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Abstract 

Water quality degradation has been a significant concern in the White River watershed of 

Indiana. As a consequence of long-term inputs of industrial and domestic effluents, and urban 

and agricultural runoff, the White River has been adversely affected. Some major on-going 

concerns include excess nutrients, organic compounds, and salinity. Water quality degradation 

effects extend beyond the local scale, as the White River is a headwater stream and drains into 

the Mississippi River. Water quality issues become more complex with changing climate, 

which shifts streamflow regime and water quality. One emerging water quality concern 

regarding climate change is irrigation suitability of water under the potential shift from rain-

fed agriculture to irrigation agriculture in the Midwest. To address these issues, this thesis 

research: 1) analyzed the long-term secondary water quality data using a novel approach, 

Weighted Regression on Time, Discharge and Seasons; and 2) collected bi-weekly water 

samples from the White River during the crop growing season of 2019, and comprehensively 

analyzed the irrigation suitability of the water. Long-term water quality data analysis of five 

monitoring sites show that overall flow-normalized concentration and flux of biochemical 

oxygen demand (BOD) and nitrate-nitrite nitrogen increased from 2002 to 2018. The only 

exception occurred at the Walnut monitoring site where both nitrate-nitrite nitrogen 

concentration and flux decreased. Analysis of pollutant sources indicates that point source 

pollution and combined sewage outflows may have a substantial contribution to nutrient 

pollution, and agricultural and urban runoff has a big impact on the both the nutrient and BOD 

load in the river. Irrigation suitability analysis concludes that the water is mostly suitable for 

irrigation; however, suitability exhibits distinct patterns between May–July and August–

October. An average of 7.8% of samples from May-July are unsuitable for irrigation, while an 

average of 24.5% of samples from August-October are unsuitable for irrigation. Considering 

that August-October is the dry and low-flow season when water demand is high, the results 
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suggest a notable possibility that water is unsuitable for irrigation when most needed. This is 

the first comprehensive study to evaluate irrigation suitability of surface water in the Midwest 

United States. Meanwhile, the long-term water quality analysis and identification of pollution 

sources are critical for understanding the driver of water quality in the context of climate and 

streamflow changes. The results of this study will inform water resources managers responsible 

for formulating future conservation plans.  

 

Key Words 

White River, Water Quality, BOD, Nutrients, WRTDS, Irrigation Suitability, Climate Change, 

Salinity, Statistical Analysis 
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Chapter 1 Introduction 

 

The White River watershed is located in east-central and southern Indiana, comprising a 

drainage area of 29,385 km2. It is the largest watershed contained entirely within the state of 

Indiana and is also the state’s most populous area with its largest and capital city, Indianapolis 

(Crawford, 2001). The watershed is dominated by agricultural land having diverse land use 

categories. The watershed is covered by about 55% agricultural fields (planted/cultivated), 30% 

forest and 12% developed land. The watershed mainly belongs to the Eastern Corn Belt Plains 

ecoregion; a portion of the southern part belongs to the Interior Plateau ecoregion of the United 

States (U.S. EPA, 2000). 

 

Figure 1.1 White River Watershed showing Land Use and Major Cities (Figure Adapted from 

Han et al., Under Revision) 
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Water quality degradation has been a concern in the White River watershed. As a result of 

inputs of untreated industrial and domestic waste and agricultural runoff, the White River was 

heavily contaminated prior to the 1970s (Tiffany, 2018). Despite recent improvements, much 

of the White River is still impaired by factors like organic compounds and excess nutrients (US 

EPA, 2017). Some of the major on-going concerns in the White River include excess nutrients, 

organic compounds and salinity. These effects extend farther downstream, as the White River 

eventually flows into the Mississippi River. Downstream aquatic environments including the 

so-called ‘dead zone’ in the Gulf of Mexico could be partly traced back to the White River 

nutrient and organic load.  

Since the 1970s, water quality of the White River at Muncie had been continuously monitored 

by the Muncie Bureau of Water Quality (BWQ); unfortunately, however, there have been few 

assessments in recent years. Analysis of long-term water quality data is complicated due to 

inconsistencies in data collection frequency, accuracy, completeness, detection level change 

over time, and the dilution effect at different discharge levels (Hirsch et al., 2010). The concept 

of Weighted Regression on Time, Discharge and Seasons (WRTDS) is a novel approach 

recently developed by the United State Geological Survey (USGS) to analyze long-term water 

quality data. WRTDS is designed for large and long-term datasets to overcome challenges by 

estimating concentration and flux with and without the influence of discharge variation 

(Sprague et al., 2011), and helps with identifying potential pollution sources. The approach 

considers the effects of long‐term trends, seasonal variation, and discharge of a river and 

considers the relationship of water quality variables with concentration and fluxes (Hirsch et 

al., 2010; Hirsch, 2014; Hirsch et al., 2015). 

The water quality issue becomes more complex with changing climate, which affects 

streamflow quantity, timing, and sediment and nutrient transport capacity, and leads to new 

water quality concerns. One emerging water quality concern due to climate change is the 



9 | P a g e  

 

potential shift from rain-fed agriculture to irrigation agriculture in the Midwest. In recent 

decades, Indiana’s White River watershed, a typical agriculture-dominated Midwest 

watershed, has experienced severe drought issues during crop growing seasons, including 

shrinking groundwater levels presumably resulting from climate change and extensive 

withdrawal. The Midwest has traditionally been dominated by rainfed agriculture production 

systems (Kistren et al., 2018; IURC, 2013) and increased use of surface water for irrigation is 

expected (Aertgeerts and Angelakis 2003; Oki and Kanae, 2006). The stress is projected to 

continue and expand (Bowling et al., 2018; Inkenbrandt et al., 2005; Forman and Alexander, 

1998). There are no documented studies which address the irrigation suitability of the White 

River water, and there is an urgent need to determine whether water from the White River is 

suitable for irrigation.  

To meet the local and regional water management challenges, the goals of this thesis research 

are to: (1) evaluate water quality change of the White River over the past two decades; and (2) 

determine its suitability for irrigation (Fig. 1.2). Specific objectives include: (1) sampling and 

analysis of irrigation water quality parameters and metrics (pH, TDS, salinity, SAR, SARadj, 

SSP, MAR, PI, KR, SHC, and RSBC) during the 2019 crop growing season; (2) assessment of 

long-term water quality changes and identification of pollution sources; (3) analysis of the 

spatial and temporal variability of water quality of the White River at Muncie; and (4) 

dissemination of the results to academia, professionals, and local stakeholders. 
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Figure 1.2 Overall Framework of the Study 

To our knowledge, this is the first study to evaluate the irrigation suitability of surface water in 

the Midwest. Meanwhile, long-term water quality analysis and identification of pollution 

sources are critical for understanding the drivers of water quality in the context of climate and 

streamflow changes. The results of this study will help inform water resources managers 

responsible in formulation of water and soil conservation plans.  

The thesis is composed of four sections. Chapter 1 provides an introduction to the overall 

structure of the thesis; Chapter 2 describes the research activity involving irrigation suitability 

of the White River at Muncie; and Chapter 3 describes the long-term analysis of the secondary 

data with regard to nutrient and BOD levels. The thesis is concluded in Chapter 4.  
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Chapter 2. Is surface water suitable for irrigation in the Midwest? 

An example from the White River in Indiana 

 

Abstract 

Climate change models consistently project future reductions in precipitation and increases in 

temperature during the crop growing season in the U.S. Midwest, which may exacerbate 

surface water scarcity issues confronting regional agriculture. To maintain consistent crop 

yields under the risk of increased droughts, farmers may shift from rain-fed agriculture to 

irrigation agriculture, particularly during drought periods and in water-stressed regions. There 

is an urgent need to understand whether surface water in the Midwest is suitable for irrigation. 

In this chapter, irrigation water quality is comprehensively analyzed with commonly used 

parameters regarding salt content including sodium adsorption ratio (SAR), adjusted sodium 

adsorption ratio (SARadj), soluble sodium percentage (SSP), electrical conductivity (EC), total 

dissolved solids (TDS), residual sodium bicarbonate (RSBC), magnesium adsorption ratio 

(MAR), permeability index (PI), Kelley’s ratio (KR), synthetic harmful coefficient (SHC), and 

salinity. Results indicate that water in the White River at Muncie is rated mostly in excellent 

to good condition with regard to irrigation quality. However, the irrigation suitability level 

exhibits two distinct patterns between May–July and August–October. Specifically, an average 

of 7.75% of the samples from May to July are unsuitable for irrigation, and an average of 24.5% 

of samples from August to October are unsuitable for irrigation considering all parameters. 

Flow rate change over time and the release of pollutants from wastewater treatment plants to 

the White River impart potential effects on the irrigation water quality variations of the river. 

This study indicates that there are higher risks during the fall season for farmers to use surface 

water as an irrigation source, and this risk might be greater if extended or more frequent drought 

events occur in the future. This is the first study on irrigation water quality assessment in the 
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Midwest and provides useful information for farmers and decision-makers to consider while 

formulating applications for irrigation.  

Key words:  irrigation suitability, White River, climate change, salinity 

2.1. Introduction  

The United States Midwest, known as the Corn Belt, is dominated by agricultural land and 

represents one of the most intensive areas of agriculture in the world (Hatfield, 2012). The 

Midwest has traditionally relied upon rain-fed agriculture production systems. Midwestern 

farmers use irrigation only to supplement rainfall during drought periods and on sandy soils 

that have low moisture-holding capacities. However, climate change is shifting traditional 

agricultural practices. Climate models have consistently projected that much of the central 

United States will experience wetter springs and drier crop-growing seasons (Mishra, 2010); 

the trend started from the 1940s based on long-term climate records (Edwards, 2010). 

Correspondingly, there is a shift of rain-fed agriculture to irrigation agriculture. From 1984 to 

2013, irrigated lands increased by 78% in Indiana and this trend continues (Stubbs, 2016). 

However, unlike in the western states, there is no research on whether water quality is suitable 

for irrigation in the Midwest.  

Indiana’s White River is used in this research as an example for study of irrigation suitability 

of surface water in the Midwest. The White River is a typical Midwest river, passing through 

agricultural land and contaminated by non-point source pollutants. In recent decades, Indiana’s 

White River watershed has experienced severe drought issues during crop growing seasons, 

including shrinking groundwater levels presumably resulted from climate change and heavy 

use, and the stress is projected to continue (Bowling et al., 2018; Inkenbrandt et al., 2005; 

Forman and Alexander, 1998). The unpredictable rainfall in the Midwest in recent decades is 

a concern for maintaining a continuously increasing amount of crop production consistent with 

the increasing amount of irrigation water demand (Kistren et al., 2018; IURC, 2013) and 
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increased use of surface water for irrigation is expected (Aertgeerts et al., 2003; Oki and Kanae, 

2006).  

Quality of irrigation water largely determines crop productivity and quality; however, current 

water quality assessments in the White River watershed, similar to that of the broader Midwest, 

focus on recreational use and aquatic life, and lack assessments of irrigation suitability due to 

limited irrigation use.  

Irrigation water quality is often determined by analysis of parameters related to level of salt 

content and concentrations of potentially toxic metals. High total salinity in irrigation water 

creates a salinity hazard to soil and crops; as water evaporates, dissolved salts remain, resulting 

in accumulation. This results in physiological drought conditions due to increased soil osmotic 

pressure, even though a field may have a high moisture level (Fipps, 2003; Machado and 

Serralheiro, 2017). Salt concentration is also reflected by other lumped parameters including 

total dissolved solids (TDS) or specific conductivity (EC). Sodium, one of the common 

components of many salts in irrigation water, makes soil hard, compact, and impervious to 

water. Sodium content is usually measured by sodium adsorption ratio (SAR), soluble sodium 

percent (SSP), or in cases with high bicarbonate, the adjusted sodium adsorption ratio (SARadj). 

Magnesium (Mg) is an essential nutrient for plant growth; however, when its concentration 

exceeds that of calcium (Ca), it behaves like Na and results in soil dispersion and decreased 

infiltration rate, thus adversely affecting crop yield (Nagaraju et al., 2014). The Mg content of 

irrigation water is calculated using the Magnesium Adsorption Ratio (MAR) (Gupta and Gupta, 

2002). The Permeability Index (PI) is a measurement of the vertical rate of water penetration 

from topsoil to subsoil (Lewis, 2006). Synthetic Harmful Coefficient (SHC) comprehensively 

reflects salt and alkali hazards. The suitability of surface water for irrigation is also assessed 

with Kelley’s Ratio (KR). KR determines the hazardous effect of sodium on water quality for 

irrigation usage. Residual sodium bicarbonate is another parameter used for irrigation 
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suitability when water contains bicarbonate, which escalates salt coagulation (Gupta and 

Gupta, 2002). Irrigation suitability graphical analysis with the Wilcox, Doneen and US Salinity 

Hazard Diagrams is also commonly used for assessing irrigation water quality. It is important 

to analyze multiple parameters in order to obtain a comprehensive understanding of suitability 

before employing water for irrigation at large-scale.  

