 1998) and turbidity was analyzed with a turbidimeter (HACH 2100P
Turbidimeter, Loveland, CO). All samples were subsequently filtered through 0.45μm
cellulose membrane filters to be analyzed for DIP, NH3, NO3¯, and NO2¯ using a Lachat
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Flow Injection Analysis (FIA) 8500 (Lachat Instruments, Loveland, CO). Lachat FIA
standard methods of automated cadmium reduction allowed for analysis of NO3¯ and
NO2¯ (APHA 1998). Total inorganic nitrogen (TIN) was calculated as the sum of NH3,
NO3¯, and NO2¯.
Microbial community analysis
Following homogenization of composite soil samples, aliquots (50 g) were stored
at -80°C until DNA extraction. DNA from each composite sample was extracted in
triplicate sub-samples from 0.25 g (moist g) of soil using a QIamp® DNA Stool Mini Kit
(Qiagen Inc.,Valencia, CA) following the manufacturer’s protocol; DNA from subsamples was then pooled. Quality and quantity of DNA extracts were checked with a
spectrophotometer (Nanodrop, Peqlab, Germany) prior to qPCR analysis. Extracted DNA
was analyzed via qPCR to quantify the abundance of 16S rRNA and functional genes
nosZ, nirS, and nirK. Positive control and standard curve DNA were generated from
previously-amplified genes, extracted from environmental isolates which were serially
diluted to encompass 106 genomic units (GU) to 100 GU. All PCR reactions were
performed with an Applied Biosystems ABI Step One Plus real-time system using
Applied Biosystems 96-well PCR plates and qPCR-grade sealing film (Applied
Biosystems, Life Technologies Corporation, Carlsbad, CA). Polymerase chain reaction
analysis followed protocols described by Bannert et al. (2011) which included an initial
enzyme activation step; followed by cycling conditions specific to each gene assay (Table
3.1), and a melting curve. Primers specific to functional genes and PCR reaction
mixtures are also described in Table 3.1. Inhibition controls were incorporated into each
assay plate by using DNA extracts and serial spiked control DNA; sample template DNA
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was diluted to account for inhibition. A minimum detection limit of 5,000 GU/g soil was
set for all genes.
Community diversity analysis was performed via T-RFLP of 16S. This method
involved restriction endonuclease digestion of fluorescently-labeled PCR products
following Osborn et al. (2000). Digestion products were mixed with fluorescentlylabeled DNA size standard; fragments were then separated via gel electrophoresis and
labeled fragments detected by laser using an automated analyzer (Applied Biosystems,
Foster City, CA) (Osborn et al. 2000). Output from T-RFLP analysis included
electropherogram showing the microbial community profile as a series of colored peaks
and a numerical table describing the size and height of each peak. Results of T-RFLP
were processed and analyzed using T-REX software (Culman et al. 2009), which defines
true peaks in the data, reconfigures peak alignment of terminal restriction fragment basepair length, and incorporates experiment parameters to create environments which reflect
microbial community profiles. Output of this analysis included a two-way data matrix of
interaction principal components (IPCA) that represent each “environment” or
community profile about each sample.
Statistical analysis
Gene abundance, soil C, soil N, and soil moisture were analyzed using descriptive
statistical methods, including Shapiro-Wilk and Levene tests to ensure normality and
homogeneity of variance. All non-normal data was transformed using Box-Cox
transformation (Box and Cox 1964), a commonly-used transformation in microbial
ecology (Philippot et al. 2009, Bru et al. 2010, Enwall et al. 2010), prior to multivariate
analysis. Analysis of variance was used on transformed data to compare gene abundance
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between catchment, reach, and management scales. Multivariate analysis of transformed
gene abundances, soil C and N, and distance from weirs was conducted using Principal
Component Analysis (PCA) and a Pearson correlation matrix was calculated. All
statistical analysis were conducted using Microsoft® Excel 2010/XLSTAT©-Pro 2012.1
(Addinsoft, Inc., Brooklyn, NY, USA).
T-RFLP profiles were analyzed using T-REX software using default peak calling
criteria (Culman et al. 2009) taking into account environmental parameters, where spatial
parameters were binned prior to analysis with distance from weir being binned as 1= 0-25
m; 2= >25-100 m; 3= >100 m and distance from outflow as 1= 0-50 m; 2= 51-100 m; 3=
>100-500 m; 4= >500-1000 m; 5= >1000 m). Identification of spatial patterns of
denitrifying communities throughout a drainage system was used to identify areas of
ditches that have likely been influenced by low-grade weirs and areas that have not, for
the purpose of developing unbiased sampling regimes in phase three of the study.
Geostatistical analysis
Empirical Bayesian Kriging (EBK) was used to visualize spatial patterns of
denitrifying microbe communities in the experimental ditch. Data used were based on
scaled sampling by utilizing transformed genes (GU/dry g soil) quantified by qPCR (16S,
nosZ, and nirS). The EBK method offered several advantages in this study, most notably
that it is more accurate than traditional kriging for smaller datasets (Pilz and Spöck
2008). Additionally, EBK filters out a moderate trend in the data, accounts for the error
introduced by estimating the underlying semivariogram, and has more accurate prediction
of standard error than traditional methods. For a given distance (h), EBK uses a
semivariogram model (γ) with the following form:
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𝛾(ℎ) = 𝑁𝑢𝑔𝑔𝑒𝑡 + 𝑏|ℎ|𝛼

(3.1)