2.2 Research Methods 

2.2.1 Study Area 

The White River watershed is located in east central and southern Indiana, comprising a 

drainage area of 29,385 km2. It is the largest watershed contained entirely within the state of 

Indiana and is also the state’s most populous area with its largest city, the capital Indianapolis 

(Crawford, 2001). The watershed is dominated by agricultural land having diverse land 

categories. About 55% of the watershed is covered by agricultural fields (planted/cultivated), 

30% by forest and 12% by developed land. The watershed mainly belongs to the Eastern Corn 

Belt Plains ecoregion of the United States; a portion of the southern part belongs to the Interior 

Plateau ecoregion (U.S. EPA, 2000).  

Due to industrial, domestic, and agricultural runoff, the White River was heavily contaminated 

prior to the 1970s (Tiffany, 2018). Despite water quality improvement, the river is still listed 

as an impaired water body by the Indiana Department of Environmental Management (IDEM, 

2020).  

In this study, five sampling sites along the White River at Muncie were selected, bracketing 

the stream sections from upstream to downstream of the Muncie-Yorktown urban area. The 

river flows through agricultural lands, enters the Muncie city boundary from the Memorial site, 

then flows downstream passing the Walnut, Tillotson and Nebo sites, and flows out of the 

Yorktown city boundary at 575W Bridge (Fig. 2.1). There are two domestic wastewater 

treatment plants (WWTP) which discharge effluents into the river. The Muncie WWTP is 

located about 200 m above the Nebo site, and the Yorktown WWTP is close to the 575W site 
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(Fig. 2.1). However, Muncie’s WWTP treatment capacity (16.5 million gpd) is about 8 times 

that of Yorktown’s (2.0 million gpd) and is expected to have a greater impact on water quality 

(Batt, 2006). Many combined sewage outflow (CSOs) also occur along the river, discharging 

contaminants directly into the river during high-flow storm events (Figure 2.1). The major two 

CSOs in this study area are delineated in the study area map.  

 

Figure 2.1 Five sampling sites along the White River at Muncie 

2.2.2 Physiochemical Tests 

Water samples were collected biweekly from the five White River locations during the 2019 

crop growing season (i.e., late April – early October). On-site readings of water temperature, 

TDS, specific conductivity, DO and salinity were recorded using a hand-held turbidity meter 

(YSI Professional Plus and YSI EC300). Two water samples were collected from each site in 

1-liter polyethylene bottles. The filled bottles were immediately placed in an ice-filled cooler 
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and transported to the Water Research Laboratory at Ball State University. Samples were 

preserved with 2 drops of concentrated HNO3 (Alam et al., 2019).  

In the laboratory, samples were analyzed within 24 hours. Chemical characteristics determined 

for irrigation water quality calculations included pH, dissolved oxygen (DO), carbonate and 

bicarbonate, TDS, salinity, and concentrations of Ca, Mg, Na, and K. Concentrations of Ca, 

Mg, Na, and K were tested using flame atomic absorption spectroscopy (AA200 PerkinElmer). 

The instrument was linearly calibrated with standards before each analysis and was checked 

with standards again after analysis. All tests were performed three times for each sample, and 

the mean values of each site’s two samples and standard deviation were reported. Water pH 

values were measured using a pH meter (Fisherbrand™ Accumet™ AE150) in the laboratory 

immediately upon return from the field. Bicarbonate/carbonate concentrations were measured 

using a digital titrator/sulfuric acid method with color indicators (Hach Method 16900). 

Standard methods were followed throughout sampling and analysis (Rice et al., 2017).  

2.2.3 Parameter Calculation and Analysis  

2.2.3.1 Sodium Adsorption Ratio (SAR) 

SAR is a measure of the amount of sodium relative to calcium and magnesium in the water 

high sodium ions in the irrigation water affect the permeability of soil and brings infiltration 

problems (Richards LA, 1954), and is calculated by: 

 SAR=
𝑁𝑎 

√
(𝐶𝑎+𝑀𝑔)

2

                                                                                                                      Eq. 1 

Irrigation water quality can be justified based on SAR classification as excellent (SAR < 10), 

good (10 < SAR < 18), doubtful (18 < SAR < 26), and unsuitable (SAR > 26) (Todd, 1980) 

(Table 2.1). 

 

 

 



20 | P a g e  

 

 

 

Table 2.1 The sodium hazard of irrigation water based on SAR Values (Adopted from Fipps, 
2003). 

SAR Value Sodium hazard of water Comments 

1-10 Low Use on sodium-sensitive crops 

10-18 Medium 
Amendments (such as gypsum) and leaching 

needed 

18-26 High Generally unsuitable for continuous use. 

>26 Very Low Generally unsuitable for use 

 

 

2.2.3.2. Adjusted Sodium Adsorption Ratio (SARadj) 

If irrigation water contains bicarbonate, SAR usually underestimates sodium hazard since Mg 

and Ca can form insoluble compounds with bicarbonate, thus reducing the concentration of Ca 

and Mg in the calculation of SAR. As a result, the adjusted sodium adsorption ratio (SARadj) is 

utilized to determine the increased SAR impacts on irrigation suitability. SARadj is calculated 

using the following steps (Lesch and Suarez, 2009).  

Step 1: Calculate the sum of cations (SC) and ionic strength (Is) as  

SC = Na + Ca +Mg                                                                                                             Eq. 2 

Is= 
(1.3477×SC)+0.5355)

1000
                                                                                                         Eq. 3 

Step 2: Calculate the log(x) value as 

Log(x) = 
1

3
[4.6629 + 0.6103log (Is) + 0.0844{log (Is)} ² + 2log (

𝐶𝑎

2𝐻𝐶𝑂₃
)]       Eq. 4 

Step 3: Calculate the equilibrated Ca concentration as:  

Caeq = 2×10log(x) × (Pco₂)1/3                                                                                             Eq. 5 



21 | P a g e  

 

where, Pco₂ represents the partial CO₂ pressure in the near-surface soil. The value is commonly 

assumed 0.0007 atm, however, other values are also appropriate. 

Step 4: If Pco₂ is assumed to be 0.0007 atm, then the equilibrated Ca concentration can be 

calculated as 

Caeq =10log(x) ×0.17758                                                                                                  Eq. 6 

 

SARadj = 
𝑁𝑎 

√
(𝐶𝑎 𝑒𝑞+𝑀𝑔)

2

                                                                                                          Eq. 7 

As was the case with interpretation of SAR values, irrigation water quality can be justified 

based on the SARadj value classification into excellent (SARadj < 10), good (10 < SARadj < 18), 

doubtful (18 < SARadj < 26), and unsuitable (SARadj > 26) (Todd, 1980). 

2.2.3.3 Soluble Sodium Percentage (SSP) 

SSP is an indicator of sodium hazard, defined as: 

SSP = 
(Na+K)

(Na+Ca+Mg+K) 
×100                                                      Eq. 8 

A high SSP in the irrigation water can have devastating impacts on the agricultural field soil’s 

structure, aeration, and infiltration (Xu et al., 2019). Based on the SSP value classification, 

irrigation water can be categorized as excellent (SSP < 20), good (20 < SSP < 40), permissible 

(40 < SSP < 60), doubtful (60 < SSP < 80), and unsuitable (SSP > 80) (Wilcox, 1948; Todd, 

1980). The Wilcox diagram illustrate the irrigation water quality. The Wilcox plot is portrait a 

simple scatter plot of SSP on the Y-axis vs. conductivity on the X-axis.   

2.2.3.4 Magnesium Adsorption Ratio (MAR) 

MAR is calculated as: 

MAR = 
𝑀𝑔

𝑀𝑔+𝐶𝑎
 × 100                                                                                                        Eq. 9 
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MAR reflects potential for soil structure degradation that is caused by magnesium in irrigation 

water. An MAR > 50 represents a harmful index for irrigation purposes while a value of MAR 

< 50 indicates a suitable index for irrigation (Raghunath, 1987).  

2.2.3.5 Permeability Index (PI) 

PI estimates the rates of vertical movement of water through the unsaturated soil zone. Doneen 

(1954) defined PI as: 

PI = 
𝑁𝑎+√𝐻𝐶𝑂₃

𝑀𝑔+𝑁𝑎+𝐶𝑎
× 100                                                                                                      Eq. 10 

A low PI has detrimental long-term impacts on soil metabolism, making the soil surface hard, 

the infiltration rate became weaken and percolation observed. Thus, inhibitory for proper 

growth of seedlings. A PI of 75.0% or above indicates that irrigation water is suitable for 

irrigation, a PI percentage of 25-75 consider as good for irrigation, and a PI value of 25.0% or 

below indicates that irrigation water is unsuitable.  

2.2.3.6 Kelley’s Ratio (KR) 

The KR is an indicator of the irrigation suitability of water as it reflects the relative abundance 

of Na in comparison to Mg and Ca. KR is represented as:  

KR = 
𝑁𝑎

𝑀𝑔+𝐶𝑎
                                                                                                                       Eq. 11 

A KR < 1 indicates that the water is suitable for irrigation, while KR > 1 represents the 

unsuitability of the irrigation water (Kelley, 1963). 

2.2.3.7 Synthetic Harmful Coefficient (SHC) 

The salt and alkali hazards of irrigation water are determined by the SHC value.  

SHC = 12.4M + SAR                                                                                                  Eq. 12  

Where M is the total dissolved solids (g/L). 

Based on the SHC value classification, irrigation water can be categorized into excellent (SHC 

< 25), good (25 < SHC < 36), injurious (36 < SHC < 44), and unsuitable (SHC > 44) (Xu et 

al., 2019). 
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2.2.3.8 Residual Sodium Bicarbonate (RSBC) 

Irrigation water quality is also determined by bicarbonate ion presence. Gupta and Gupta 

(2002) expressed residual sodium bicarbonate (RSBC) as: 

RSBC = HCO₃ - Ca                                                                                                           Eq. 13 

Irrigation water can be categorized as safe (RSBC < 5), marginal (5 < RSBC < 10), and 

unsatisfactory (RSBC > 10). A negative RSBC value indicates excess bicarbonate ion presence 

compared to Ca in the water. 

Temporal variations in irrigation suitability analysis parameters were delineated using 

Minitab® 19 with time series multiple variable plotting (Minitab, 2019).  

2.3 Results 

2.3.1 General Characteristics of White River Water 

During the monitoring period, i.e., late April to early October, the stage of the river varied 

between 4.0 ft. (1.2m) to 9.2 ft. (2.8m) and discharge was between 22.1 ft3/s (0.6 m3/s) to             

4 240.0 ft3/s (120.1 m3/s) on sampling days. Regardless of high daily fluctuation, discharge 

demonstrated a clear decreasing trend from May to October. The water was slightly alkaline, 

as pH ranged between 7.1 and 7.4 throughout the sampling period. The DO ranged from 5.1 to 

11.3 mg/L, with 72.7% of the tests over 8.0 mg/L. Water temperature of the White River varied 

between 16.7 and 27.0°C which was mainly affected by weather, with only slight difference 

among sites. EC values were between 431.1 and 1922.0 µS/cm during the sampling period of 

this study. TDS values were in the range of 273.1 to 1201.0 mg/L. Salinity, EC and TDS values 

were much higher in the downstream sites, especially during the low flow season.   
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Figure 2.2 Temporal variation plot of general water quality of the White River 

2.3.2 Sodium Adsorption Ratio (SAR) 

Based on SAR values (Table 2.1) sodium hazard of about 85.4% of samples from the five sites 

were designated low, 10.9% were medium, and 3.6% were high. SAR values at the Memorial, 

Walnut, and Tillotson sites were lower than those at the Nebo and 575W sites. The SAR values 
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were stable at all sites from May to August; however, values increased dramatically in 

September and October at all sites. 
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Figure 2.3 Temporal variation plot of irrigation water quality of the White River 

2.3.3 Adjusted Sodium Adsorption Ratio (SARadj) 

Due to the impacts of bicarbonate, SARadj values were higher than the non-adjusted SAR 

values, and the irrigation suitability was determined to be slightly lower than indicated by SAR. 

The SARadj results (Fig. 2.3) show that 83.6% of the water samples are ranked as excellent, 
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10.9% are good, and 5.4% are unsuitable for all samples from the five sites. During the latter 

part of the irrigation time sampling (September and October), water quality was heavily 

degraded, particularly, at the downstream sampling sites like Nebo and 575W on September 

21th and October 05th.  

2.3.4 Soluble Sodium Percentage (SSP) 

Based on SSP results, 3.2% of the irrigation water was designated excellent, 47.2% was good, 

12.7% was doubtful, and 9.0% was unsuitable. The two downstream sites Nebo and 575W 

showed a clearly higher value of SSP than the upstream sites.  

The Wilcox diagram shows that the majority of the water samples are located in the excellent 

to good class box; however, there are still a large number of samples in the good to permissible 

and permissible to unsuitable classes, and around 10% of the samples are in the doubtful to 

unsuitable classes (Table 2.2; Figure 2.4).  

Table 2.2 Irrigation suitability parameters classification (Adopted from Wilcox 1948; Xu et 

al., 2019) 

EC 

(µS/cm) SAR 

RSC 

(meq/L) K SSP Water Quality 

<250 <10 <1.25 < 25 <20 Excellent 

250-750 10-18 - 25-36 20-40 Good 

- - - 36-44 - Injurious 

750-2000 - - - 40-60 Permissible 

2000-3000 18-26 1.25-2.50  60-80 Doubtful 

>3000 >26 >2.50 >26 >80 Unsuitable 
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Figure 2.4 Wilcox diagram for irrigation water quality assessment. 

2.3.5 Magnesium Adsorption Ratio (MAR) 

The MAR results indicated that 52.7% of the irrigation water was harmful for irrigation crops, 

and the remaining portion (47.2%) was suitable for irrigation during the irrigation sampling 

period. The highest MAR value was observed at Tillotson on September 7 and the lowest MAR 

value was at Nebo 28.8 on July 18 (Figure 2.3). 

2.3.6 Permeability Index (PI) 

The PI values show that 28.0% of the samples were suitable for irrigation, while the remaining 

72.0% samples are considered as good for irrigation. The PIs ranged from 38.0 to 105.0 with 
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an average of 65.0. The Doneen diagram shows that about 90.0% of the samples are in class I 

and class II, while the rest of the samples fall into class III. (Cite a table and/or figure). 

 

Figure 2.5 Doneen diagram for assessing irrigation water quality. 

2.3.7 Kelley’s Ratio (KR) 

The KR results show that 69.0% of the water samples were suitable for irrigation, and 31.0% 

was unsuitable (Fig. 2.3).  

2.3.8 Synthetic Harmful Coefficient (SHC) 

The SHC results show that 92.7% of the samples were considered excellent for irrigation, 3.6% 

was considered good, and 3.6% injurious (Figure 2.3).  

2.3.9 Residual Sodium Bicarbonate (RSBC) 

Almost all water samples fulfilled the RSBC requirement for irrigation based on RSBC values 

(Figure 2.3).  
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Table 2.3 Potential yield reduction from saline water for selected irrigated crops. 

Crop 
% yield reduction 

0% 10% 25% 50% 

 ECw 

Barley 5300 6700 8700 12000 

Wheat 4000 4900 6400 8700 

Sugarbeet 4700 5800 7500 10000 

Alfalfa 1300 2200 3600 5900 

Potato 1100 1700 2500 3900 

Corn (grain) 1100 1700 2500 3900 

Corn (silage) 1200 2100 3500 5700 

Onion 800 1200 1800 2900 

Dry Beans 700 1000 1500 2400 

ECw = electrical conductivity of the irrigation water in µS/cm at 25°C. Sensitive during 

germination. ECw should not exceed 3000 µS/cm for garden beets and sugarbeets (Adopted 

from: Ayers 1977). 

 

2.3.10 Specific Conductivity (EC)  

EC is an indicator of salinity hazard, along with SAR. The primary effect of high EC on water 

is the development of physiological drought. The U.S. Salinity Laboratory (USSL) diagram is 

plotted with SAR and EC (Figure 2.6). About 69.0% of samples are classified as C2S1 which 

indicates medium salinity/low sodium; about 17.0% are classified as C3S1, which represents 

high salinity/low sodium; and about 5.4% are classified as C2S2, which represents medium 

salinity/medium sodium. The high salinity/medium sodium are represented in C3S2, which 

comprises 5.4% of samples. About 3.6% of the water samples fall in the C3S3 category, which 

represents high salinity/high sodium (Figure 2.6).  
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Figure 2.6 US salinity hazard diagram for irrigation water of the study area 

 

 

2.4 Discussion 

2.4.1 Overall Irrigation Suitability of the White River at Muncie 

The water of the White River in Muncie is considered suitable for irrigation overall, with 

exceptions mostly at downstream sites and during low flow seasons. Results from various tests 
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consistently show that about 10% of the samples are unsuitable for irrigation. Specifically, 10% 

of the samples fall into the doubtful to unsuitable class in the Wilcox Diagram (Figure 2.4) and 

class III in the Doneen Diagram (Figure 2.5). About 9.0% of the samples fall in high 

salinity/medium sodium (C3S2) or high salinity/high sodium (C3S3) categories in the US 

salinity hazard diagram (Figure 2.6).  A maximum of 52.7% of the water during the irrigation 

time sampling is harmful using the parameter MAR, which indicates that Mg might be causing soil 

degradation and needs attention with identifying the source of Mg in the White River.  

Adequate dissolved oxygen levels are critical for a healthy aquatic environment. The DO 

values ranged from 5.1 to 11.3 mg/L with the majority of the samples above 7.0 mg/L (Figure 

2.2), indicating a favorable environment for aquatic biota. The water is abundant with calcium, 

magnesium, sodium, and bicarbonate and less noticeably potassium (Appendix I). Basic water 

quality parameters, e.g., pH values of 7.0 to 7.4 and temperature values of 16.7 to 27.0 °C, 

reflect an overall good water quality and healthy aquatic environment. 

2.4.2 Effects of Stream Discharge on Irrigation Suitability 

Water quality is affected by the streamflow due to dilution effects, erosion and deposition rate, 

and the pollutant carrying capacity (Murphy and Sprague, 2019). The discharge shows a 

reverse relationship with many water quality parameters of the White River (Figure 2.3). 

Discharge generally declined from May to October, with sharp daily variations. TDS, salinity, 

and EC values showed a moderate to strong negative correlation with discharge variation 

(Table 2.4), which was especially notable during the late fall and at the Nebo and 575W sites. 

This may be a consequence of the dilution effect of discharge. During low flow seasons, 

contaminants released from the WWTPs will be more concentrated in the river in comparison 

to during high flow periods.  
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Table 2.4 Pearson Correlation Coefficients between water quality parameters and the river 

discharge. The value is between +1 and −1, where 1 means a total positive linear 

correlation, 0 means no linear correlation, and −1 means total negative linear correlation 

Parameter Site 

 

Correlation 

Coefficient   Parameter Site 

Correlation 

Coefficient 

DO  Memorial -0.1 SARadj Memorial -0.2 

 Walnut  -0.4  Walnut  -0.2 

 Tillotson -0.2  Tillotson -0.2 

 Nebo -0.2  Nebo -0.5 

 575W -0.5  575W -0.5 

pH Memorial 0.2 SSP Memorial -0.2 

 Walnut  0.1  Walnut  0.0 

 Tillotson -0.1  Tillotson -0.1 

 Nebo -0.5  Nebo -0.5 

 575W -0.3  575W -0.5 

Temp. Memorial 0.2 MAR Memorial -0.4 

 Walnut  0.1  Walnut  -0.5 

 Tillotson 0.1  Tillotson -0.7 

 Nebo 0.2  Nebo -0.6 

 575W 0.1  575W -0.4 

Cond. Memorial -0.9 RSB Memorial -0.6 

 Walnut  -0.9  Walnut  -0.6 

 Tillotson -1.0  Tillotson -0.7 

 Nebo -0.9  Nebo -0.6 

 575W -0.9  575W -0.7 

TDS Memorial -0.5 KR Memorial -0.2 

 Walnut  -0.6  Walnut  -0.2 

 Tillotson -0.7  Tillotson -0.2 

 Nebo -0.7  Nebo -0.4 

 575W -0.7  575W -0.4 

Salinity Memorial -0.8 PI Memorial -0.2 

 Walnut  -0.7  Walnut  -0.1 

 Tillotson -0.7  Tillotson -0.2 

 Nebo -0.7  Nebo -0.4 

 575W -0.7  575W -0.4 

SAR Memorial -0.3 SHC Memorial -0.4 

 Walnut  -0.2  Walnut  -0.3 

 Tillotson -0.2  Tillotson -0.3 

 Nebo -0.5  Nebo -0.6 

  575W -0.5   575W -0.6 
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Most calculated variables also had a negative correlation coefficient with discharge data. For 

example, the discharge shows an inverse relationship with SAR values (Figure 2.3; Table 2.4), 

with SAR lower values in May when discharge was greater and higher values at the end of the 

sampling period September and October when discharge was lower. The SSP time-series graph 

(Fig. 2.3) shows the highest values at all sites on October 5th with very low discharge. The 

discharge of the river had an inverse relationship with MAR values.  Similarly, the PI, KR, 

RSBC and SHC values were highest at all sites on October 5th (Figure 2.3).  

Major irrigation water quality salinity parameters SAR, SARadj, and SSP results indicate that 

the water is suitable for irrigation most of the time during high flow seasons. However, during 

low flow seasons, especially from August to October, an average of 24.5% of the samples were 

deemed unsuitable for irrigation across all calculated variables.  

2.4.3 Spatial Variances and Potential Contributors to Water Quality  

Water quality is presumably affected by both point and non-point sources of contaminants. The 

five sampling sites are located from upstream to downstream of the entire urban area, and 

receives runoff from different point and non-point sources like WWTPs and CSOs. The 

Memorial site is the most upstream and the 575W site is the most downstream site. Two 

domestic WWTPs, in Muncie and Yorktown, are located between the Tillotson and Nebo 

sampling sites, and between Nebo and 575W, separately (Fig. 2.1). Many CSO sites also occur 

along the river. The influence on water quality due to the dominant point source pollution is 

significant for the White River, for example, for Muncie only, there are around 20 CSOs and 

about 30 NPDES permits introducing contaminants to the White River (IDEM, 2001). Specific 

conductance is markedly higher at the downstream sites, i.e., Nebo and 575W (Fig. 2.2), which 

could be attributed to the release of chloride, phosphate, and nitrate in the treated wastewater 

from the WWTPs (Atashgahi et al., 2015). Due to its proximity to the Muncie WWTP and a 

major CSO outlet, the Nebo site has the highest EC value. The EC value is lowest at the 
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upstream Memorial site, indicating that urban runoff and CSOs along the river likely raised the 

levels.  

The effects of urban runoff, CSOs and WWTPs can also be observed from parameters including 

DO, TDS, temperature, SAR, SARadj, SSP, PI, and KR. DO values are lowest at Memorial 

followed by 575W and Nebo, indicating that both agricultural runoff and WWTPs/CSOs likely 

led to oxygen depletion in water due to elevated level of nutrients and BOD.  The EC values at 

the Nebo and 575W sites are about 71 to 1 231μS/cm higher than other sites, indicating 

WWTPs contribution of elevated amount of EC in the White River. The SAR and SARadj 

values are 0.5 to 16.9 higher than for the other sites. SSP values are as much as 43.3 higher 

than other sites. PI, KR, and SHC values are all higher in the downstream sites, indicating that 

WWTPs contribute to the degradation of the water quality of the White River. Since basic 

cations, i.e., Ca, Mg, Na, and K are more abundant in the two downstream sites at Nebo and 

575W, the potential source is likely the wastewater treatment plants.  

2.4.4 Potential of Using Surface Water for Irrigation in the Midwest 

Despite being one of the most abundant freshwater regions in the world, the Midwest still 

suffers from water scarcity during droughts and the situation is worsening as a consequence of 

climate change (Moore et al., 2015). The use of surface water for crop irrigation could mitigate 

water shortages, support the agriculture sector and protect groundwater resources. The 

endeavors to comprehend and address the potential irrigation issues during the dry season 

would be ineffectual unless integrative water management practices are utilized. The increase 

of rainfall, especially during stormwater events, could exacerbate the presence of pollutants in 

the river unless a robust CSO or wetland infrastructure is available during wet periods. The 

wastewater treatment plant contributes a significant proportion of salinity to the White River. 

Salinity is more apparent when the flow rate is comparatively low or during drought season. 
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More efficient treatment plants with salinity reduction strategies and separate CSOs are critical 

in improving water quality of the river. 

2.4.5 Adaptation of Irrigation Suitability Parameters 

Irrigation suitability analysis of water is a holistic approach that integrates multiple parameters 

of soil and water interaction for sustainable food production and security. Some parameters are 

similar, for example, several examine the ratios of sodium, calcium, magnesium, and 

carbonate/bicarbonate.  Irrigation water contains a high SAR is the result of organic matter and 

clay particles. The high SAR reduced the saturated hydraulic conductivity of soil and degraded 

the soil structure. High SAR degrades soil structure for irrigation. The SARadj can be used to 

predict more correctly potential infiltration problems due to relatively high sodium (or low 

calcium) concentrations in irrigation water (Lesch and Suarez, 2009) and can be substituted for 

SAR. The negative effects of HCO3 on calcium precipitation can be determined with SARadj. 