The nugget and b (slope) must be positive, and α (power) must be between 0.25
and 1.75. Under these restrictions, the parameters are estimated using restricted
maximum likelihood. This semivariogram model does not have a range or sill parameter
because the function has no upper bound. User-specified parameters for the EBK
analysis include subset size, the number of simulations, and the search neighborhood
radius. These were set to one-half the sample size, 10,000, and two times the average
nearest neighbor Manhattan distance, respectively. Kriging was performed using ArcGIS
10.1 Geostatistical Analyst (ESRI, Redlands, CA).
Results
Quantification of eubacterial microbial communities by qPCR of 16S rRNA genes
revealed average levels of communities to be 1.58 x 1010 GU/dry g of soil (Table 3.2).
The average values for denitrification gene abundance revealed nosZ and nirS genes to be
found at a density of 1.87 x 107 and 5.47 x 107 GU/dry g of soil, respectively.
Denitrification gene, nirK, was below detection limits. When results of management,
reach, and catchment sampling regimes were combined, gene abundances of 16S rRNA,
nosZ, and nirS were found to vary throughout the length of the ditch channel (Figure 3.3).
Results of ANOVA on transformed values revealed no significant differences in 16S
rRNA or nirS genes between the predetermined scales (management, reach, and
catchment; data not shown); although, abundance of nosZ genes was found to be
significantly greater at the management scale than at the reach scale (p=0.045;F=3.311).
Statistical differences observed in nosZ genes indicate that a combination of all three
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sampling scales would result in the most complete assessments of microbial communities
throughout the system.
To determine if weir proximity affects microbial community abundance PCA was
conducted, in which transformed gene abundance data were considered active variables
and distance from weir, soil moisture, soil C, and soil N were considered supplementary
variables. Water quality parameters in relation to microbial community data were not
included in the results, as a lack of overlying water limited the number of samples
collected. Prior to PCA analysis, data was analyzed using Kaiser-Meyer-Olkin (KMO)
and Bartlett’s test of sphericity. Results of KMO measure of sampling adequacy were
greater than 0.5 (0.647), indicating that sampling adequacy was satisfactory and factor
analysis was appropriate. Bartlett’s test of sphericity was significant, indicating that
strength of variable relationships was strong, also supporting appropriateness of factor
analysis. Variability represented by the first two factors was 86%; relationships among
variables along the two factor axes are represented in a correlation circle (Figure 3.4).
The correlation circle indicates that nosZ, nirS, and 16S rRNA were all positively
correlated; this is supported by results of the Pearson correlation matrix (Table 3.3).
Gene abundance vectors also appear to have positive relationships with C and N and soil
moisture vectors; however, vectors close to the center of the correlation circle indicate
that the strength of variable correlations are generally weaker. The Pearson correlation
matrix confirms that 16S rRNA and nosZ gene abundances were positively correlated
with soil C, N, and moisture, while nirS abundance was only positively correlated with
soil C and soil moisture. Additionally, soil C and N were found to be positively
correlated to each other, while soil N was also positively correlated with soil moisture.
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Distance from weirs was negatively correlated with nosZ abundance. While distance
from weirs showed mostly negative relationships with genes and soil variables, distance
from outflow showed more positive relationships with variables, as a significant positive
correlation was found between distance from outflow and soil N. These results confirm
relationships between soil microbe abundance and soil properties, as well as highlight the
relationships between weirs and the denitrification gene nosZ. Spatial analysis of gene
abundance was investigated using EBK for 16S rRNA, nosZ, and nirS gene abundances
throughout the drainage ditch (Figure 3.5). In general, model error rates were within
acceptable limits, with the exception of nirS. Results of kriging indicated increased gene
abundances in at least one of the four weirs in all genes analyzed.
Differences in T-RFLP patterns due to environmental parameters were
demonstrated on IPCA plots (Figure 3.6). To identify significance in relationship
patterns, a correlation analysis of IPCA1 and IPCA2 values, soil C, soil N, soil moisture,
distance from weir, and distance from outflow was conducted (Table 3.4). Analysis of all
samples revealed that distance from outflow was the primary driver of IPCA1 while no
primary driver was identified for IPCA2. Several secondary drivers of community
structure were indicated by ordination figures and correlation analysis, as distance from
outflow and weir were found to negatively influence IPCA1, while soil C and soil
moisture had some positive influence on IPCA2. Many of the same trends in
relationships between environmental parameters and microbial community structure
paralleled those between environmental parameters and microbe abundance.
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Discussion
Microbial abundance
This study evaluated the abundance of denitrification genes nosZ, nirS, and nirK
and community composition throughout an agricultural drainage ditch to determine
impacts to the ephemeral aquatic ecosystem following weir implementation. Different
scales of sampling were investigated to determine the most appropriate regime to identify
spatial patterns of microbial communities for future investigation of multiple systems.
Microbial abundance and composition and soil parameters were measured to determine if
those parameters were influenced by weir proximity compared to more distal sampling
locations. This data was also collected to identify relationships between soil parameters
and denitrification functional gene abundance. Abundance of 16S rRNA genes ranged
from 7.5 x 108 to 9.4 x 1010; values are comparable to results documented in previous
investigations of soil microbes in a variety of different environments, including
agricultural soils (Dandie et al. 2007), bioretention cells receiving urban runoff (Chen et
al. 2013), and in constructed wetland soils receiving swine wastewater (Dong and Reddy
2010). Similarly, results of nosZ and nirS concentrations, ranging between 1.9 x 105 to
2.8 x 108, were comparable to previously documented abundances in agricultural soils
(Dandie et al. 2007) and ephemeral wetland soils (Ma et al. 2008). Functional gene nirK
was found below detection limits possibly due to 1) a lack of nirK genes in the soil, 2)
inhibition of gene amplification as a consequence of soil properties, or 3) nirK gene
primers were not successful at amplifying gene fragments in the environmental samples
due to the degenerative nature of primers and the variable nature functional genes across
populations. Successful amplification of nirK functional gene in environmental samples
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has been reported (Henry et al. 2004, Dandie et al. 2011); however, the aforementioned
studies reported soil properties with clay contents lower than those observed in the
drainage ditch in this experiment. It has been well documented that the presence of humic
substances, organic matter, and clay particles can bind nucleic acids and interfere with
extraction procedures (Trevors 1996, Hurt et al. 2001, England and Trevors 2003).
Dandie et al. (2011) also reported that amplification of nirK-bearing denitrifiers using
targeted primers was unsuccessful even after exhaustive optimization of PCR conditions
and cycling parameters. Braker et al. (2000) similarly reported unsuccessful
amplification of nirK genes in environmental samples from the Puget Sound, stating that
amplification failures may have been owed to a lack of relatedness between
environmental genes and those used in primer design.
Due to the successful amplification of nosZ and nirS, nirK gene fragments of
microbes present in the soils investigated were likely to be more distantly related from
those used in the development of the nirK primers, rendering them undetectable. As a
result of the cultivation-independent nature of most denitrification studies (Braker et al.
2000, Priemé et al. 2002), the development of nirK primers has been based on only a few
sequences available at the time and have been tested on limited type strains. Most
environmental studies produce partial sequences from unknown bacteria because they are
not cultivated. More recently, a cultivation-dependent study of denitrifying bacteria
reported that of 227 cultivated denitrifiers, 109 did not render an amplicon using five
different primer sets (Heylen et al. 2006), further demonstrating the unsuitability of nirK
primers as broad range amplification primers.
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Sampling regimes
Utilizing data from a combination of all sampling regimes was found most
effective in capturing community abundance and composition variability throughout the
length of the ditch and within reaches, including influences of weirs. Results identified
general increases in measured soil parameters as distance from the outflow increased, but
within reaches of the system, general decreases in soil parameters were observed at close
distances to weirs. Spatial kriging also highlighted increases in 16S rRNA gene
abundances, as well as increases in nosZ and nirS, upstream of weirs, indicating that
community distribution and composition may be impacted by the presence of weirs.
Enwall et al. (2010) used varying distances for sample spacing in denitrifying community
investigations, reporting ranges between 167 and 450 m, while Phillipot et al. (2009)
identified the presence of spatial autocorrelation at distances between 6 and 16 m. Points
collected for this study were sampled at distances (5-100 m) which were encompassed by
both studies; however, it should be noted that environments studied in both
aforementioned articles were not conducted in directly comparable environments.
Findings of the aforementioned studies and this investigation indicate that utilizing a
sampling scale representative of the surrounding landscape heterogeneity will aid in
identifying spatial patterns of soil microorganisms. Soil microorganisms are not
randomly distributed; they exhibit different spatial patterns at different scales (HornerDevine et al. 2004). By utilizing a combined sampling regime at multiple scales (system,
reach, and management), within-ditch heterogeneity was successfully captured without
being too sensitive (i.e. significant differences between all sampling points) or not
sensitive enough (i.e. no observed spatial patterns). As patterns of denitrifying microbes
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were identified in relation to ecosystem management strategies and in a relatively unique
environment, there is practical application for continued investigation of microbial
communities within similar systems.
The abundance of denitrification functional genes relative to 16S rRNA, along
with overall increases in microbial abundance upstream of weirs, provides evidence that
weirs have the potential to effect proximal environments in such a way that is beneficial
for denitrifying communities. As hydrology is considered the single most influential
factor determining wetland characteristics (Mitsch and Gosselink 2007), effects on water
velocities and the enhancement of inundation following weir implementation are likely
driving physiochemical changes in the immediate environment. When drainage ditches
are not inundated, the presence of oxygen in aerobic soils inhibits nirS enzymatic
product, nitrite reductase, while the presence of NO3¯ has been found to induce
production of nitrite reductase (Maier et al. 1999). Nitrous oxide reductase, the product
of nosZ, is even more sensitive to inhibition via the presence of oxygen, while low pH
has also been identified as an inhibitor to the enzyme production (Maier et al. 1999).
Inundation of drainage ditches can neutralize pH and create anaerobic soils; oxygenlimited anaerobic soils would facilitate nirS and nosZ enzymatic production for the
reduction of NO3¯ and N2O, respectively. While inundation has the potential to foster
biogeochemical changes that provide more suitable acute habitat conditions for
denitrifying microbes, sufficient amounts of C must also be available for denitrification
to occur.
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Environmental factors
General positive correlations between soil C and N with all genes also support the
notion that environments where abundances and diversity are greatest, behind weirs, are
representative of more wetland-like biogeochemical characteristics. Average amounts of
C and N were 0.96% and 0.11%, respectively. These values are comparable to those
found in mitigation wetlands in Piedmont, VA, USA, in which C and N both ranged
between 1.1 and 2.2% (Ahn and Peralta 2009). Values were slightly lower than those
found in a constructed wetland near the study site in the Mississippi Delta, which
reported that C and N both ranged between 1.5 and 2% (Weaver et al. 2012). However,
C values were noticeably lower than investigations of created wetlands in Spain, which
found C to range between 3.3 and 13.5% (García-Lledó et al. 2011). Despite comparable
soil N amounts, results of Chapter II of this dissertation confirm that substantially more N
is entering these systems from the agriculture landscape, and it’s likely that high
velocities of most runoff are insufficient for diffusion of N from the water column to the
pore water to occur. This issue is emphasized by the fact that even if water were allowed
time for diffusion, C could then become limiting. Bastviken et al. (2005) reported
optimal C:N ratios in respect to cattails (Typha spp.) of 5:1 in wetlands, while an
experiment targeting denitrifying bacteria reported optimal C:N ratios for initial NO3¯
concentrations of 25, 50, 100, and 200 mg/l to be 5.5±0.2, 4.5±0.2, 4.0±0.1, and 2.6±0.1,
respectively (Chiu and Chung 2003). In the current study, C:N ratios were approximately
9:1, however, it’s unknown whether the C is organic or bioavailable to microbial
communities. Carbon limitation of denitrification could be prevented by adding a C
source and increasing hydraulic residence time. While high flows limit the applicability
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of bioreactors in this environment, it may be suitable to construct a controlled drainage
structure made out of woody material; hence a C filter to foster denitrifying microbial
activity. If acute physiochemical controls over denitrification induce stress on microbes
over a long period of time, chronic stress on microbial communities will have a different
impact on microbial communities.
Ephemeral drainage ditches experience annual hydrologic pulsing, as the
Mississippi Delta region has a subtropical climate, receiving 128 cm of rainfall each year.
Physical disturbances in the form of pulsing may result in chronic stress on organisms.
Because of the molecular scale of microorganisms, primary effects are physiological, not
physical (Schimel et al. 2007). While physiological changes likely regulate short-term
responses to stress in soil communities and processes, over longer periods, shifts in
community composition are likely to regulate them (Schimel et al. 2007). Shifts would
favor those that could adapt to variable environmental conditions and out-compete other
microbes. Denitrification is considered a facultative anaerobic microbial process, in
which an organism can gain energy through aerobic respiration and anaerobic respiration
in the absence of oxygen, giving them an adaptive advantage over organisms, such as
obligate aerobes or obligate anaerobes, which are only capable of one or the other of the
aforementioned respiratory processes. This adaptive advantage lends credence as to why
these denitrification functional genes are conserved throughout the general microbial
population, exhibiting high phylogenetic diversity. More than 60 genera harbor
denitrifying species; predominant denitrifiers include multiple Psuedomonas
(P.denitrificans, P. aeruginosa, and P. stutzeri), Staphylococcus (S. meliloti), Alcaligenes
(A. cycloclastes), Rhizobium sp., and even archaea and fungi have been found to possess
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these genes (Zumft 1997, Philippot et al. 2007). An investigation of hydrologic pulsing
in wetlands reported that no distinct influences on the community structure of
denitrifying bacteria was observed (Song et al. 2010), speculating that water-stresstolerating denitrifying microbes could be selected by natural succession and competition
in the system. Song et al. (2010) also observed that nirS gene copy number increased or
remained constant during drying periods and dropped during re-flooding. Results from
the aforementioned studies and the current study indicate that denitrifying microbes
possess physiological adaptations that may allow them to withstand long-term stress from
hydrologic pulsing disturbances. As periodic inundation occurs throughout the entire
ditch thalweg during heavy rain events, this also offers support as to why nosZ and nirS
functional genes were found throughout the ditch and why differences were not observed
between sampling regimes. Positive correlations between denitrifying microbe
abundance and diversity with proximity to weirs could, therefore, be indicative of
extended inundation relieving chronic stress from pulsing events on microbe
communities. Reducing chronic stress could decrease competition and foster more stable
habitats for continued population growth and diversification.
This investigation allowed for the development of an appropriate sampling regime
for the further investigation of microbial communities in drainage ditches. Utilizing a
combination of all sampling regimes was found to most effective in capturing microbial
community patterns without capturing too much noise from environmental heterogeneity.
The proximity of weirs was found to influence abundance and composition of microbial
communities, and relationships between soil C, N, and microbial communities were
identified. The potential for wetland-like characteristics to be recovered in agricultural
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drainage systems was also highlighted, suggesting that implementing weirs in these
systems alters soil moisture and enhances conditions for N remediation. While weirs
show the potential to foster microbial abundance and diversity for denitrification , further
research utilizing N isotope tracers is warranted to determine if hydrologic variables,
such as flow, are restricting N transport from agricultural runoff to drainage ditch
sediments for microbial denitrification. Furthermore, the identification of microbes
harboring denitrification function genes in these systems which have been experiencing
long-term pulsing disturbances offers a unique opportunity to examine microbial
community structures and determine species that are predominant to advance knowledge
of microbial ecology community dynamics.
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nosZ1F
nosZ1R