The SSP, known as sodium percentage, is useful in characterizing the hardness of water and is 

indicative of the sodium (alkali) hazard. PI is also a useful parameter for assessing carbonate 

and bicarbonate hazards. KR is an indicator of irrigation water suitability that is free from 

the effect of the K, and depends solely on Na content relative to Ca and Mg. The SHC can 

reflect both salt and alkali hazards. The sodium hazard, total dissolved solids and certain other 

characteristics of irrigation water must be considered to determine irrigation water suitability. 

While individual parameters may differ with regard to irrigation suitability depending on which 

hazards are considered, a comprehensive analysis of conductivity, sodium, magnesium, and 

alkali hazards, along with basic water quality parameters will generally yield a comprehensive 

understanding of the irrigation suitability of water.  

2.5 Suggestions for Irrigation Water Quality Improvement of the White River 

This study demonstrates evidence of temporal and spatial variations of irrigation suitability for 

water of the White River. Although the water is considered mostly suitable for irrigation, there 

is the possibility that, during the dry seasons, that the water is unsuitable for irrigation. 
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Considering that irrigation is mostly needed during drought periods, it is of concern that 

farmers may use surface water directly without considering its potential adverse effects on soil 

quality and crop productivity. In the future climate change situations, it is likely that Indiana 

will experience longer and more severe dry seasons (Widhalm et al., 2018), and farmers will 

rely more on irrigation.  

There are two key approaches to address this challenge: reduce water consumption and improve 

water quality. To reduce water consumption, it is critical to educate the public regarding water 

conservation since the Midwest is generally considered as water-abundant, and water 

conservation is not emphasized as it is in arid regions. Water consumption could be reduced 

by various means, e.g., using sustainable and innovative irrigation systems, introducing 

drought-resistant crops, and following better water cycle management. There are also many 

ways to further improve irrigation water quality in the river. Considering that WWTPs are 

important contributors to the river, upgrading of tertiary treatment processes to incorporate 

nutrient removal is critical in improving water quality downstream. In addition, the CSO 

infrastructure should be developed to protect the river water during wet weather events in this 

watershed.  

Wetland conservation and restoration may be helpful for protecting White River water quality. 

Improved watershed conservation practices such as best management practices of farmlands 

are critical in reducing agricultural runoff and erosion, thus protecting water quality for 

irrigation. An adequate knowledge of the consequences of climate change and availability of 

alternative water sources are important to ensure that policies are made which consider future 

context. These efforts require integrated and seamless work between scientists and individual 

farmers, as well as state and regional soil and water management agencies.  
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2.6 Conclusions  

Water scarcity is a worldwide issue due to spatial and temporal discrepancies of water 

distribution, water contamination, and excessive water consumption. The problem is 

exacerbated as a result of climate change, which induces more extreme weather events like 

flooding and droughts. Despite the relative abundance of water, the Midwest is facing similar 

issues and farmers are gradually relying more on surface water irrigation during drought 

periods. It is important to examine the suitability of irrigation using surface water in the 

Midwest and subsequently inform decision-makers for future policy making. The results from 

the current study show that, in general, water quality meets irrigation quality except for two of 

the downstream sites in the study area, which are affected by effluents from the WWTPs and 

CSOs. The SAR, SARadj, SSP, salinity, conductivity, RSBC, MAR, PI, and KR values indicate 

that about 52.8% to 96.4% of the samples during the irrigation season meet irrigation water 

quality requirement. However, water is, overall, unsuitable for irrigation in late fall, especially 

for the downstream sites due to discharge from WWTPs. The results also indicate that 

agricultural runoff and point source pollution contributes to the degradation of water quality 

with regard to irrigation suitability.  
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Chapter 3 Nitrate and Organic Matter in a Typical Midwest 

Headwater Stream: Is it Improving in Recent Decades? 

 

Abstract  

Nitrate and organic contamination from Midwest U.S. rivers have been an on-going water 

quality concern which contributes to the hypoxic zone in the northern Gulf of Mexico. The 

White River flows through central and southern Indiana, passes major cities and is 

contaminated by domestic, industrial, and commercial effluents, and urban and agricultural 

runoff. Efforts in recent decades to improve wastewater treatment, combined with better 

stormwater management strategies and enforcement of water laws are expected to result in 

better water quality in the Midwest. However, despite rich data, there is a lack of detailed 

investigation of water quality changes in recent years. This study embraces the White River in 

Muncie, IN, a typical Midwest headwater stream, as the study site. Data spanning two decades 

and including biochemical oxygen demand (BOD), dissolved oxygen (DO) and nitrate-nitrite 

as nitrogen concentration from five sites along the White River near Muncie were analyzed 

using the method, Weighted Regression on Time, Discharge and Seasons (WRTDS). WRTDS 

is a novel approach for long-term surface water quality analysis that allows for representation 

of long-term water quality patterns by considering seasonal variance and discharge-related 

effects over time. Flow-normalized BOD increased by 7% to 55%, while flow-normalized DO 

levels decreased by 1% to 4% and nitrate-nitrite nitrogen concentration increased by 10% to 

33% over 16 years. Analysis of potential sources indicates that the Muncie wastewater 

treatment plant and combined sewage outflows contribute remarkably to nitrate pollution; 

furthermore, urban and agricultural runoff has a substantial impact on BOD levels. In recent 

years, agricultural runoff contribution to BOD is increasingly notable. In addition, seasonal 

differences affect the levels of nitrate and organic matter in the White River. The results of this 

study are helpful for watershed managers in re-thinking conservation practices in this 
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agriculture-dominated watershed and have indications to the water resource and water quality 

management beyond the study area as the White River is the headwater stream of the 

Mississippi River and contributes to the nutrient and BOD towards the Gulf of Mexico. 

Key words:  Midwest, White River, climate change, Nutrients, WRTDS, Water quality, Trend 

analysis, Seasonal Analysis 

3.1 Introduction  

Water quality degradation has been a significant concern in the United States Midwest. As a 

consequence of industrial, domestic, and urban/agricultural runoff, the White River was 

heavily contaminated prior to the 1970s (Tiffany, 2018). Despite improvements, much of the 

White River is still impaired by organic compounds and nutrients (US EPA, 2017). Excess 

nutrients and the induced eutrophication are among the major on-going concerns for the White 

River and farther downstream, as the White River flows into the Mississippi River. As such, 

downstream aquatic environments including the so-called ‘dead zone’ in the Gulf of Mexico 

could potentially be traced back to the White River nutrient and biochemical oxygen demand 

(BOD) load. 

An appropriate dissolved oxygen (DO) level in water is critical for maintaining good water 

quality and a healthy aquatic environment (Banerjee et al., 2019). Oxygen present in water is 

produced by aquatic plant photosynthesis, absorbed from the atmosphere by dissolving oxygen 

through the air-water interface, and mixed in from turbulence. However, DO can be consumed 

or even depleted due to plant and animal respiration and from decomposition of organic matter 

as measured by BOD (Suplee et al., 2019; Wen et al., 2017). BOD originates from various 

point and non-point sources including the organic-rich discharge from domestic wastewater 

treatment plants (WWTPs); stormwater runoff from agricultural land, parking lots, and 

livestock operations; combined sewage outflows (CSOs); and septic and wastewater pipeline 

leaks. Nitrates are essential nutrients for plants which can cause plants and algae to grow 



50 | P a g e  

 

rapidly, and also contribute to high BOD levels and depletion of oxygen (Poulsen et al., 2018). 

The presence of high concentrations of nitrate-nitrite nitrogen (NN for the remainder of the 

text) indicates poor water quality. Potential sources include surface drainage, discharge from 

WWTPs, CSOs, agricultural runoff, decomposition of plant and animal tissue, and the complex 

nitrogen cycle (Ghane et al., 2016).  

Following passage of the Clean Water Act (CWA) of 1972 and the establishment of the U.S. 

Environmental Protection Agency (EPA), pollutant discharge was strictly maintained with the 

promulgation of a set of water quality standards. For example, five-day BOD (i.e., BOD5) is 

one of the secondary treatment effluent standards for publicly owned treatment works 

(POTWs) under the requirements of the National Pollutant Discharge Elimination System as 

authorized by the CWA. The maximum allowed concentration of nitrate-nitrogen in drinking 

water is 10 mg/L. However, BOD and nutrient levels remain elevated in many freshwater 

bodies, leading to eutrophication, oxygen depletion, and degraded water quality.  

Currently, water quality data are collaboratively monitored by local, state and national agencies 

such as the U.S. Geological Survey (USGS), U.S. EPA, Indiana Department of Environmental 

Management (IDEM), and Muncie Bureau of Water Quality (BWQ). Water quality data are 

readily available from various sources such as the National Stream Quality Accounting 

Network (NASQAN) of USGS, the Water Quality Surveillance and Response system of the 

EPA, and organizations at state and local levels. Nationwide coverage in the EPA 

STORET/WQX and USGS National Water Information System (NWIS) allows for about 1.8 

million observation sites in the U.S. (Beran and Piasecki, 2009). However, these data are not 

analyzed systematically and timely, especially at the local level. With the abundance of data, 

it is important to understand long-term water quality changes to inform decision-makers about 

the effects of conservation practices and climate change. Nonetheless, analysis of long-term 

water quality data is complicated due to the inconsistencies in data collection frequency, 
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accuracy, completeness, detection level change over time, and dilution effects at different 

discharge levels. Using a simple statistical approach may not be suitable for addressing natural 

variations and inconsistent data variations for predicting trends of water quality parameters. 

Weighted Regression on Time, Discharge and Seasons (WRTDS) is a novel approach recently 

developed by USGS to analyze long-term water quality data by considering long‐term trends, 

seasonal variation, and discharge effects (Hirsch, 2014; Hirsch et al., 2010; 2015). WRTDS is 

designed for large and long-term datasets to overcome challenges by estimating concentration 

and flux with and without the influence of discharge variation (Sprague et al., 2011). By 

incorporating concentration and flux trends, WRTDS can also help identify pollutant sources 

(Jennifer and Sprague, 2019). 

With long-term monitoring data and the employment of WRTDS, the current study aims to 

investigate the long-term trends and seasonal variations of White River water quality and 

analyze the sources of organic and nitrogen pollutants upstream of the White River at Muncie. 

3.2 Methods 

3.2.1 Study Area and Data Sources 

The White River is an upstream headwater of the Mississippi River, flowing through south and 

central Indiana, which is dominated by agricultural land. The river also passes Indiana cities 

including Muncie, Anderson, and Indianapolis (Crawford, 2001). As a result, the river may be 

adversely affected by both point and non-point contaminant sources. 

This study analyzes the BOD, DO and NN data of the White River between 2002 and 2018 at 

five sites collected by the Muncie Bureau of Water Quality (BWQ). The BWQ of Muncie was 

established in 1972 and is among the oldest local water pollution testing and enforcement 

agencies in the U.S. Since its establishment, BWQ has monitored water quality variables of the 

White River around Muncie and contributed greatly to local water quality improvement. 

However, monitoring is less frequent and occurs at fewer sites in earlier years, and the detection 
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limits have improved over time. The current study analyzed water quality data from 2002 to 

2018, as that data is relatively complete and consistent at the sites of interest, and also fulfills 

the data requirement for the WRTDS method. The five sites are located immediately before 

and after the city boundaries of Muncie and Yorktown (Figure 2.1). Specifically, the Memorial 

site is the most upstream and the 575W site the most downstream of the study. The Walnut and 

Tillotson sites occur near the downtown area of Muncie. The Muncie WWTP is located about 

200 m upstream of the Nebo site which is one of the main points pollution source of the river, 

and a smaller WWTP, in Yorktown, is located between Nebo and 575W. There is also a series 

of CSO outlets along the White River which release combined sewage directly into the river 

during storm events (Figure 2.1). 

The discharge data of the White River at Muncie was downloaded from the USGS National 

Water Information System (NWIS) website (USGS station 03347000) and is applied to all 

the five sites. 

3.2.2 Data Processing and Modeling with WRTDS 

WRTDS combines time expressed in years (the Trend component), time of year (the Season 

component), and discharge into a single regression equation (Hirsch et al., 2010; Hirsch, 2014; 

Hirsch et al, 2015). For any location in time - discharge space (t and Q), WRTDS assumes that 

the log-transformed concentration of a variable is a function of time, flow and season, and is 

expressed in the following form: 

ln (c) = β˳ + β₁ · t + β₂ · ln (Q)+ β₃ · sin(2πt) + β₄. cos(2πt) +Ɛ                       Eq. 3.1 

where, c is concentration of the variable of interest (i.e., BOD, DO, or nitrate); β˳, β₁, β₃ and β₄ 

are coefficients which change while moving through the time – discharge space; Q is stream 

discharge; t is time of year; and Ɛ is the unexplained variation or random component.  
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In WRTDS, the coefficients are estimated for every combination of Q and t within the period 

of record. For every combination of Q and t, the coefficients in Eq. 3.1 are estimated using 

weighted regression, where observations within a half window for each regression are weighted 

relative to annual, seasonal, and flow distances from the observation at the center of the 

window. Observations with distances farther from the center (i.e., greater time and different 

flow values from the center) have less weight during parameter estimation for each regression. 

This approach differs from previous trend-analysis methods where fitted coefficients are 

applied to the entire dataset and avoids the assumption that the flow vs. concentration 

relationship is constant with time. Estimated concentration is multiplied by the respective daily 

mean streamflow to estimate daily flux. This three-dimension matrix is used to estimate the 

final concentration values for each day over the entire study period. The flux of a parameter 

estimated in WRTDS is calculated as 

f = 86.40 c × Q                                                                                                       Eq. 3.2        

where f is the expected value of flux in kg/day, c is the expected value of concentration in 

mg/L, Q is daily discharge in m3/s, and 86.40 is the unit conversion factor. These time series 

of estimates can then be summarized into time series of monthly averages and then into annual 

averages. The default model fitting systems are used in this study utilizing half-window widths 

approach as six months for seasonal weights, ten years for annual weights, and half the range 

of flow in the input data for discharge weights (Beck et al., 2018).  

Another important feature of WRTDS is the calculation of flow-normalized concentration and 

flux which reflect long-term trends by eliminating the influences of random discharge 

variation. Streamflow discharge has great influence on the concentration and flux of 

constituents in water. For example, sediment concentration and flux will generally increase 

with increasing discharge during stormwater events. Changes of extent and frequency of 
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stormwater events will lead to changes of sediment concentration and flux. From the 

perspective of environmental conservation, it is of interest to understand how conservation 

practices at the watershed-scale have affected sediment loading without changes in climate and 

hydrologic conditions. As such, it is desirable to eliminate the effects of random variations in 

discharge while maintaining the effects associated with seasonal and long-term trends in 

streamflow (Hirsch and De Cicco, 2015). As a result, WRTDS introduces the concept of flow-

normalized concentration and flow-normalized flux on any given day (Eqs. 3.3-3.4) (Hirsch 

and De Cicco, 2015; Koltun, 2019). 

𝐶𝐹𝑁(𝑡) =
1

𝑛
∑ 𝐶(𝑡, 𝑄𝑇𝑖

)𝑛
𝑖=1                                                   Eq. 3.3 

𝐹𝐹𝑁(𝑡) =
1

𝑛
∑ 𝑄𝑇𝑖

𝐶(𝑡, 𝑄𝑇𝑖
)𝑛

𝑖=1 𝑘                                                Eq. 3.4 

where FN is flow-normalized concept, t is the date of any point in the record T, n is the number 

of years in the record, C is concentration, F is flux, Ti is the set of days in the record for a given 

calendar day, e.g., Jan 1st, and k is a unit conversion factor. Annual flow-normalized 

concentration and flux are then calculated by taking the mean value of estimated daily values 

over a water year. 

Long-term water quality analysis usually suffers from frequent non-detectable values, variable 

methods used over the analysis period, and inconsistency of data sampling. In this study, for 

example, the total number of BOD data ranges from about 4000 samples at the Memorial site 

to about 200 samples at the 575W site. There are also non-detectable values which were 

considered as left-censored data following through survival analysis (Hirsch et al., 2014; 

Moyer et al., 2012; Tobin, 1958). This study used the R package Exploration and Graphics for 

RivEr Trends (EGRET) developed by Hirsch and Cicco (2019) to organize the dataset and run 

WRTDS. EGRET has built-in functions to extract discharge data directly from the USGS 
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NWIS. This research followed the instructions of EGRET to format water quality data for the 

package to read and interpret.  

Application of WRTDS to describe trends could reveal new insights given the disproportionate 

effects of physical drivers on water quality. The effects of biological drivers may also be more 

apparent because hydrological effects can be removed by WRTDS. As such, application of 

WRTDS models for trend analysis can facilitate a broader discussion on the need to focus 

beyond nutrients to develop integrated plans for water quality management. More detailed 

information about WRTDS could be referred to Hirsch et al. (2010). BOD, DO and NN were 

analyzed and discussed over the entire period from 2002 to 2018, and then for each 5-year 

interval during of 2003 – 2008, 2008 – 2013, and 2013 – 2018, to understand details of 

changing patterns. 

3.2.3 Discharge Data Processing and Modeling 

River discharge is a critical component to understand the water cycle and climate system, as 

the amount of freshwater movement portraits the potential relationship of the water quality. As 

the study sites are within the proximity of the one USGS station (03347000), the same 

discharge rate was applied to each site. The analyte of interest is subsequently paired with flow 

data for each observational date (Hirsch and Cicco, 2015). Streamflow variation over the data 

collection period (2002-2018) and the long-term (1931-2018) was analyzed to understand the 

long-term discharge trend and variation in the White River. This streamflow variation broadens 

the understanding of the physical environment of water quality variation in this watershed.  

3.3 Results 

3.3.1 Streamflow Conditions 

Discharge plays a major role in concentration and flux variance. Between 2002 and 2018, the 

mean annual discharge fluctuated but generally presents a decreasing trend. The mean winter 
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discharge has a similar decreasing trend, while the mean summer discharge increases.  

However, this trend is different from the long-term discharge change of the White River at 

Muncie from early 1930s, which shows a clear increasing trend annually, including during both 

winter and summer seasons (

 

Figure 3.1).  
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Figure 3.1 Mean Annual Streamflow Discharge of the White River at Muncie from 2002 to 

2018 and from 1931 to 2019. 

3.3.2 Model Diagnostics 

The observed concentration and flux are plotted against estimated concentration and flux for 

each variable with a 1:1 line (line of identity) to demonstrate goodness of fit (Figure. 3.2). The 

plots indicate that simulated results fit well with observed results (Figure 3.2). While the sites 

with fewer data are affected by outliers (e.g., Nebo), the observation vs. concentration points 

are evenly distributed along the line of identity, indicating no major bias in the population 

component of the model. Overall, the flux simulation predicts the observations better than 

concentration simulation. Figures 3.2 – 3.4 show the diagnostic plots of BOD, DO and NN. 

The coefficient of determination (R2) between observations and model estimates for 

concentration is lower, ranging from an average of 0.38 for BOD, 0.53 for NN, to 0.79 for DO. 

The R2 for flux is high, ranging from an average of 0.83 for BOD, 0.86 for NN, to 0.99 for DO. 
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Overall, R2 reflects a good match between observations and model estimates, especially for 

flux. Keep in mind that the model is not supposed to perfectly predict observational 

concentration at any specific date as the model eliminates the effects of discharge and season.  

 

Figure 3.2 Model Diagnostics of the BOD Concentration and Flux 
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Figure 3.3 Model Diagnostics of DO Concentration and Flux 
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Figure 3.4 Model Diagnostics of the Nitrate-Nitrite as Nitrogen Concentration and Flux 
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3.3.3 Changes in Concentration and Flux over Time 

Flow-normalized BOD concentration increased for all the five monitoring sites between 2002 

and 2018 (Fig. 3.5). Specifically, the flow-normalized BOD concentration increased by 55.0% 

at Memorial, 19.0% at Walnut, 12.0% at Tillotson, 11.0% at Nebo and 6.4% at 575W (Table 

3.1, Figure 3.5).  

 

Figure 3.5 BOD Concentration and Flux Change from 2002 - 2018. The Green Solid Lines 

Denote the Flow-normalized Changing Trends. 
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Flow-normalized BOD flux also shows an increasing trend for all the monitoring sites over the 

analysis period. Specifically, the flow-normalized BOD flux increased by 19.0% at Memorial, 

57.0% at Walnut, 6.7% at Tillotson, 51.0% at Nebo and 2.6% at 575W (Table 3.1, Figure 3.5).  

Table 3.1 Net Change in Flow-Normalization BOD, DO and Nitrate-Nitrite as N 

Concentration and Flux between 2002 and 2018 

 

FN Conc. of 

BOD 

FN flux of 

BOD 

FN Conc. of 

DO 
FN flux of DO 

FN Conc. of 

nitrate-nitrite 

FN flux of 

nitrate-nitrite 

Site mg/L % 

10^6 

kg/yr % mg/L % 

10^6 

kg/yr % mg/L % 

10^6 

kg/yr % 

Memorial 0.66 55 0.15 19 -0.049 -0.55 0.047 1.7 0.22 13.3 0.039 5.5 

Walnut 0.33 19 0.5 57 -0.18 -1.9 0.015 0.52 -0.2 -11 -0.119 -14.2 

Tillotson 0.21 12 0.06 6.7 -0.39 -4 0.23 8.1 0.14 9.3 0.038 6.1 

Nebo 0.24 11 0.58 51 0.65 6.9 0.0084 0.28 0.99 32.3 0.105 15.22 

575W 0.12 6.42 0.026 2.68 -0.19 -2 -0.01 -0.34 0.9 27.1 0.147 20.97 

 

The flow-normalized BOD concentration and flux changes for all the five monitoring sites over 

the 2003-2008, 2008-2013, and 2013-2018 analysis periods (Table 3.2). In particular, the flow-

normalized BOD concentration and flux increased in five-year segments from 2013 to 2018, 

and from 2008 to 2013 at all sites. However, the flow-normalized BOD concentration and flux 

in five-year segments from 2003 to 2008 for all five monitoring sites do not trend in the same  

Table 3.2 Net Change in Flow-Normalization BOD Concentration and Flux between 

Segments 

 FN Conc. of BOD FN flux of BOD 

Site 2003-2008 2008-2013 2013-2018 2003-2008 2008-2013 2013-2018 

Memorial 0.13 0.29 0.24 -0.014 0.063 0.1 

Walnut 0.16 0.15 0.023 0.14 0.19 0.17 

Tillotson 0.059 0.15 0.0055 -0.051 0.047 0.064 

Nebo -0.056 0.11 0.19 0.041 0.26 0.052 

575W -0.12 0.12 0.12 -0.087 0.052 0.061 
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direction. Specifically, the flow-normalized BOD concentration increased for the Memorial, 

Walnut and Tillotson sites, but the Nebo and 575W sites show decreasing trends from 2003 -

2008. The flow-normalized BOD flux increased for the Walnut and Tillotson sites; however, 

the Memorial, Nebo and 575W sites show decreasing trends from 2003 – 2008 (Table 3.2).  

The flow-normalized DO concentration decreased slightly in the monitoring sites over the 

period between 2002 and 2018. Specifically, the flow-normalized DO concentration changed 

by -0.5% at Memorial, -1.9% at Walnut, -4.0% at Tillotson and -2.0% at 575W. However, the  

 

Figure 3.6 DO Concentration and Flux Change from 2002 - 2018. 
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DO concentration at Nebo increased by 6.9% during this period (Table 3.1, Figure 3.6).  

Flow-normalized DO flux slightly increased over the analysis period from 2002 to 2018. 

Specifically, the flux changed by 1.7% at Memorial, 0.5% at Walnut, 0.2% at Tillotson, 8.1% 

at Nebo and -0.3% at 575W (Table 3.1, Figure 3.6). 

Table 3.3 Net Change in Flow-Normalized DO Concentration and Flux between Time 

Segments 

 FN Conc. of DO FN flux of DO 

Site 2003-2008 2008-2013 2013-2018 2003-2008 2008-2013 2013-2018 

Memorial 0.23 0.098 -0.37 0.081 0.045 -0.079 

Walnut 0.37 0.15 -0.69 0.15 0.067 -0.2 

Tillotson -0.0029 0.024 -0.41 0.17 0.054 0.0023 

Nebo 0.4 0.23 0.019 0.069 0.03 -0.091 

575W 0.05 0.01 -0.25 0.03 0.02 -0.06 

 

The flow-normalized DO concentration and flux changes for all the five monitoring sites show 

an increasing trend over the 2003-2008 and 2008-2013 periods, and a decreasing trend over 

the 2013-2018 period. Specifically, both flow-normalized DO concentration and flux decreased 

from 2013 and 2018 at four of the five sites (Table 3.3). However, flow-normalized DO 

concentration and flux both increased from 2003 to 2008 and from 2008 to 2013 with the only 

exception of the Tillotson site between 2003 and 2008 (Table 3.3).  

Flow-normalized NN concentration increased overall during the period of 2002 to 2018. 