nirScd3aF
nirSR3cd

nirK1040
nirK876

nosZ

nirS

nirK

Staphylococcus.
epidermidis
(ATCC 12228)

Pseudomonas
aeruginosa
(ATCC 27853)

Pseudomonas
aeruginosa
(ATCC 27853)

Standard
species
Pseudomonas
aeruginosa
(ATCC 27853)
Master mix
12.5 µl SYBR® Green
Master Mix (Applied
Biosystems), 0.50 µl
each primer, 8.5 µl
sterile water, 1 µl
PVPP
12.5 µl SYBR® Green
Master Mix (Applied
Biosystems), 0.50 µl
each primer, 8.5 µl
sterile water, 1 µl
PVPP
12.5 µl SYBR® Green
Master Mix (Applied
Biosystems), 0.50 µl
each primer, 6.875 µl
sterile water, 1 µl
PVPP, 1 µl BSA (3%),
0.625 µl DMSO
12.5 µl SYBR® Green
Master Mix (Applied
Biosystems), 0.50 µl
each primer, 6.875 µl
sterile water, 1 µl
PVPP, 1 µl BSA (3%),
0.625 µl DMSO
2 µl

2 µl

2 µl

Template
2 µl

165

425

259

Amplicon
length
466

95°C 15 min, 6 cycles
touchdown [95°C 15 s,
63°C 30 s( -1°C per cycle),
72°C 30 s, 80°C 15 s], 40
cycles (95°C 15 s, 58°C 1
min), 1 cycle (95°C 15 s,
60°C 1 min increasing
0.3°C to 95°C 15 s)

95°C 10 min, 40 cycles
(95°C 45 s, 57°C 45 s,
72°C 45 s), 1 cycle (95°C
15 s, 60°C 1 min
increasing 0.3°C to 95°C
15 s)

95°C 10 min, 40 cycles
(95°C 15 s, 60°C 1 min), 1
cycle (95°C 15 s, 60°C 1
min increasing 0.3°C to
95°C 15 s)

Thermal profile (qPCR)
95°C 10 min, 40 cycles
(95°C 15 s, 60°C 1 min), 1
cycle (95°C 15 s, 60°C 1
min increasing 0.3°C to
95°C 15 s)

(Henry et al.
2004)

(Bannert et al.
2011)

ABI Step One
Plus Real-Time
default

Reference
ABI Step One
Plus Real-Time
default

Note: Methods used for qPCR quantification of functional genes extracted from soil samples. Methods include: primers used to
amplify each functional gene, species used as a standard, master mix solution for amplification, amount of template rRNA used,
respective amplicon lengths, thermal profiles, and the associated references from which thermal profiles were determined.

Primer
name
16SFOR
16SREV

Methods used for qPCR

Target
gene
16S
rRNA

Table 3.1
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nosZ GU/dry g soil

nirS GU/dry g soil

nirK GU/dry g soil

No. of observations
53
53
53
53
8
6
5
Minimum
7.53 x 10
1.42 x 10
1.88 x 10
BDL
10
8
8
Maximum
9.42 x 10
1.31 x 10
2.75 x 10
BDL
10
6
7
Median
1.14 x 10
7.36 x 10
3.60 x 10
BDL
10
7
7
Mean
1.58 x 10
1.87 x 10
5.47 x 10
BDL
*BDL refers to values that fell below detection limit of 5,000 GU/g soil.
Note: Descriptive statistics of the quantification of functional genes 16S rRNA, nosZ, nirS, and nirK from all sampling sites within
the drainage ditch in November 2012. Microbial DNA was extracted from soil samples and analyzed using qPCR.

16S GU/dry g soil

Descriptive statistics for gene abundance

Descriptive Statistics

Table 3.2
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-0.256
-0.234

0.359
0.026
-0.336
0.592
0.519

0.552
-0.194
-0.178
0.447
0.441

nirS GU/dry g soil
Distance from
outflow

Distance from weir

Soil N (%)

Soil C (%)

0.582

0.831

1

-0.099

0.313

0.253

0.592

0.447

Soil N (%)

0.230

1

0.831

-0.035

0.264

0.277

0.519

0.441

Soil C
(%)

1

0.230

0.582

-0.146

0.155

0.378

0.380

0.323

Soil
moisture
(%)

Note: Pearson (n) correlation matrix of gene abundances (active variables) and environmental parameters (supplementary
variables) included in PCA; data was generated from analysis of parameter relationships using data from all of the samples
collected from the drainage ditch in November 2012. All bold correlation values indicate significant relationships between
measured parameters.

-0.146

-0.099

Soil moisture (%)
0.155
0.323
0.380
0.378
Values in bold are different from 0 with a significance level alpha=0.05

0.313

1

0.064

1
0.064

-0.234

-0.336

-0.256

0.026

-0.178

Distance
from
weir

-0.035

0.277

0.253

1

0.359

-0.194

Distance
from
outflow

0.264

1

0.477

nosZ GU/dry g soil

0.552

0.477

1

16S GU/dry g soil

Variables

nirS
GU/dry g
soil

nosZ
GU/dry g
soil

Pearson (n) correlation matrix of gene abundances
16S
GU/dry g
soil

Table 3.3
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0.039

Soil N (%)

0.191

0.538

1

0.191

0.538

-0.277

0.267

0.136

0.009

Soil moisture
(%)

Note: Pearson (n) correlation matrix of interaction principal components axes (IPCA) about microbe community profiles (active
variables) and environmental parameters (supplementary variables) included in PCA ; community profiles were generated by TREX software, which processed and analyzed T-RFLP results. Combining community profile data with environmental parameters
for PCA analysis allowed for the identification of parameter relationships using data from all of the samples collected from the
drainage ditch in November 2012. All bold correlation values indicate significant relationships between measured parameters.

-0.277

0.009
0.136
0.267
Values in bold are different from 0 with a significance level alpha=0.05

1

0.816

-0.157

0.331

0.208

0.070

Soil C (%)

0.816

1

-0.209

0.433
-0.157

0.208

0.072

-0.209

1

-0.057

0.072

0.039

Soil N (%)

0.433

-0.252

-0.056

From Weir

-0.057

1

-0.383

-0.485

Distance
from outflow

0.331

0.070

-0.056

From Weir

Soil C (%)
Soil moisture (%)

-0.383

-0.485

Distance from outflow
-0.252

1

0.834

IPCA2

IPCA2
0.834

IPCA1
1

Variables

Pearson (n) correlation matrix of IPCA

IPCA1

Table 3.4
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Figure 3.1

Experimental ditch

Note: The location of the experimental ditch within the Yazoo River Basin and
Humphreys County, MS, USA are shown on the left. The research site with experimental
drainage ditch, weir locations, and the respective sampling points where soil cores were
collected for analysis are shown on the right.
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Sample collection regimes

Note: Sample collection regime at each scale predetermined by the investigation where the catchment scale will be sampled at 0-m
and 100-m intervals thereafter throughout the length of the ditch, the reach scale will be sampled at 0-m and 50-m intervals up to
250 m within each reach, the management scale will be sampled at 0-m and 5-m intervals up to 25 m upstream of each weir. The
figure is not representative of the actual size of the ditch.

Figure 3.2
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Figure 3.3

Gene abundances

Note: abundances (GU/dry g soil) of gene 16S rRNA (a), and denitrification functional
genes nosZ (b), and nirS (c) found in soil microbes that were extracted from soil sampled
throughout the length of the ditch, from the outflow to the inflow of respective channel.
Locations of weirs in the channel are marked by yellow bars.
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Figure 3.4

Correlation circle of axes F1 and F2

Note: Correlation circle of axes F1 and F2, showing projection of active and
supplemental variables in the factors’ space (a visual representation of relationships
corresponding to correlation values in Table 3.3). Active variables in red include 16S
rRNA, nosZ, and nirS abundance, while supplementary variables in blue indicate soil C,
N, and moisture, distance from outflow, and distance from weirs.
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Empirical Bayesian Kriging (EBK) results

Note: Empirical Bayesian Kriging (EBK) of the spatial distribution of a) 16S rRNA, b) nosZ, and c) nirS transformed gene
abundances (GU/ dry g soil). Abundances were quantified using qPCR of samples extracted from soil cores collected throughout
the length of the ditch in November 2012. Class breaks for each gene were determined by the model based on natural breaks in the
data. Black bars indicate weir locations.

Figure 3.5
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Figure 3.6

Results from T-RFLP

Note: Results from T-RFLP were processed and analyzed using T-REX software to
generate IPCA values about community profiles from each sampling point. Plots a-e
show relationships between community profiles and environmental parameters. The
distribution of bubbles represents the similarities and differences between microbe
community composition at each sampling point, while the size of each bubble
corresponds to the values of a) soil C (%), b) soil moisture (%), c) soil N (%), d) distance
from outflow (m), and e) distance from weir (m) corresponding to each microbial
community.
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CHAPTER IV
INVESTIGATING THE EFFECTS LOW-GRADE WEIRS ON SOIL MICROBE
COMMUNITIES TO ADVANCE AGRICULTURAL BEST MANAGEMENT
PRACTICES FOR NITRATE REMEDIATION

Introduction
Anthropogenic activities, including agricultural fertilizer application, have
doubled the input of reactive nitrogen (N) to landscapes globally, subsequently leading to
increased N loading to freshwater and marine systems (Vitousek et al. 1997). Nutrient
loading to the Gulf of Mexico from agricultural practices throughout the Mississippi
River Basin has resulted in a call for the development and implementation of nutrient
reductions strategies (GOMA 2009). Constructed wetlands (i.e. treatment wetlands) have
been identified as a best management practice (BMP) to reduce nutrient loading in
agricultural runoff. These systems are designed to mimic natural wetland systems,
fostering pollutant removal from effluents via natural processes of plants, microbes, and
soil to mitigate non-point source pollution to downstream aquatic systems (USEPA
1993). Microbial denitrification is the main process by which nitrogen (N) removal
occurs in natural wetlands and multiple investigations have documented reductions in N
using constructed wetlands as a surrogate (Peterson 1998, Kovacic et al. 2000, Jordan et
al. 2003, Fink and Mitsch 2004). Unfortunately, in agriculture, the need to take land out
of production for construction of wetlands or treatment ponds is usually not economically
76