Specifically, the flow normalized NN concentration increased by 13.2% at Memorial, 9.3% at 

Tillotson, 32.2% at Nebo and 27.1% at 575W, and decreased 11.0% at Walnut over the entire 

analysis period (Table 3.1, Figure 3.7). 
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Figure 3.7 NN Concentration and Flux Change from 2002 - 2018 

The flow normalized NN flux increased for four out of the five monitoring sites over the 

analysis period. Specifically, NN flux concentration increased by 5.5% at Memorial, 6.1% at 

Tillotson, 15.2% at Nebo and 20.9% at 575W, while it decreased by 14.2% at Walnut (Table 

3.1, Figure 3.7).  
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Table 3.4 Net Change in Flow-Normalization NN Concentration and Flux between Time 

Segments 

  
FN Conc. of nitrate-nitrite as N FN flux of nitrate-nitrite as N 

Site 2003-2008 2008-2013 2013-2018 2003-2008 2008-2013 2013-2018 

Memorial 0.04 0.03 0.15 0.014 0.008 0.017 

Walnut -0.18 -0.06 0.04 -0.067 -0.054 0.002 

Tillotson 0 0.1 0.04 0.009 0.014 0.015 

Nebo 0.51 0.35 0.13 0.071 0.031 0.003 

575W 0.49 0.31 0.1 0.081 0.046 0.02 

 

Flow-normalized NN concentration and flux increased for all the five monitoring sites over the 

2013 - 2018 analysis periods. The flow normalized NN concentration and flux exhibited 

upward trends from 2003 to 2018 and from 2008 to 2013 in the five-year segment analysis 

periods at four of the five monitoring sites (Table 3.4).  

3.4 Discussion 

3.4.1 Overall and Seasonal Water Quality Change 

The White River at Muncie is a headwater stream which experiences marked daily, seasonal 

and annual variations in discharge, distinct water quality patterns at different locations and 

sampling dates; therefore, a simple time-series analysis of observational data is not suitable for 

characterizing water quality and identifying pollution sources. WRTDS provides flow 

normalized long-term results and trend analyses and provides insights into the spatial and 

temporal variation of constituents, i.e., BOD, DO, and NN, for five sites covering the urban 

area of an agricultural dominated watershed. 

WRTDS analysis of BOD, DO and NN indicates that water quality of the White River has 

deteriorated over the past two decades. The BOD and NN concentrations and flux experience 

increasing trends and DO concentration and flux have been decreasing. This trend has been 

especially pronounced during the last 5-year segment, i.e., from 2013 – 2018. The results are 

consistent with findings for the larger Mississippi River basin-scale, which concluded that little 
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consistent progress has been made in controlling nitrate concentration and flux since the 1980s 

(Sprague et al., 2011). The BOD and NN increase at the Memorial site (24 and 15%, 

respectively) during 2013 – 2018 is fairly significant. Since Memorial is the most upstream of 

this study area and received drainage from agricultural land, this is an important finding that 

agricultural conservation practices may have underperformed in reducing nutrients and organic 

materials in streams in recent years. This conclusion differs from the findings of Koltun (2019), 

i.e., that changes in flow normalized NN concentrations and flux were mostly decreasing in the 

Upper White River. However, the analysis period of Koltun’s work was different from this 

study and only the Walnut site at Muncie was analyzed. Further examination of this study’s 

results show that before 2013, the NN increase was most notable at downstream sites and was 

marginal at the Memorial site and decreased at the Walnut site (Figure 3.7; Table 3.4). As a 

result, it is important to interpret the conclusions from different studies under different research 

time frame and sites.  

The monthly BOD analysis shows that BOD concentration is generally higher in spring and 

summer and lower in fall and winter (Figure 3.8). This trend is somewhat inconsistent with the 

general knowledge that BOD levels tend to be lower in summer and fall due to the increased 

metabolism of aerobic bacteria in warm temperatures. A possible reason is the frequent heavy 

rainfall events and high runoff during spring and early summer in the watershed, which carry 

over huge quantities of organic materials and CSOs into streams.  
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Figure 3.8 Seasonal Variation BOD Concentration from 2002 - 2018. 

The monthly DO analysis shows that DO concentration is consistently higher in spring and 

winter, and lower in summer and fall (Fig. 3.9). The oxygen level is mainly affected by 

temperature and does not show notable differences between sites. While high BOD could 

potentially reduce DO, the BOD level in the White River is not high enough to cause notable 

DO depletion issues.   
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Figure 3.9 Seasonal Variation of DO Concentration from 2002 - 2018. 

 

The monthly NN concentration shows distinct patterns between upstream and downstream 

sites: values are higher in spring and summer at the upstream Memorial, Walnut and Tillotson 

sites; in contrast, concentrations are higher in fall at the downstream Nebo and 575W sites (Fig. 

3.10). NN at the upstream sites originates mainly from non-point sources, and the high values 

in spring and early summer are consistent with fertilizer applications in those seasons. Fertilizer 

application, CSOs, and non-point source runoff are lower in late summer and fall seasons, but 
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effluents from the WWTPs remain high, which taken together, lead to higher NN 

concentrations at downstream sites in late summer and fall. The seasonal pattern of NN levels 

is consistent with a recent study conducted at the Upper White River site (Walnut site of this 

study) which also revealed the same seasonal patterns of NN at the Walnut site (Koltun, 2019).  

 

 

Figure 3.10 Seasonal Variation of NN Concentration from 2002 - 2018. 

3.4.2 Effects of Stream Discharge on Water Quality  

Streamflow variation has a dramatic influence on water quality by affecting the concentration 

of dissolved and suspended constituents, the degree of erosion, the deposition of solids, and 
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carryover of constituents from runoff. The White River occurs at the headwater region of the 

Mississippi River Basin, and the dominant source of discharge during dry seasons is base flow. 

During wet seasons and storm periods, agricultural and urban runoff, rainfall, and CSOs are 

major contributors to streamflow of the river. August and September are usually the months of 

lowest river flow.  

Contrary to the long-term (1931 - 2018) increasing trend of annual, summer and winter 

discharge, the annual and winter discharge in the White River has decreased over the past two 

decades (Fig. 3.1). A slight increase in summer discharge occurred from 2002 to 2018, but the 

increase was marginal and may be overshadowed by extreme rainfall events. The BOD and 

NN concentration would have increased with a decreasing discharge assuming no change in 

BOD and NN loading. DO levels would also be affected by the discharge. Higher volumes of 

faster-moving water with more turbulence will incorporate more atmospheric oxygen, possibly 

over-saturating the water with oxygen. In contrast, smaller volumes of slow-moving water may 

be heated in summer and retain less dissolved oxygen than would cooler water. Overall, the 

DO concentration and flux have decreased along with a decreased annual discharge from 2002 

- 2018 (Figure 3.6). 

3.4.3 Spatial Variation and Potential Sources of Contamination 

Although overall trends suggest degrading water quality, considerable differences of pollutant 

concentrations and fluxes occur among the sampling locations. Flow normalized concentration 

and flux rates may be used to infer potential pollution sources. Flux increase is more related to 

the storm events which carry large volumes of non-point source contaminants, while 

concentration increase is more related to low flows when point source pollution and 

groundwater recharge might be the major factors (Hirsch et al., 2010). 

The Muncie WWTP and two major CSOs downstream are major point-source contributors to 

BOD and nitrogen contaminants, which is evidenced by the increase of BOD and NN flow-
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normalized concentration and flux rates at Nebo (Fig. 3.3; Fig. 3.7). After Nebo, the BOD level 

decreased to background levels of other sites, while the NN concentration remained at a high 

level until 575W. This result could be explained that BOD may be quickly degraded in 

freshwater, while nitrate-nitrite nitrogen uptake may require longer distances. The Yorktown 

WWTP is located between Nebo and 575W; however, the treatment capacity of that WWTP is 

small and its effluent does not markedly affect BOD and NN levels. The increased rate of BOD 

concentration is highest at Memorial, which implies that the contribution from agricultural 

runoff increases during low-flow seasons. The BOD flux increasing rate is highest at Walnut 

and Nebo, which indicates that the contribution of urban runoff and CSOs increases during 

high-flow seasons. BOD concentration increases as the river flows downstream, and peaks at 

Nebo after the Muncie WWTP and a major CSO. Data from the Muncie WWTP has shown 

that BOD levels have been kept under control and are not notably higher than river background 

levels. As a result, the CSOs along the river near urban regions may be the main contributor of 

BOD, especially in recent years. The NN concentration increasing rate is highest at Nebo and 

575W, which represents the contribution of the WWTP increases during low-flow seasons. The 

NN flux increase rate is not as clear as in the concentration increase. The NN from non-point 

source runoff during high flow seasons increased slightly. The NN concentration increase does 

not differ much in the first three sites but is much higher at the Nebo and 575W sites, and the 

results indicate that WWTPs effluent contribution is significant during low flow seasons.  

3.4.4 Implications for Improved Water Management 

Significant efforts have been made in recent years to reduce nitrogen loading from regional 

WWTPs, given the disproportionate contribution of nutrients relative to other sources (Beck et 

al., 2018). However, WWTPs in Delaware County have not yet taken sufficient action in 

nutrient reduction, despite evidence that it is a major contributor of nitrogen to the White River. 

Agricultural runoff and CSOs are the major contributors of BOD, and the rapid increase at the 
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Memorial site indicates that water and soil conservation in the upstream watershed must be 

improved. This study underscores the rapid and multifaceted changes that are facing White 

River. To improve the overall water quality of the White River, a broader, more holistic 

assessment of current conditions is needed. Likewise, an understanding and emphasis on 

preventing potential future degradation are important to the regional planning approach.   

3.5 Summary and Conclusions 

Two decades of BOD, DO and NN data from five sites along the White River near Muncie 

were analyzed using the WRTDS method. Results show that flow-normalized BOD 

concentration increased 7% to 55% over the past 16 years, while flow-normalized DO 

concentration decreased 1% to 4% and nitrate-nitrite as N concentration increased 10% to 33%. 

Analysis of the sources indicates that the local WWTPs have significantly contributed to these 

inputs; likewise, upstream agricultural runoff and CSOs along the urban corridor have made a 

big impact on river BOD levels. Seasonal differences, which are naturally occurring, reflect 

fertilizer contribution to NN levels. The findings from this study should be helpful for 

watershed managers to re-think conservation practices in the agriculture-dominated watershed; 

this work has useful implications for water resources and water quality management across a 

broad geographic domain. 
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Chapter 4 Summary and Conclusions 

 

The White River is a headwater stream of the Mississippi River which flows through south and 

central Indiana. The area is dominated by agricultural landscapes with diverse land use 

categories and includes Indiana’s largest city, Indianapolis. Water quality degradation has been 

a long-term significant concern in the region. This thesis research focused on analysis of water 

quality parameters related to (1) a major on-going concern – organic compounds (BOD, DO) 

and nutrient levels (NN); and (2) climate change impacts on irrigation suitability of surface 

water in the White River watershed. 

This project employed a combined analysis of both primary data and secondary data. Long-

term water quality parameters from 2002 to 2018 include DO, BOD and NN, which were 

collected from the Muncie Bureau of Water Quality (BWQ) for five sites along the White River 

at Muncie and Yorktown. The study examined the spatial differences in the changing trends 

and attempted to identify pollution sources. A novel approach, i.e., WRTDS, accommodates 

the inconsistencies in data collection frequency, accuracy, completeness, detection level 

change over time and dilution effects at different discharge levels of the river. WRTDS was 

adopted to evaluate the White River data. Key parameters related to irrigation suitability 

assessment including pH, carbonate and bicarbonate, TDS, salinity, concentrations of cations 

(Ca, Mg, Na, and K), not monitored by BWQ, were collected at the five sites during the crop 

growing season of 2019. 

The SAR, SARadj, SSP, salinity, conductivity, RSBC, MAR, PI, SHC, and KR values indicate 

that about 52.8% to 96.4% of the water samples meet irrigation water quality requirements. 

However, water is mostly unsuitable for irrigation during later periods of the crop growing 

season; in addition, the Muncie WWTP contributes to water unsuitability more significantly 

during dry seasons. Long-term water quality data analysis shows that flow-normalized BOD 
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concentration has increased 7.0 to 55.0% over the past 16 years, while flow-normalized DO 

concentration has decreased 1.0 to 4.0% and NN concentration has increased from 10.0 to 

33.0%. Analysis of sources indicates that the Muncie WWTP makes a notable contribution to 

NN, and the agricultural areas have an increasing impact on BOD levels from 2013 - 2018. 

CSOs also contribute notably to river BOD. Seasonal differences, which are naturally 

occurring, are also considered in this study. Fertilizer application may be the major contributor 

of NN during late spring and early summer and the WWTP may be the major contributor of 

NN during late summer and fall. This thesis suggests the use of advanced wastewater treatment 

technologies in the WWTPs in order to improve nutrient treatment/removal. Furthermore, 

improved soil and water conservation practices are recommended for the agricultural sector. 

This research activity should thus be helpful for watershed managers in re-thinking 

conservation practices in the agriculture-dominated watersheds in the Midwest.   

Water quality analysis is complicated depending on beneficial use purposes. In this study, we 

focused only on nutrient and organic matter issues, and irrigation suitability of the White River. 

There are many other potential parameters for analysis, for example, contaminants of emerging 

concern. In addition, another very critical nutrient, phosphorus, was not analyzed due to limited 

number of data in some sites during the analysis period that do not fulfill the requirement of 

WRTDS. Analysis of more available parameters and for a longer timeframe will be of interest 

of water managers.  
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Appendix I: 

Table A.1 Basic Cation Data for Five Sampling Locations, White River, Muncie. 