beneficial to producers, resulting in lost crop income. However, by altering traditional
management of existing ubiquitous drainage ditches to enhance wetland-like
characteristics, these systems are capable of reducing N to downstream aquatic systems
(Kröger et al. 2007, Moore et al. 2010). Furthermore, combining drainage ditches with
controlled drainage structures, in the form of low-grade weirs, has shown additional
potential for mitigation of N (Kröger et al. 2008, Kröger et al. 2011, Littlejohn et al.
2014). Despite these benefits, previous research has been marked by variability in N
reductions and has not provided clear insight towards N cycling and denitrification
(Littlejohn et al. 2014). To better understand the ecological changes associated with weir
implementation in drainage ditches and those impacts on N removal via denitrification,
research more directly linked to biogeochemical changes is justified.
Denitrification is the primary pathway of returning fixed N back to the
atmosphere; it’s a microbial process in which nitrate (NO3¯) and nitrite (NO2¯) are
transformed to gaseous N products, nitric oxide (NO), nitrous oxide (N2O), and dinitrogen (N2) (Maier et al. 1999). Microbes harbor functional genes (nirK, nirS, cnorB,
qnorB, and nosZ) which catalyze the reactions within the denitrification pathway and
have been used as a genetic marker for functional gene abundance and diversity (as
reviewed in Philippot et al. 2007). Functional genes generally exhibit more sequence
variation than the relatively conserved genes of 16s rRNA. Sequence variation is
observed in the denitrification functional traits, which are found within more than 60
genera; most are subclasses of Proteobacteria, although the ability to denitrify has also
been found in some Archaea and fungi (Philippot et al. 2007). Although the presence of
denitrifying microbes is critical for NO3¯ reduction to gaseous N, a number of
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physiochemical environmental controls affect denitrification efficiencies.
Physiochemical controls include proximal controls (i.e. oxygen, carbon (C), and N
availability, pH, and temperature) and distal controls (i.e. C substrate availability,
predation, major disturbance, long-term temperature trends and long-term
moisture/oxygen availability) (Wallenstein et al. 2006). Recent literature has also
documented anthropogenic influences from BMP implementation on denitrifying
microbial communities (Best and Jacobs 1997), which could affect N removal
efficiencies via denitrification. It’s also been suggested that soil microbial community
dynamics may serve as indicators for physiochemical changes in soil with applicability
for post-construction monitoring of ecosystem development in created wetland systems
(Ahn and Peralta 2009).
Utilizing microbial communities, particularly those harboring denitrification
functional genes, would provide a biomarker indicative of biogeochemical processes in
drainage ditch ecosystems following weir implementation on the agricultural landscape.
Microbes have potential for rapid growth and short generation times, meaning 1)
evolution can occur rapidly under strong selective pressures and 2) microbes harbor the
ability to withstand rapid environmental changes (Prosser et al. 2007). It’s been
suggested that the soil environment can shape organism and community phenotypes
through selection and adaptation processes (Petersen et al., 2002). Engaging both
microbial communities and soil biogeochemical endpoints in a research design allows
potential for bridging knowledge gaps towards 1) how denitrifiers fit within microbial
communities; 2) how microbial communities are influenced by BMPs; and 3) primary
controls over denitrification under variable field conditions. Such outcomes would foster
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holistic adaptive management decisions regarding how nutrient management strategies
are impacting ecosystems at molecular scales that could have significant outcomes at
field scales. More critically, this type of research has the potential to connect traditional
ecology with the emerging field of microbial ecology, and may offer insight toward more
recent microbial ecology foundations.
The objective of this study was to determine effects of low-grade weirs on
denitrifying microbial community abundance and composition throughout four
agricultural drainage ditches (three with weirs and one control) in the Mississippi
Alluvial Valley during spring 2013. One ditch included in this experiment was sampled
in a preliminary investigation in fall 2012; this data was included in the current
experiment to determine seasonal effects on functional gene abundance and community
composition. The respective hypotheses are that 1) increased resource availability in
drainage ditches directly upstream of low-grade weirs will select for and enrich
denitrifying functional genes nirS, nirK, and nosZ and community diversity which vary
between areas in the channel that are not directly impacted by weirs; 2) functional gene
abundance and community diversity in ditches with weirs are different from ditches
without weirs; and 3) seasonal differences in denitrification functional gene abundance
and microbial community diversity exist. The null hypothesis is that no differences in
denitrifying functional gene abundance and composition exists throughout the length of a
drainage system with weirs, between ditches with and without weirs, and within drainage
ditches in the fall and spring. Functional gene abundance was determined using
quantitative polymerase-chain reaction (qPCR) and community composition was assessed
using terminal-restriction fragment length polymorphism (T-RFLP).
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Methods
Study site
Study sites included four drainage ditches located throughout the Mississippi
Delta, MS, USA (Figure 4.1), chosen because of their positioning within impaired water
bodies (MRBI priority watershed and listing on the 303(d) list within the State of
Mississippi). Three of the drainage ditches (Site 1, Site 2, and Site 3) had multiple weirs
installed. and the fourth ditch (Control Site) was used as a reference. Individual ditch
characteristics can be found in Table 4.1. All soil samples were collected during the
2013 growing season. A preliminary investigation was conducted at Site 2 in fall of 2012,
which was included in this study to investigate seasonal differences in denitrification
functional gene abundance and microbial diversity.
Soil sample collection
Soil cores (3 cm diameter x 10 cm depth) were collected at distances of 5, 15, and
25 m upstream and downstream of weirs and at 50 m intervals throughout the length of
each ditch. Duplicate soil cores were collected from the center-most point of the thalweg
at each sampling point. Duplicate samples were combined in a sterile plastic bag to form
a composite sample. Soil core samplers were sterilized with 90% ethanol prior to
sampling at each transect. Soil samples were completely homogenized in the field, stored
on ice (~4°C), and transported to the Mississippi State University Water Quality
Laboratory. Following homogenization, composite soil aliquots (50 g) were stored at 80°C until DNA extraction, and the remaining soil was immediately analyzed for soil
moisture. Water content was determined (Hausenbuiller 1975) subsequent to drying at
105°C. Once soil moisture was determined, samples were ground and analyzed for
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percent C and N using a Perkin-Elmer 2400 analyzer (PerkinElmer Inc., Waltham, MA).
Visual vegetation surveys were also conducted within a 1 m2 area surrounding each soil
sampling location based on a presence/absence scale. Digital images of vegetation
surveys at each sampling point were taken and ranked prior to statistical analysis (1=no
vegetation, 2= terrestrial vegetation, 3=submerged aquatic vegetation, 4=emergent
aquatic macrophytes).
Microbial community analysis
DNA from each composite sample was extracted from triplicate sub-samples
(0.25 moist g) of soil using a QIamp® DNA Stool Mini Kit (Qiagen Inc.,Valencia, CA)
following the manufacturer’s protocol; DNA from sub-samples was then pooled. Quality
and quantity of DNA extracts were checked with a spectrophotometer (Nanodrop,
Peqlab, Germany) prior to qPCR analysis. Extracted DNA was analyzed via qPCR to
quantify the abundance of 16S rRNA and functional genes nosZ, nirS, and nirK. Positive
control and standard curve DNA were generated from previously-amplified genes,
extracted from environmental isolates which were serially diluted to encompass from 100
to 106 genomic units (GU). All PCR reactions were performed with an Applied
Biosystems ABI Step One Plus real-time system using Applied Biosystems 96-well PCR
plates and qPCR-grade sealing film (Applied Biosystems, Life Technologies
Corporation, Carlsbad, CA). Polymerase chain reaction analysis followed protocols
described by Bannert et al. (2011) which included an initial enzyme activation step,
followed by cycling conditions specific to each gene assay (Table 4.2), and a melting
curve. Primers specific to functional genes and PCR reaction mixtures are also described
in Table 4.2. Inhibition controls were incorporated into each assay plate by using DNA
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extracts and serial spiked control DNA. Sample template DNA was diluted to account
for inhibition.
Community microbial diversity analysis was performed via T-RFLP of soil
community 16S rRNA. This method involved restriction endonuclease digestion of
fluorescently-labeled 16S PCR products following Osborn et al. (2000). Digestion
products were mixed with fluorescently-labeled DNA size standard; fragments were then
separated via gel electrophoresis and labeled fragments detected by laser using an
automated analyzer (Applied Biosystems, Foster City, CA) (Osborn et al. 2000). Output
from T-RFLP analysis included electropherograms showing the microbial community
profile as a series of colored peaks and a numerical table describing the size and height of
each peak.
Statistical analysis
Gene abundance of 16S rRNA, nosZ, nirS, and nirK, soil C, soil N, and soil
moisture were analyzed using descriptive statistical methods, including Shapiro-Wilk and
Levene tests to ensure normality and homogeneity of variance. All non-normal data was
transformed using Box-Cox transformation (Box and Cox 1964) prior to subsequent
analysis. Analysis of variance was used on transformed data to compare 16S rRNA,
nosZ, nirS, and nirK, soil C, soil N, and soil moisture between all experimental ditches.
Multivariate analysis was used to identify relationships between transformed functional
gene abundance, soil moisture, soil N, soil C, proximity to weirs, proximity to outflow,
and vegetation presence using Principle Component Analysis (PCA), and a Pearson
correlation matrix was calculated. All statistical analysis were conducted using
Microsoft® Excel 2010/XLSTAT©-Pro 2012.1 (Addinsoft, Inc., Brooklyn, NY, USA).
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Results of T-RFLP were processed and analyzed using T-REX software (Culman
et al. 2009), which defines true peaks in the data, reconfigures peak alignment of terminal
restriction fragment base-pair length, and incorporates experiment parameters to create
environments which reflect microbial community profiles. Output of this analysis
included T-RF peaks reflective of individual microbial species, and mean T-RF values
associated with each sample, which reflect a two-way data matrix of interaction principal
components (IPCA) that represent each “environment” or community profile associated
with each sample. Spatial parameters were binned prior to analysis with distance from
weir bins as follows: 1= 0-25 m; 2= >25-100 m; 3= >100 m. Mean T-RF values
generated by T-REX associated with each sample was subject to ANOVA to determine
differences in microbial community profiles with regard to proximity to weirs; the control
ditch was included in this analysis, where binning assignments were dependent on
distance to the outflow as no weirs were implemented in this system.
Geostatistical analysis
Empirical Bayesian Kriging (EBK) was used to visualize spatial patterns of
denitrifying microbe communities in the experimental ditch. Data used were based on
scaled sampling of microbial community composition by utilizing mean T-RF values
associated with community profiles data generated by T-RFLP analysis of 16S. The
EBK method offered several advantages in this study, most notably that it is more
accurate than traditional kriging for smaller datasets (Pilz and Spöck 2008).
Additionally, EBK filters out a moderate trend in the data, accounts for the error
introduced by estimating the underlying semivariogram, and has more accurate prediction
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of standard error than traditional methods. For a given distance (h), EBK uses a
semivariogram model (γ) with the following form:
𝛾(ℎ) = 𝑁𝑢𝑔𝑔𝑒𝑡 + 𝑏|ℎ|𝛼

(4.1)