Table A.2 Field and Irrigation Suitability Parameters 
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Table A.1 Basic cation data for Five Sampling Locations, White River, Muncie. For each site, duplicate samples were collected, marked as 

Site 1, and Site 2.  

 

Cation K Mg Na Ca Date 

Site Result±S.D. Avg meq/L Result±S.D. Avg meq/L Result±S.D. Avg meq/L Result±S.D. Avg meq/L   

Memorial 1 12.3±0.3 
14.2 0.4 

52.1±3.6 
46.0 3.8 

87.0±1.2 
86.5 3.8 

165.0±2.0 
154.0 3.8 

25-May 

Memorial 2 16.0±0.2 39.8±0.9 86.0±0.9 143.0±3.0 

Walnut 1 38.4±3.2 
25.8 0.7 

44.3±0.2 
47.5 3.9 

104.0±0.3 
91.0 4.0 

105.0±6.4 
193.0 4.8 

Walnut 2 13.2±0.6 50.6±0.3 78.0±0.3 281.0±1.9 

Tillotson 1 10.8±0.4 
12.8 0.3 

42.0±0.4 
44.3 3.6 

62.0±0.5 
78.5 3.4 

230.0±8.0 
271.5 6.8 

Tillotson 2 14.8±1.5 46.6±1.2 95.0±1.5 313.0±2.5 

Nebo 1 19.9±0.8 
16.1 0.4 

49.3±0.8 
50.7 4.2 

145.0±0.4 
139.0 6.0 

320.0±11.8 
336.5 8.4 

Nebo 2 12.2±0.2 52.0±0.8 133.0±0.2 353.0±3.2 

575W 1 14.4±0.3 
13.7 0.4 

40.2±0.1 
47.1 3.9 

153.0±0.7 
148.0 6.4 

244.0±3.1 
258.5 6.4 

575W 2 13.0±0.1 54.0±2.0 143.0±0.5 273.0±5.6 

Memorial 1 12.1±0.2 
11.9 0.3 

66.0±2.3 
57.0 4.7 

26.0±0.4 
41.0 1.8 

90.0±1.0 
70.5 1.8 

4-Jun 

Memorial 2 11.7±0.3 48.0±0.1 56.0±0.3 51.0±0.8 

Walnut 1 14.9±0.3 
14.9 0.4 

52.3±0.1 
53.3 4.4 

52.0±0.2 
56.0 2.4 

74.0±1.9 
84.0 2.1 

Walnut 2 14.9±0.3 54.3±3.3 60.0±0.3 94.0±1.6 

Tillotson 1 9.9±0.1 
12.4 0.3 

44.6±0.1 
57.3 4.7 

54.0±0.2 65.0 
2.8 

54.0±1.2 
75.5 1.9 

Tillotson 2 14.8±0.1 70.0±0.1 76.0±0.2  97.0±3.1 

Nebo 1 11.1±0.1 
10.7 0.3 

37.1±0.1 
37.1 3.1 

110.0±0.6 
107.0 4.7 

49.0±1.0 
63.0 1.6 

Nebo 2 10.2±0.1 37.1±0.1 104.0±0.2 77.0±0.6 

575W 1 11.3±0.2 
11.2 0.3 

42.2±0.1 
42.2 3.5 

131.0±0.3 
130.5 5.7 

37.0±1.6 
44.5 1.1 

575W 2 11.1±0.1 42.2±3.4 130.0±1.0 52.0±0.6 

Memorial 1 8.9±0.1 
8.1 0.2 

36.1±0.6 
35.6 2.9 

71.0±0.8 
66.5 2.9 

82.0±4.2 
83.0 2.1 

21-Jun 
Memorial 2 7.2±0.3 35.0±0.6 62.0±0.2 84.0±0.5 

Walnut 1 10.3±0.7 
9.8 0.2 

34.3±0.0 
34.3 2.8 

59.0±0.7 
55.5 2.4 

104.0±3.1 
89.5 2.2 

Walnut 2 9.2±0.1 34.3±0.0 52.0±0.1 75.0±2.4 
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Tillotson 1 7.6±0.4 
7.7 0.2 

34.5±0.0 
34.9 2.9 

50.0±0.3 
56.0 2.4 

122.0±4.5 
104.0 2.6 

Tillotson 2 7.8±0.1 35.3±0.1 62.0±0.4 86.0±1.4 

Nebo 1 9.2±0.1 
8.8 0.2 

36.0±0.2 
35.4 2.9 

93.0±0.3 
93.5 4.1 

140.0±6.9 
139.5 3.5 

Nebo 2 8.4±0.1 34.7±0.1 94.0±0.1 139.0±1.7 

575W 1 8.9±0.5 
8.9 0.2 

35.2±0.1 
35.3 2.9 

111.0±0.3 
114.0 5.0 

91.0±0.7 
108.0 2.7 

575W 2 8.9±0.2 35.4±0.1 117.0±0.3 125.0±1.8 

Memorial 1 7.7±1.5 
8.0 0.2 

43.4±0.1 
43.4 3.6 

67.0±1.2 
70.0 3.0 

87.0±5.1 
84.0 2.1 

5-Jul 

Memorial 2 8.2±0.2 43.4±0.0 73.0±0.1 81.0±0.8 

Walnut 1 11.1±0.2 
10.7 0.3 

44.3±0.1 
45.1 3.7 

76.0±0.1 
77.0 3.3 

57.0±3.4 
72.5 1.8 

Walnut 2 10.3±0.2 45.8±0.1 78.0±0.4 88.0±4.2 

Tillotson 1 7.6±0.1 
7.8 0.2 

43.5±0.1 
43.8 3.6 

66.0±0.2 
67.5 2.9 

70.0±5.6 
68.5 1.7 

Tillotson 2 8.0±0.2 44.0±0.1 69.0±0.1 67.0±3.2 

Nebo 1 10.1±0.1 
10.1 0.3 

45.4±0.1 
45.2 3.7 

141.0±0.3 
144.0 6.3 

106.0±2.8 
102.0 2.5 

Nebo 2 10.1±0.1 44.9±0.1 147.0±0.1 98.0±1.4 

575W 1 9.5±0.1 
9.4 0.2 

45.0±0.1 
45.6 3.8 

139.0±0.2 
138.5 6.0 

97.0±2.5 
83.5 2.1 

575W 2 9.2±0.2 46.2±0.8 138.0±0.2 70.0±6.0 

Memorial 1 13.6±0.4 
13.6 0.3 

24.7±0.1 
24.3 2.0 

63.0±0.3 
64.5 2.8 

65.0±0.8 
70.5 1.8 

18-Jul 

Memorial 2 13.5±0.3 23.8±0.2 66.0±0.4 76.0±0.9 

Walnut 1 14.8±0.9 
14.1 0.4 

15.2±0.1 
15.3 1.3 

74.0±0.2 
72.5 3.2 

78.0±1.8 
82.5 2.1 

Walnut 2 13.4±0.2 15.4±0.1 71.0±0.1 87.0±0.9 

Tillotson 1 10.2±0.1 
12.9 0.3 

15.1±0.1 
15.2 1.2 

72.0±0.1 
73.5 3.2 

87.0±1.1 
95.5 2.4 

Tillotson 2 15.5±0.0 15.2±0.0 75.0±0.2 104.0±0.1 

Nebo 1 11.2±0.1 
11.1 0.3 

15.2±0.3 
15.0 1.2 

137.0±0.2 
138.0 6.0 

107.0±1.2 
100.5 2.5 

Nebo 2 11.0±0.2 14.7±0.1 139.0±0.0 94.0±0.9 

575W 1 14.0±0.2 
12.3 0.3 

14.5±0.0 
14.4 1.2 

144.0±1.1 
130.0 5.7 

125.0±0.8 
117.0 2.9 

575W 2 10.6±0.0 14.3±0.1 116.0±0.1 109.0±0.9 

Memorial 1 9.9±0.4 
9.6 0.2 

39.2±0.4 
39.3 3.2 

63.0±0.0 
63.0 2.7 

149.0±2.1 
148.5 3.7 

30-Jul Memorial 2 9.3±0.2 39.4±0.1 63.0±0.1 148.0±1.6 

Walnut 1 10.7±0.2 10.5 0.3 41.0±0.2 40.7 3.3 62.0±0.2 62.5 2.7 160.0±0.8 170.5 4.3 
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Walnut 2 10.3±0.0 40.3±0.3 63.0±0.1 181.0±0.5 

Tillotson 1 9.4±0.0 
10.0 0.3 

42.0±0.1 
42.1 3.5 

65.0±0.3 
64.0 2.8 

187.0±0.5 
186.5 4.7 

Tillotson 2 10.6±0.0 42.1±0.2 63.0±0.0 186.0±0.6 

Nebo 1 12.0±0.1 
11.6 0.3 

42.1±0.1 
41.3 3.4 

147.0±0.2 
147.5 6.4 

201.0±0.5 
196.0 4.9 

Nebo 2 11.1±0.0 40.5±0.3 148.0±0.0 191.0±2.8 

575W 1 13.7±0.1 
12.6 0.3 

41.8±0.1 
41.2 3.4 

165.0±0.1 
165.0 7.2 

214.0±2.3 
206.5 5.2 

575W 2 11.4±0.0 40.6±0.2 165.0±0.2 199.0±1.0 

Memorial 1 9.5±0.4 
9.1 0.2 

46.7±0.6 
47.4 3.9 

59.0±0.1 
58.0 2.5 

58.0±4.7 
82.0 2.0 

13-Aug 

Memorial 2 8.7±0.2 48.0±0.2 57.0±0.3 106.0±4.0 

Walnut 1 10.5±0.1 
9.6 0.2 

43.0±0.3 
43.0 3.5 

56.0±0.2 
55.0 2.4 

62.0±2.7 
79.5 2.0 

Walnut 2 8.7±0.2 43.0±0.6 54.0±0.2 97.0±1.3 

Tillotson 1 8.0±0.2 
8.7 0.2 

46.4±0.2 
45.9 3.8 

63.0±0.3 
65.0 2.8 

71.0±1.4 
72.5 1.8 

Tillotson 2 9.3±0.1 45.4±0.0 67.0±0.2 74.0±2.2 

Nebo 1 11.9±0.1 
11.5 0.3 

41.6±0.1 
42.4 3.5 

234.0±0.3 
234.5 10.2 

83.0±2.1 
101.0 2.5 

Nebo 2 11.0±0.2 43.1±0.8 235.0±0.2 119.0±2.3 

575W 1 13.1±0.1 
12.2 0.3 

43.3±0.1 
42.7 3.5 

238.0±0.2 
238.0 10.4 

93.0±2.1 
96.0 2.4 

575W 2 11.3±0.3 42.1±0.4 238.0±0.2 99.0±1.0 

Memorial 1 8.5±0.7 
37.8 1.0 

43.3±0.2 
42.9 3.5 

49.0±0.0 
47.0 2.0 

124.0±1.0 
136.5 3.4 

24-Aug 

Memorial 2 67.0±0.2 42.5±0.2 45.0±0.2 149.0±0.2 

Walnut 1 9.2±0.1 
8.5 0.2 

44.6±0.2 
45.0 3.7 

39.0±0.2 
37.0 1.6 

148.0±1.4 
149.5 3.7 

Walnut 2 7.8±0.1 45.3±0.2 35.0±0.2 151.0±1.2 

Tillotson 1 5.7±0.0 
6.2 0.2 

44.3±0.2 
44.3 3.6 

25.0±0.2 
27.0 1.2 

154.0±0.5 
151.0 3.8 

Tillotson 2 6.7±0.1 44.2±0.2 29.0±0.2 148.0±2.0 

Nebo 1 7.6±0.0 
7.6 0.2 

42.9±0.1 
42.9 3.5 

235.0±0.3 
238.5 10.4 

153.0±0.5 
158.0 3.9 

Nebo 2 7.6±0.1 42.8±0.2 242.0±0.1 163.0±1.2 

575W 1 9.3±0.1 
8.3 0.2 

44.4±0.0 
44.2 3.6 

244.0±0.2 
242.0 10.5 

162.0±2.3 
164.0 4.1 

575W 2 7.2±0.1 43.9±0.1 240.0±0.2 166.0±1.0 

Memorial 1 8.0±0.2 
7.3 0.2 

47.4±0.6 
46.7 3.8 

80.0±0.3 
83.5 3.6 

28.0±2.0 
41.5 1.0 7-Sep 

Memorial 2 6.5±0.1 46.0±0.6 87.0±0.1 55.0±1.2 
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Walnut 1 7.3±0.1 
7.0 0.2 

50.4±0.7 
49.8 4.1 

62.0±0.3 
67.0 2.9 

44.0±4.0 
52.0 1.3 

Walnut 2 6.7±0.1 49.1±0.7 72.0±0.3 60.0±3.3 

Tillotson 1 5.6±0.1 
6.0 0.2 

49.3±1.1 
49.1 4.0 

44.0±0.6 
44.5 1.9 

38.0±0.2 
39.5 1.0 

Tillotson 2 6.3±0.1 48.9±0.4 45.0±0.0 41.0±2.9 

Nebo 1 9.5±0.0 
9.6 0.2 

46.3±0.3 
46.4 3.8 

371.0±0.5 
372.0 16.2 

50.0±1.5 
49.0 1.2 

Nebo 2 9.7±0.1 46.4±0.7 373.0±0.4 48.0±8.0 

575W 1 11.8±0.3 
10.7 0.3 

46.8±9.9 
46.6 3.8 

416.0±0.2 
416.0 18.1 

60.0±5.8 
113.5 2.8 

575W 2 9.6±0.1 46.4±0.25 416.0±0.2 167.0±1.8 

Memorial 1 10.9±0.3 
10.3 0.3 

48.8±0.3 
48.6 4.0 

89.0±0.2 
89.0 3.9 

65.0±4.1 
49.0 1.2 

21-Sep 

Memorial 2 9.7±0.2 48.3±2.3 89.0±0.1 33.0±3.0 

Walnut 1 10.7±0.2 
10.2 0.3 

45.5±0.3 
47.2 3.9 

88.0±0.1 
95.5 4.2 

61.0±0.6 
55.5 1.4 

Walnut 2 9.7±0.3 48.9±2.6 103.0±0.1 50.0±9.2 

Tillotson 1 8.0±0.1 
8.5 0.2 

51.1±1.0 
49.9 4.1 

66.0±0.0 
64.0 2.8 

63.0±2.5 
58.0 1.4 

Tillotson 2 9.0±0.0 48.6±1.2 62.0±0.0 53.0±2.8 

Nebo 1 13.7±0.1 
13.4 0.3 

48.0±0.7 
48.1 4.0 

537.0±1.0 
533.0 23.2 

63.0±2.7 
91.0 2.3 

Nebo 2 13.0±0.1 48.2±0.2 529.0±0.2 119.0±2.1 

575W 1 14.8±0.1 
14.0 0.4 

48.9±0.8 
48.8 4.0 

623.0±0.5 
619.5 26.9 

132.0±5.9 
116.0 2.9 

575W 2 13.1±0.1 48.7±0.0 616.0±0.2 100.0±1.4 

Memorial 1 9.0±0.3 
8.4 0.2 

11.7±0.3 
12.0 1.0 

278.0±0.3 
267.0 11.6 

21.0±1.3 
27.0 0.7 

5-Oct 

Memorial 2 7.7±0.1 12.3±0.1 256.0±0.2 33.0±1.1 

Walnut 1 7.4±0.1 
6.7 0.2 

13.9±0.2 
13.5 1.1 

375.0±0.3 
424.5 18.5 

43.0±0.9 
57.0 1.4 

Walnut 2 6.0±0.3 13.0±0.7 474.0±0.3 71.0±2.7 

Tillotson 1 5.3±0.1 
5.5 0.1 

13.4±0.6 
14.0 1.2 

357.0±0.2 
355.0 15.4 

30.0±0.8 
35.5 0.9 

Tillotson 2 5.7±0.2 14.6±0.5 353.0±0.4 41.0±1.4 

Nebo 1 8.7±0.0 
8.5 0.2 

13.3±0.2 
13.6 1.1 

695.0±0.6 
692.0 30.1 

88.0±2.3 
67.0 1.7 

Nebo 2 8.3±0.0 13.9±0.5 689.0±0.5 46.0±1.7 

575W 1 10.6±0.2 
10.0 0.3 

14.3±0.3 
14.1 1.2 

762.0±0.7 
758.5 33.0 

94.0±1.8 
83.5 2.1 

575W 2 9.4±0.4 13.8±0.2 755.0±0.2 73.0±2.1 
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Table A.2 Field Test and Irrigation Suitability Parameters  

 

Site pH Temp TDS Salinity EC DO SAR SSP SARadj MAR PI KR SHC RSB Date 

Memorial  7.3 18.8 499.5 0.3 563.0 8.1 1.9 35.1 2.2 49.6 49.6 0.5 6195.7 -0.3 

25-

May 

Walnut  7.4 20.0 508.0 0.3 564.0 10.1 1.9 34.6 2.2 44.8 46.2 0.5 6301.1 -1.2 

Tillotson 7.3 20.5 505.0 0.3 559.0 11.1 1.5 26.4 1.8 35.0 38.7 0.3 6263.5 -3.0 

Nebo 7.3 19.8 576.0 0.3 638.0 10.0 2.4 33.9 3.0 33.2 42.8 0.5 7144.8 -4.7 

575W 7.3 19.6 616.0 0.3 684.0 9.4 2.8 39.7 3.5 37.5 50.7 0.6 7641.2 -2.2 

Memorial  7.2 18.5 334.3 0.3 547.3 8.1 1.0 24.5 1.0 72.7 44.2 0.6 4169.8 2.7 

4-Jun 

Walnut  7.3 19.0 340.5 0.3 556.7 9.7 1.4 30.3 1.4 67.7 48.7 0.6 4252.5 2.3 

Tillotson 7.3 19.4 342.9 0.3 558.8 9.9 1.6 32.3 1.6 71.4 51.6 0.4 4284.2 2.0 

Nebo 7.3 19.0 402.0 0.3 658.0 9.4 3.1 51.6 3.2 66.0 71.9 0.2 5036.4 0.5 

575W 7.2 18.8 432.0 0.3 703.0 8.7 3.8 56.5 3.9 75.8 75.4 0.1 5413.3 -0.4 

Memorial  7.2 19.7 320.2 0.2 518.2 8.1 1.9 35.1 2.2 49.6 51.6 0.5 3972.4 0.6 

21-Jun 

Walnut  7.3 20.4 326.9 0.3 522.5 9.0 1.9 34.6 2.2 44.8 47.3 0.5 4055.5 -0.7 

Tillotson 7.3 20.8 329.7 0.3 523.5 9.0 1.5 26.4 1.9 35.0 39.3 0.3 4089.8 -2.7 

Nebo 7.2 20.1 368.0 0.3 592.0 9.0 2.4 33.9 3.1 33.2 43.5 0.5 4565.6 -4.2 

575W 7.2 20.1 404.1 0.3 651.0 7.8 2.8 39.7 3.5 37.5 50.7 0.6 5013.7 -2.2 

Memorial  7.1 25.8 392.0 0.3 618.0 9.0 1.8 36.4 2.0 63.0 59.7 0.5 4862.6 2.5 

5-Jul 

Walnut  7.3 26.9 408.0 0.3 632.0 11.3 2.0 39.6 2.2 67.2 61.9 0.6 5061.2 2.8 

Tillotson 7.3 27.0 414.0 0.3 641.0 10.6 1.8 37.1 1.9 67.8 61.5 0.6 5135.4 2.9 

Nebo 7.3 25.3 528.0 0.4 824.0 9.9 3.5 51.0 4.0 59.3 68.7 1.0 6550.7 2.9 

575W 7.1 25.6 514.0 0.4 807.0 8.6 3.5 51.8 3.9 64.3 71.1 1.0 6377.1 3.7 

Memorial  7.2 24.2 273.1 0.2 431.1 6.4 2.0 45.6 2.2 53.1 70.5 0.7 3388.5 1.6 

18-Jul 

Walnut  7.2 24.8 283.1 0.2 443.2 7.6 2.4 51.4 2.7 37.9 77.6 1.0 3512.9 1.4 

Tillotson 7.1 24.9 278.9 0.2 435.9 7.5 2.4 49.3 2.7 34.3 73.4 0.9 3460.7 0.9 

Nebo 7.0 24.0 376.0 0.3 592.0 7.8 4.4 62.7 4.9 32.9 80.3 1.6 4666.8 0.8 

575W 7.0 24.3 320.3 0.2 501.5 7.0 3.9 59.3 4.5 28.9 76.1 1.4 3975.7 0.2 
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Memorial  7.2 23.5 357.0 0.3 570.0 6.5 1.5 30.1 1.7 46.6 50.7 0.4 4428.3 1.0 

30-Jul 

Walnut  7.3 24.5 381.0 0.3 600.0 9.5 1.4 28.2 1.7 44.0 47.8 0.4 4725.8 0.6 

Tillotson 7.3 24.7 392.0 0.3 630.0 8.9 1.4 27.3 1.7 42.6 46.0 0.3 4862.2 0.3 

Nebo 7.3 23.4 534.0 0.4 842.0 8.4 3.2 44.7 3.8 41.0 58.6 0.8 6624.8 -0.1 

575W 7.2 23.8 559.0 0.4 883.0 8.1 3.5 46.7 4.3 39.7 59.7 0.8 6935.1 -0.3 

Memorial  7.1 22.6 396.0 0.3 635.0 5.1 1.5 31.7 1.6 65.6 56.7 0.4 4911.9 3.1 

13-

Aug 

Walnut  7.1 23.0 389.0 0.3 621.0 6.9 1.4 32.3 1.6 64.1 57.8 0.4 4825.0 2.8 

Tillotson 7.2 23.8 410.0 0.3 649.0 6.8 1.7 35.3 1.8 67.6 60.0 0.5 5085.7 3.1 

Nebo 7.2 22.4 621.0 0.5 990.0 7.2 5.9 63.6 6.5 58.0 76.5 1.7 7706.3 2.3 

575W 7.1 22.7 614.0 0.5 977.0 7.1 6.0 64.3 6.6 59.5 77.0 1.8 7619.6 2.3 

Memorial  7.1 20.5 382.0 0.3 622.0 7.6 1.1 30.3 1.3 50.9 47.4 0.3 4737.9 1.5 

24-

Aug 

Walnut  7.1 22.4 407.0 0.3 651.0 10.6 0.8 19.7 1.0 49.8 42.4 0.2 5047.6 1.2 

Tillotson 7.1 22.5 420.0 0.3 666.0 9.9 0.6 15.3 0.7 49.1 39.8 0.2 5208.6 1.3 

Nebo 7.1 21.6 689.0 0.5 1100.0 9.3 5.4 58.6 6.3 47.2 70.8 1.4 8549.0 1.2 

575W 7.1 21.6 684.0 0.5 1101.0 9.7 5.4 58.2 6.3 47.0 70.2 1.4 8487.0 1.1 

Memorial  7.3 19.2 411.0 0.3 671.0 7.1 2.3 43.9 2.4 78.8 70.2 0.7 5098.7 4.5 

7-Sep 

Walnut  7.3 20.1 435.0 0.3 712.0 9.8 1.8 36.5 1.9 75.9 63.3 0.5 5395.8 4.2 

Tillotson 7.2 21.3 443.0 0.3 712.0 10.7 1.2 29.4 1.3 80.4 61.3 0.4 5494.4 4.5 

Nebo 7.3 20.1 879.0 0.7 1417.0 9.4 10.2 76.5 10.6 75.7 87.3 3.2 10909.8 4.2 

575W 7.3 20.4 436.0 0.7 1511.0 9.7 9.9 73.4 11.1 57.5 82.4 2.7 5416.3 2.5 

Memorial  7.2 23.0 430.0 0.3 691.0 7.4 2.4 44.2 2.5 76.6 68.4 0.7 5334.4 4.3 

21-Sep 

Walnut  7.3 24.8 464.0 0.3 732.0 9.0 2.6 45.6 2.7 73.7 68.1 0.8 5756.2 3.7 

Tillotson 7.2 24.2 473.0 0.4 747.0 8.7 1.7 35.1 1.8 73.9 60.7 0.5 5866.9 3.7 

Nebo 7.2 22.5 1119.0 0.9 1778.0 9.1 13.1 79.1 14.2 63.5 86.6 3.7 13888.7 3.0 

575W 7.2 22.7 1201.0 1.0 1922.0 8.6 14.5 79.8 16.1 58.1 86.5 3.9 14906.9 2.5 

Memorial  7.1 16.8 378.0 0.3 628.0 10.0 12.7 87.7 13.1 59.4 104.0 7.0 4699.9 4.1 

5-Oct 
Walnut  7.3 18.2 442.0 0.3 725.0 11.3 16.4 88.1 18.2 43.8 98.8 7.3 5497.2 3.8 

Tillotson 7.1 18.1 451.0 0.4 740.0 9.9 15.3 88.4 16.1 56.5 101.5 7.6 5607.7 4.4 

Nebo 7.2 16.9 901.0 0.7 1488.0 10.1 25.5 91.6 28.6 40.1 98.6 10.8 11197.9 3.7 
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575W 7.2 16.7 963.0 0.8 1630.0 10.0 25.9 91.1 30.0 35.7 97.6 10.2 11967.1 3.5 



87 | P a g e  

 

 