The nugget and b (slope) must be positive, and α (power) must be between 0.25
and 1.75. Under these restrictions, parameters are estimated using restricted maximum
likelihood. This semivariogram model does not have a range or sill parameter because
the function has no upper bound. User-specified parameters for the EBK analysis include
subset size, the number of simulations, and the search neighborhood radius. These were
set to one-half the sample size, 10,000, and two times the average nearest neighbor
Manhattan distance, respectively. Kriging was performed using ArcGIS 10.1
Geostatistical Analyst (ESRI, Redlands, CA).
Results
Microbial abundance and environmental parameters
Quantification using qPCR of 16S rRNA genes revealed average sizes of
microbial communities between 7.53 x 108 and 1.51 x 1010 GU/dry g of soil (Table 4.3).
Average values for denitrification gene abundance revealed nosZ and nirS genes ranged
from 9.42 x 106 to 1.11 x 108 and 1.17 x 107 to 4.74 x 107 GU/dry g of soil, respectively.
Denitrification gene, nirK, was found to be below detection limit of 5,000 GU/g soil.
Descriptive statistics of 16S rRNA and functional gene abundances and soil parameters
between experimental sites showed seasonal differences in the data (Table 4.3), statistical
comparisons were not appropriate due to psuedoreplication. Trends showed that
abundance of 16S rRNA was higher in the fall 2012 sampling, as was nirS, and soil
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moisture. Conversely, the opposite trend was observed in soil N, where it was found to
be higher in spring 2013 than in fall 2012 at Site 2. Abundance of nosZ was the only
functional gene found to be higher in spring than fall; nosZ abundance was found to be
significantly higher at Site 3 in spring 2013. In spring 2013, Sites 2 and 3 had higher soil
moisture than Sites 1 and 4. No significant differences in soil C were found between any
sites or sampling seasons.
Principal component analysis of transformed functional gene abundance (active
variables) and soil moisture, soil N, soil C, proximity to weirs, proximity to outflow, and
vegetation presence (supplemental variables) identified a number of significant
correlations between variables (Table 4.4). Prior to PCA analysis, data was analyzed
using Kaiser-Meyer-Olkin (KMO) and Bartlett’s test of sphericity. Results of KMO
measure of sampling adequacy were greater than 0.5 (0.537), indicating that sampling
adequacy was satisfactory and factor analysis is appropriate. Bartlett’s test of sphericity
was significant, indicating that strength of variable relationships was strong, also
supporting appropriateness of factor analysis. Variability represented by the first two
factors was 86%. Abundance of 16S rRNA and nirS were found to be positively
correlated with each other, as well as with soil moisture. 16S rRNA was also positively
correlated with soil N and vegetation presence, while nirS was positively correlated with
soil C. Abundance of nosZ functional genes was not correlated, positively or negatively
with any of the other variables. Soil moisture was also positively correlated with soil N,
soil C and N were positively correlated with each other. Weir proximity was negatively
correlated with 16S rRNA and soil moisture, while distance from outflow was negatively
correlated with vegetation.
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Microbial community diversity
Analysis of variance between bins (1= 0-25 m; 2= >25-100 m; 3= >100 m)
representative of different distance from weirs that may impact microbial community
composition showed no significant differences between binned distances exhibited in
mean T-RF values (p>0.05; data not shown). Although weir influence was not confirmed
based on proximity analysis, differences between sites (with and without weirs) and
between fall and spring were observed. Microbial community diversity using mean T-RF
values was found to be significantly greater during fall 2012 than at all sites with weirs in
spring 2013 (p<0.0001; F=13.438) and the control site in spring 2013 (p=0.001; data not
shown). All sites with weirs sampled in spring 2013 were combined in the previous
analysis as no significant differences existed between them (p>0.05; data not shown). To
further explore influences of weirs and seasons on microbial community diversity, IPCA
values (generated from T-REX) associated with samples from Site 2 (with weirs) in fall
2012, all sites with weirs in spring 2013, and the control site in spring 2013 were plotted
(Figure 4.2). The IPCA plot shows a pattern where community diversity similarities exist
between microbial communities in systems with weirs in the fall and spring, and
similarities also exist between sites with weirs in the spring and the control ditch.
Distinct differences in community composition were observed between samples from the
site with weirs (Site 2) in fall 2012 and samples from the control site in spring 2013.
Spatial analysis of microbial composition was investigated using EBK for mean
T-RF community profiles throughout each drainage ditch (Figure 4.3). In general, model
error rates were within acceptable limits. Results of kriging did not exhibit obvious
patterns of microbial diversity in relation to weir proximity.
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Microbial community composition results of T-RF identification are shown in
Figure 4.4, which shows all T-RFs that were identified from samples collected from each
ditch. Each T-RF peak potentially reflects a different microbial species that was
identified and instances where multiple ditches are represented in a single peak reflect
more dominant species that were found within each of the sites that are represented. TRF data was categorized into 3 groups: 1) dominant species (when a specific peak is
identified >50); 2) moderately dominant species (peaks identified <50 and >10; and 3)
rare species (peaks identified <10) (Figure 4.5). Each ditch was found to have 8 dominant
peaks (species), and had similar composition of moderately dominant and rare species.
Sites 3 and the Control had the lowest diversity overall, whereby the Control Site also
had the fewest moderately dominant peaks, and Sites 3 and the Control had the least rare
peaks.
Discussion
This study evaluated effects of low-grade weirs on resource availability (soil
moisture, N, C, and vegetation), denitrifying microbial community abundance and
general microbial diversity in multiple agricultural drainage ditches at the field-scale in
the Mississippi Alluvial Valley. Sampling of experimental drainage ditches was
conducted during the 2013 growing season and also included data from a preliminary
investigation of one of the experimental ditches sampled in fall 2012 to determine
seasonal effects on resource availability and denitrifying microbial community
abundance and diversity. Results of this study highlighted the influence of weirs on soil
moisture, and soil moisture as having a primary impact on 16S rRNA, nirS, and nosZ
abundance. Weirs were not found to influence general community diversity, nor were
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soil physiochemical parameters; however, seasonal differences were observed to
influence microbial communities, with greater diversity being observed in the fall.
Interestingly, all sites exhibited similar microbial community composition in regards to
dominant, moderately dominant, and rare species occurring at each site. Previous
research has documented the reproducibility of T-RFLP to identify bands that represent
single operational taxonomic units or species (Tiedje et al. 1999), although it is possible
that some T-RFs will be common in size to many different organisms, where overlap at
peaks can occur and result in those peaks being more commonly found in a profile
(Osborn et al. 2000). Results show weirs have the potential to indirectly increase 16S
and denitrifying functional gene abundance, but that weirs did not enhance general
microbial diversity, nor did disturbance from weir implementation adversely impact
microbial community diversity. Utilizing metagenomic sequencing or similar molecular
techniques targeting microbial activity in future research may elucidate more obvious
trends in microbial diversity.
Microbial Abundance
Average microbial abundance of 16S in the current study ranged from 7.53 x 108
to 1.51 x 1010 GU/dry g of soil. Average values for denitrification gene abundance
revealed nosZ and nirS genes to range from 9.42 x 106 to 1.11 x 108 and 1.17 x 107 to
4.74 x 107 GU/dry g of soil, respectively. Differences in gene abundances by orders of
magnitude in 16S rRNA are likely a result of variable environmental conditions, while
those observed in nirS maybe be attributed to variability in functional gene sequences.
Evidence toward function gene variability was further observed through analysis of
denitrification gene, nirK, which was found below detection limits. This is not a rare
88

occurrence as nirK sequences from populations in distinct environments have been found
to be significantly different from publicly available sequences, despite taxonomic
similarities in species (Heylen et al. 2006). Identical nirK sequences have also been
retrieved from taxonomically-distinct bacterial strains, suggesting that to so me degree,
sequence similarity is dependent on the habitat of the denitrifiers and not solely based on
phylogenetic similarity (Heylen et al. 2006). Observations of this study and of Heylen et
al. (2006) suggest that refinement of functional gene primers may be necessary to
accurately capture the presence of microbes harboring those genes.
Microbial abundance and soil nutrient parameters were not influenced by weirs in
systems sampled in spring 2013. However, analysis of samples collected within ditches
with weirs were indicative of an inverse relationship between distance from weirs and
soil moisture and 16S abundance. Both 16S rRNA and nirS were most abundant in the
fall when soil moisture was highest. Increased soil moisture could be attributed to rain
events and lower evapotranspiration associated with cooler temperatures. Soil moisture
is known to affect N losses, and under constant laboratory conditions, increased soil
temperatures have resulted in exponential increases in N2O/N2 ratios (Maag and Vinther
1996). While the soil moisture relationship with distance to weir suggests indirect weir
influence on functional genes 16S and nirS, it’s equally important to note the significant
correlation between 16S rRNA and nirS, where changes in the abundance of microbes
harboring the nirS gene are reflective in the general microbial population. Results from
Heylen et al. (2006), that tree topology of nirS gene product agreed more with 16S rRNA
gene phylogeny, support the findings of the current study.
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No significant relationships were found between nosZ and 16S rRNA, nirS, or
physiochemical parameters, nor did nosZ exhibit seasonal variation. Dandie et al. (2011)
reported similar findings between denitrifying functional genes and environmental
parameters, despite measuring a range of soil conditions at each site. Results from the
current study suggest that overall, nirS- and nosZ-bearing microbes were relatively stable
between environments. However, the lack of significant relationships between nosZ and
patterns observed between 16S rRNA and nirS suggests microbes harboring the nosZ
gene do not exhibit as much phylogenetic overlap with the other two genetic biomarkers.
These findings are supported by Throbäck et al. (2004), who reported that nirS sequences
from various environments and pure cultures appeared to form three major genetic
clusters within a phylogram, while nosZ genes formed four major genetic clusters. While
overlap between genera was observed, species harboring the two genes varied, and many
were species that had not been identified. Some known species found to harbor both nirS
and nosZ include different strains of Pseudomonas aeruginosa, Pseudomonas stutzeri,
and Paracoccus denitrificans (Throbäck et al. 2004). One or more of the aforementioned
species could have been present in the microbial communities in the current study, as
Villegas-Herrera (2005) reported that 30% of bacteria isolated from a drainage ditch in
the Mississippi Delta were Bacillus, with Pseudomonas as second most common
identified genus.
Microbial Diversity
As opposed to influences on functional gene abundance, microbial community
diversity at each site was not found to be significantly impacted by proximity of weirs,
nor was it found to be significantly correlated to any of the measured physiochemical
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parameters. Interestingly, the greatest diversity was observed in fall 2012, which also
exhibited higher abundances of 16S rRNA and soil moisture than the other sites. Less
microbial diversity was observed in spring 2013, with the lowest diversity being observed
in the control ditch. Supporting current study results, increases in denitrifying microbes
in the fall, winter, and early spring have been documented by Mergel et al. (2001), with
the lowest abundance of denitrifying microbes reported in July. While Mergel et al.
(2001) cited freeze-thaw cycles as a possible attribute leading to increased denitrifying
microbes in winter/early spring, mild temperatures of Mississippi’s humid subtropical
climate and late spring sampling in this study, largely rule out any impact from freezethaw cycles in this study. An increase in total bacterial diversity has been documented to
be related to nutrient availability in spring and fall, while a decrease in diversity was
observed in July under warm, dry, nutrient limited conditions (Smit et al. 2001). As
spring samples during the growing season in this study were collected between May 25,
2013, and June 12, 2013, it’s likely that lower diversity in those samples is a result of
temperature and soil moisture differences, as these parameters are known to affect
community diversity (Smit et al. 2001, Zhou et al. 2002, Drenovsky et al. 2004, Bremer
et al. 2007, Smith et al. 2010), and because no significant differences were observed in
soil C or N. Future research should aim to investigate organic C and N, as TC and
inorganic N species were only assessed in this study, and analysis of the organic species
may show different abiotic trends that better align with the biotic trends that were
observed.
Despite observations of seasonal differences in microbial genetic diversity in this
study, structurally, T-RF results showed similarities in the occurrence and frequency of
91

dominant, moderately dominant, and rare species that comprise microbial communities at
each site, which may be indicative of functional similarities. It has been documented that
microbial communities from a drainage ditch exhibited greater catabolism than
communities isolated from an agricultural field, but that eventually both of the
communities realized similar levels of functional richness (Villegas-Herrera 2005).
Despite differences in genetic diversity, results in this study offer no insight towards
functional diversity. The importance of understanding the role functional diversity plays
in microbial biogeochemical processes and community dynamics is also highlighted.
Previous research has documented that analysis of bacterial diversity based on genomics
alone could lead to misinterpretations, as evolutionary pressures might lead to the
existence of non-active remnant genes, loss of function, inactivating mutations, lack of
transcription/translation, and post-translational processing which would confound
analysis (Cordwell 1999). As T-RFLP results identified similar community structures,
with eight dominant microbial species and more variation in rare species being observed
within each experimental site, there is a need for further research utilizing high
throughput metagenomic sequencing of soil microbial DNA would offer insight towards
genetic redundancy, functional diversity in microbial populations, and intra-community
competition for available resources.
This investigation assessed the impacts of weir implementation in drainage
ditches on denitrifying microbe abundance, microbial communities, and soil
physiochemical parameters. Results from this study show that weirs increased soil
moisture, which subsequently increased 16S rRNA and nirS abundance. Furthermore,
weirs were not found to directly influence microbial community diversity, and no
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evidence indicated that weir implementation and associated construction adversely
impacted microbial diversity, abundance, or chemical parameters. These results support
the potential benefits of weirs to create suitable environments for denitrifying microbes
for N remediation from agricultural runoff. Future conservation efforts should aim to
identify adequate runoff capture capacities to allow for these important biogeochemical
reactions to occur.
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Sunflower

08030207

Big
Sunflower

Upper Yazoo

Upper Yazoo

HUC 8
Watershed
Big
Sunflower

610

500

1754

Ditch
Length
1359

0

2

4

# of
weirs
3
Crop type
Corn, soybeans

43% Dowling soils,
18% Dubbs very
fine sandy loam,
17% Dundee silt
loam

39% Sharkey Clay
28% Dundee Silt
Loam

39

Soybeans

19

Corn, soybeans, 13
abandoned
catfish ponds

43% Alligator clay, Corn
17% Forestdale silt
loam, 13%
Forestdale silty clay
loam

Major soil types
68% Forestdale
silty clay loam,
11% dowling clay,
10%

# Samples
collected
38

Note: Characteristics of experimental drainage ditches, including location of each ditch (county); hydrologic unit code (HUC) 8
watershed each ditch resides in; length (m); number of weirs installed; major soil types as determined by the Natural Resources
Conservation Service (NRCS) Web Soil Survey; type of crop adjacent to the ditch during the growing season; and the number of
samples collected from each ditch.

Control

Yazoo

Site 3

08030206

Humphreys 08030206

Site 2

HUC 8
08030207

MS
County
Coahoma

Characteristics of experimental drainage ditches

Study
Site
Site 1

Table 4.1

94

95

nosZ1F
nosZ1R

nirScd3aF
nirSR3cd

nirK1040
nirK876

nosZ

nirS

nirK

12.5 µl SYBR® Green
Master Mix (Applied
Biosystems), 0.50 µl each
primer, 6.875 µl sterile
water, 1 µl PVPP, 1 µl
BSA (3%), 0.625 µl
DMSO
12.5 µl SYBR® Green
Master Mix (Applied
Biosystems), 0.50 µl each
primer, 6.875 µl sterile
water, 1 µl PVPP, 1 µl
BSA (3%), 0.625 µl
DMSO

P. aeruginosa
(ATCC 27853)

S. epidermidis
(ATCC 12228)

12.5 µl SYBR® Green
Master Mix (Applied
Biosystems), 0.50 µl each
primer, 8.5 µl sterile
water, 1 µl PVPP

Master mix
12.5 µl SYBR® Green
Master Mix (Applied
Biosystems), 0.50 µl each
primer, 8.5 µl sterile
water, 1 µl PVPP

P. aeruginosa
(ATCC 27853)

Standard
species
P. aeruginosa
(ATCC 27853)

2 µl

2 µl

2 µl

Template
2 µl

165

425

259

Amplicon
length
466

95°C 15 min, 6 cycles
touchdown [95°C 15 s, 63°C
30 s( -1°C per cycle), 72°C
30 s, 80°C 15 s], 40 cycles
(95°C 15 s, 58°C 1 min), 1
cycle (95°C 15 s, 60°C 1 min
increasing 0.3°C to 95°C 15
s)

95°C 10 min, 40 cycles
(95°C 45 s, 57°C 45 s, 72°C
45 s), 1 cycle (95°C 15 s,
60°C 1 min increasing 0.3°C
to 95°C 15 s)

95°C 10 min, 40 cycles
(95°C 15 s, 60°C 1 min), 1
cycle (95°C 15 s, 60°C 1 min
increasing 0.3°C to 95°C 15
s)

Thermal profile (RTPCR)
95°C 10 min, 40 cycles
(95°C 15 s, 60°C 1 min), 1
cycle (95°C 15 s, 60°C 1 min
increasing 0.3°C to 95°C 15
s)

(Henry et al.
2004)

(Bannert et al.
2011)

ABI Step One
Plus Real-Time
default

ABI Step One
Plus Real-Time
default

Reference

Note: Methods used for qPCR quantification of functional genes extracted from soil samples. Methods include primers used to
amplify each functional gene, species used as a standard, master mix solution for amplification, amount of template rRNA
used, respective amplicon lengths, thermal profiles, and the associated references from which thermal profiles were
determined.

Primer
name
16SFOR
16SREV

Methods used for qPCR quantification of functional genes

Target
gene
16S
rRNA

Table 4.2

Table 4.3

16S GU/
dry g soil

nosZ
GU/ dry
g soil

nirS GU/
dry g soil

Soil
moisture
(%)

Descriptive statistics of the quantification of functional genes

Spring
2013

Fall 2012
Spring
2013

Fall 2012
Spring
2013

Fall 2012
Spring
2013

Soil N
(%)

Fall 2012
Spring
2013

Soil C
(%)

Fall 2012
Spring
2013

Fall 2012

Ditch

Descriptive Statistics
No. of
Minimum
samples

Maximum

Median

Mean

Site 1
Site 2
Site 3
Control
Site 2
Site 1
Site 2
Site 3
Control
Site 2
Site 1
Site 2
Site 3
Control
Site 2
Site 1
Site 2
Site 3
Control
Site 2
Site 1
Site 2
Site 3
Control
Site 2
Site 1
Site 2
Site 3
Control
Site 2

25
34
18
11
42
33
36
17
12
41
24
28
18
12
42
38
39
19
13
42
38
35
19
13
42
38
35
19
13
42

4.09E+09
8.53E+09
1.75E+10
7.06E+09
9.42E+10
8.39E+08
5.52E+08
4.40E+07
3.80E+08
1.31E+08
9.55E+07
4.59E+07
1.61E+08
1.48E+08
2.75E+08
0.637
0.916
0.934
0.461
1.869
0.212
0.209
0.268
0.184
0.163
2.534
1.753
3.712
1.411
2.905

3.25E+08
2.47E+08
2.72E+08
2.17E+08
1.11E+10
1.30E+07
3.74E+06
2.37E+06
3.49E+07
7.21E+06
3.45E+06
9.18E+06
9.00E+06
9.85E+06
3.44E+07
0.464
0.634
0.634
0.416
0.772
0.134
0.142
0.112
0.127
0.112
1.204
0.950
1.117
1.136
0.906

7.53E+08
1.06E+09
2.28E+09
1.31E+09
1.51E+10
7.73E+07
5.64E+07
9.42E+06
1.11E+08
1.63E+07
1.63E+07
1.17E+07
3.03E+07
2.64E+07
4.74E+07
0.469
0.628
0.641
0.410
0.765
0.128
0.142
0.113
0.120
0.115
1.231
1.016
1.176
1.029
0.958

8.33E+04
4.87E+06
8.00E+05
1.29E+07
7.53E+08
1.29E+05
6.67E+04
3.49E+05
6.04E+05
1.42E+06
1.06E+04
8.50E+02
3.27E+05
5.74E+05
1.88E+05
0.316
0.298
0.419
0.348
0.291
0.036
0.047
0.029
0.034
0.072
0.337
0.363
0.326
0.308
0.502

Note: Descriptive statistics of the quantification of functional genes 16S rRNA, nosZ and
nirS, from all sampling sites in spring 2013 and from site 2 fall 2012. Analysis of
variance results are shown in the last column of the table representing significant
differences between sites when levels were greater than α=0.05; subsequent Bonferroni
corrected significance levels were calculated for pair-wise comparisons.
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Table 4.4

0.123
-0.188
0.082
0.172

Soil C (%)

Distance from
weir (m)

Distance from
outflow (m)

Vegetation
presence
-0.014

0.122

0.136

0.102

0.142

0.020

-0.089

0.120

0.009

-0.300

0.115

0.187
-0.148

0.281

1

0.344

0.024

0.488

Soil
moisture
(%)

0.175

0.344

1

0.173

0.585

nirS GU/
dry g soil

Values in bold are different from 0 with a significance level alpha=0.05

0.181

0.024

0.488

Soil moisture (%)

Soil N (%)

0.173

0.585

nirS GU/ dry g
soil

1

0.162

nosZ GU/ dry g
soil

0.162

1

nosZ GU/
dry g soil

16S GU/ dry g
soil

Variables

16S
GU/ dry
g soil

Pearson (n) correlation matrix of gene abundances

-0.139

0.149

-0.096

0.843

1

0.281

0.175

0.142

0.181

Soil N
(%)

-0.044

0.150

-0.053

1

0.843

0.115

0.187

0.102

0.123

Soil C
(%)

-0.014

0.011

1

-0.053

-0.096

-0.300

-0.148

0.136

-0.188

Distance
from
weir (m)

0.176

1

0.011

0.150

0.149

0.009

-0.089

0.122

0.082

Distance
from
outflow
(m)

1

0.176

-0.014

-0.044

-0.139

0.120

0.020

-0.014

0.172

Vegetation
presence

Note: Pearson (n) correlation matrix of gene abundances (active variables) and environmental parameters (supplementary
variables) included in PCA. Data was generated from analysis of variable relationships using data from all of the samples collected
from all sites in fall 2012 and spring 2013. The control site was also included, in which case distance from weir was considered the
same as the distance from outflow. All bold correlation values indicate significant relationships between measured parameters.
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Figure 4.1

Location of experimental sites

Note: The location of the experimental sites within the Yazoo River Basin and respective
counties; Site 1: Coahoma, Site 2: Humphreys, Site 3: Yazoo County, and Control Site:
Sunflower.
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-1.5

IPCA2

Interaction PCA values

-1

Weirs: Fall 2012

-0.5

0

Weirs: Spring 2013

-1
IPCA1

-0.5

0

0.5

1

1.5

Control: Spring 2013

0.5

1

1.5

Note: Interaction PCA values generated from T-REX reflecting diversity of microbial communities within samples from Site 2
(with weirs) in fall 2012, all sites with weirs in spring 2013, and the control site in spring 2013.

Figure 4.2
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Figure 4.3

Empirical Bayesian Kriging (EBK) results

Note: Figure 4.3
Empirical Bayesian Kriging (EBK) of the spatial distribution of
mean 16S rRNA T-RF values relative to peaks and community diversity. Community
diversity was determined using T-RFLP analysis of samples extracted from soil cores
collected throughout the length each ditch (a) Site 2 (fall 2012), and in spring 2013 (b)
Site 1, (c) Site 2, (d) Site 3, and (e) Control Site. Class breaks for each gene were
determined by the model based on natural breaks in the data. Black bars indicate weir
locations.

100

Samples

0

50

100

150

200

250

T-RFs

Spring 2013: Site 1

Site 2

Site 3

Control

Note: Microbial community composition results of T-RFLP. Each T-RF peak reflects a different microbial species that was
identified and instances where multiple ditches are represented in a single peak reflect more dominant species that were found
within each of the sites that are represented.

Microbial community composition results of T-RFLP

Fall 2012: Site 2

50
55
59
65
71
78
88
101
109
113
120
124
129
134
139
144
149
154
161
165
172
176
184
189
196
203
211
217
225
235
243
249
258
267
295
306
314
324
329
334
337
343
376
402
415
435

300

Figure 4.4
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T-RF data

Note: T-RF data was categorized into multiple groups to investigate diversity: a) total T-RF peaks b) dominant T-RF peaks (when a
specific peak is identified >50); c) moderately dominant T-RF peaks (peaks identified <50 and >10; and d) rare T-RF (peaks
identified <10).

Figure 4.5
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CHAPTER V
SYNTHESIS

This dissertation provides evidence toward the efficacy of low-grade weirs as a
best management practice for reducing nutrient runoff and offers potential to benefit
community composition and abundance of soil microbe populations, including those
involved in denitrification. Looking towards the future, this dissertation also sheds light
on considerations for continuing research regarding protection of water resources and
microbial roles in nutrient removal mechanisms, as well as implications for conservation
managers and policymakers. Firstly, continuing research is warranted to develop a better
understanding of microbial denitrification mechanisms for more effective nutrient
mitigation and to better understand how nutrient transformations are influenced by
physical, chemical, and biological variables in water that were not included in this work.
Secondly, this dissertation provides implications that management efforts should focus on
adapting best management practices to increase nitrogen removal efficiencies and
continue to find common ground with agriculture producers to ensure that practices are
economically sustainable for their operations. Lastly, success of utilizing cost-share
incentives provides a basis to continue those programs while simultaneously continuing
to provide education and technical assistance to stakeholders so they can be aware of the
ecological and economic benefits of conservation to their operations.
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Continuing Research
New instruments are allowing for continuous in-situ sampling and will benefit
scientists by enabling real-time tracking of nutrient dynamics at multiple locations in
stream flow locations to better determine sources and sinks of nutrients during
hydrological transport. While advancement in technology and instrumentation has
undoubtedly made the physical demands and research design process more sophisticated,
there remains a gap in knowledge regarding how transformations at the molecular scale
manifest at the system scale or vice versa. One of the key questions would be, at what
threshold hydrology drives nutrient transformation, rather than playing its typical role as
a transport mechanism. To put these pieces together, controlled experiments are
warranted to investigate velocity thresholds and nutrient transformations, and further
investigation of soil microbes governing denitrification is also warranted. Sequencing of
microbial community DNA could allow for the identification of key species involved in
denitrification in these environments. Additionally, sequencing would also show specific
differences in community dynamics between environments offering insight towards how
the environment drives community composition.
Observed variability in nitrogen reductions warrants further research towards
mechanisms of nutrient transformations, and the interactions with chemical and
biological parameters that influence transformations. Interactions between nutrients,
manufactured emergent contaminants, and water pathogens may influence rates of
nitrogen removal, and could offer pathways for advancing existing knowledge of
transformation mechanisms. This is of particular concern, as tens of thousands of
emergent contaminants are found ubiquitously throughout the hydrological cycle, in
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varying mixtures. While considering this conundrum, one cannot forget that pathogens
are also common in these systems and could pose the most immediate threat to
organismal health, including humans. While it may not be possible to determine all
potential interactions between nutrients, emergent contaminants and pathogens, three
innovative considerations for utilizing microbes to advance the protection of water
resources are 1) determining if water pathogens (abundance, composition, or key species)
can be utilized as a biomarker for inorganic and organic water contamination; 2)
determining various amounts and types of contamination could be reflected in soil
microbe populations; and 3) whether certain species are more prevalent in the presence of
certain pollutants.
Because of the high cost of chemical water sample analysis, identifying a biological
indicator via microbes may provide a more cost effective and conclusive measure of
water quality impacts.
Management & Policy Implications
Management efforts should focus on increasing drainage ditch holding capacity
and perhaps moving toward a more permanent water holding structure to slow runoff
velocities during heavy rain events. Increasing drainage capacity would help remediate
spring nutrient pulses where fertilizer applications and heavy rain events tend to overlap.
More permanent water holding structures would increase nitrogen remediation through
denitrification, as data indicated nitrogen was not removed as efficiently as phosphorus,
despite the presence of denitrifying functional genes in microbial populations.
Management of nutrient pollutants needs to continue to find common ground with
stakeholders, particularly with agricultural producers, as the majority of available water
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resources are used for irrigation. Scientists and environmental managers should continue
moving forward with recent innovations in water resource management through the
development of best management practices that fit seamlessly into the existing landscape,
are low-cost and low-maintenance, and would provide economic and ecological benefits
to stakeholders.
Nutrient pollution of freshwater and marine ecosystems has gained global
recognition, as this can lead to ecologically and economically costly coastal hypoxic
zones, and it creates a conundrum for governing bodies and policymakers because
agricultural production and water resources are inherently intertwined. This growing
concern has been acknowledged by governing officials and met with proactive nutrient
remediation strategies through cost-share assistance and advocating for best management
practices in the United States. However, scientifically defensible data documenting the
success of best management practices has been lacking. Policymakers should continue
and broaden cost-share incentives for producers to increase conservation participation.
Increasing producer conservation awareness and how conservation benefits their
economic sustainability could offer the potential for more voluntary conservation efforts.
Increasing conservation awareness and participation also educates all stakeholders about
resource related issues and brings a sense of community ownership over our natural
resources to foster more comprehensive protection efforts.
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