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Abstract 

A pilot test was conducted to determine the difference in nitrogen removal 

between surface and subsurface applied wastewater systems in soil columns topped with 

Bermuda grass (cynodon dactylon).  Six columns were set up, three with water applied to 

the surface, and three with water applied in the subsurface through a positive-

displacement pump.  The concentration of nitrogen was kept uniform within the system 

with variable loading rates to ensure leaching occurred.  The water added and the water 

leached were tested with HACH(R) test-n-tube kits for total nitrogen, ammonia, and 

nitrate-N concentrations. A statistical analysis was performed to determine if there were 

any significant differences in the concentrations of these constituents in the effluents 

between the two systems.  The analysis showed that there was virtually no difference 

(Pr>F = 0.657) between the two systems in regards to percent of nitrogen removed from 

the system. The test also showed that subsurface applied systems performed marginally 

better than surface applied systems in total nitrogen and nitrate-N concentrations in the 

effluent.  There were also virtually no differences (Pr>F = 0.209) in the total Kjeldahl 

Nitrogen concentrations in the plant tissue.  
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Chapter I 

Introduction 

Nitrogen is one of the most abundant elements on the planet; it is in the air we 

breathe (about 78%), in the plants we eat, and in the waste we produce.  In some forms, 

however, nitrogen can be harmful to human health and care must be taken in order to 

prevent these forms from reaching water supplies.  The application of treated water to 

various forms of plant life can help mitigate these dangers through various nitrification 

and denitrification processes.  Not only are land application systems a reliable method for 

treating wastewater, but Cheng et al. (2011) showed that, with proper precautions, land 

application systems can also be a viable treatment for landfill leachate. 

The use of land application systems for treating wastewater with onsite sewage 

facilities (OSSFs) is nothing new. In 1990 the U.S. Census Bureau estimated that 24% of 

homes in the country used septic or aerobic systems for wastewater disposal (U.S. Census 

1990).  Many of these systems utilize a subsurface leaching system unless soil conditions 

require a land application system, i.e. high clay content in the soil.  These systems are 

small-scale, but the idea of wastewater reclamation for irrigation can be applied to much 

larger systems, as well.    

Irrigation is one of the major uses of fresh water around the world.  The United 

States Geological Survey (USGS 2005) estimated that the U.S. drew 137,000 Mgal/d for 

irrigation alone with more withdrawals occurring in the arid western US, as can be seen 

in Figure 1.  This includes pre-irrigation, weed control, field preparation, nurseries, golf 

courses, cemeteries, and other landscape watering applications.  As can be seen in Figure 

2, fresh water consumption accounts for 37 percent of the overall freshwater withdrawals 

(USGS 2005), and it is second only to thermoelectric power generation, which accounts 
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for 41.5 percent.  Domestic use is the third greatest draw of freshwater but only accounts 

for 8.5 percent of the total.  If municipalities were to recycle that water and repurpose it 

for irrigation use, then it would mean that much more water available for public use in 

the future.   

 

Figure 1. 2005  freshwater withdrawals for total irrigation in the US. 
(Taken from: USGS 2005 Circular 1344) 
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Figure 2. Chart of total freshwater withdrawals by usage. 
(Taken from: USGS 2005 Circular 1344) 

 

  When applying water to a vegetated area there are two basic methods currently 

in practice today, surface and subsurface application systems.  A pilot test was conducted 

to compare the nitrogen removal rates and plant growth between surface applied and 

subsurface applied soil columns using Bermuda grass (cynodon dactylon). 
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Chapter II 

Surface and Subsurface Application Systems 

As mentioned previously there are two basic methods currently in practice for 

irrigation today, surface and subsurface application systems.  With all of the various ways 

to apply water to plant-life, it is important to find the most efficient and cost-effective 

method for a given environment.  While some systems may have lower initial costs 

associated with them, extended operating costs and water application efficiencies can 

degrade that cost benefit over the life of the system.  

Surface applied systems include spray irrigation, ridge and furrow irrigation, 

hauler truck spreading, and farm tractor and wagon spreading (EPA 1990). These 

methods are the most widely used methods due to the relatively low cost of implementing 

these systems.  A study by Amosson et al. (2001) reported that initial investment costs for 

surface irrigation systems can range from $165.32 to $ 376.00 per acre for a well, pump, 

and engines for five pumping lifts depending on the system used.  These costs are much 

less expensive than a subsurface drip irrigation (SDI) system of equivalent capacity 

which can cost $832.23. Table 1 shows the gross investment costs associated with 

various irrigation systems.  Note that for center-pivot systems the cost decreases by 30 

percent when the length of the pivot is extended from a one-quarter mile system to a half-

mile system.  
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Table 1. Gross investment costs of irrigation systems. 

Irrigation System Gross Investment 

($/acre) 

Conventional furrow (CF) 165.32 

Surge flow (SF) 185.32 

¼ Mile mid-elevation spray application (MESA) 341.46 

¼ Mile low elevation spray application (LESA) 366.90 

¼ Mile low energy precision application (LEPA) 376.00 

½ Mile mid-elevation spray application (MESA) 234.56 

½ Mile low elevation spray application (LESA) 245.91 

½ Mile low energy precision application (LEPA) 250.00 

Subsurface drip irrigation (SDI) 832.23 
(Taken from: Amosson (2001)) 

While initial costs for surface applied systems are lower than for subsurface 

systems, there can be additional costs associated with the former.  Evapotranspiration 

(ET) is a complex system with many factors involves including temperature, wind speed, 

relative humidity, and solar radiation (Crites 2000).  In areas with high wind and heat, the 

water can evaporate before it even reaches the soil.  A model for evapotranspirative 

losses can be expressed by the Penman-Montieth equation (Borrelli et al. 1998): 

    
 

 
  

 

    
         

 

    
      

    

  
 
   

    

  
                                                   (1) 

 

Where: 

ETo = grass reference crop evapotranspiration (in/day) 

λ = heat vaporization of water (lang/in) 

Δ = slope of vapor pressure curve (mb/deg F) 

γ = psychrometric constant (mb/deg F) 

γ
*
 = adjusted psychrometric constant = γ(1+rc/ra) (mb/deg F) 

Rn = net radiation (lang/day) 

G = soil heat flux (lang/day) 

K1 = unit conversion constant for Penman-Monteith equation 

ρ = density of air (lb/ft
3
) 

BP = barometric pressure (mb) 

ra = aerodynamic resistance to sensible heat and vapor transfer (day/mi) 

rc = surface resistance to vapor transport i.e. canopy resistance (day/mi) 

ez
o
 = average saturated vapor pressure at height z above the surface (mb) 

ez = actual vapor pressure at height z above the surface (mb) 
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The reference crop is usually a cool-weather grass and the crop generally used for this 

equation is alfalfa. For other crops, a dimensionless crop coefficient (Kc) is used in 

determining the actual crop ET.  By reducing the amount of free water on the surface ET 

losses can be reduced to losses only experienced through the building of plant tissue and 

by capillary rise from the soil subsurface.   

Another issue with spray irrigation is the uniformity of the water being applied.  

Within a crop's root zone there are three basic depths that need to be considered when 

designing an irrigation system.  When the top of the root zone is saturated any excess 

water, whether through precipitation or irrigation will cause runoff to occur.  If water 

percolates to around 75% of the root depth it reaches the permanent wilting point of the 

crop, and the water is then list to leeching conditions.  The area between the wilting point 

and about 25% below the soil surface is considered field capacity.  In this zone the soil 

sees capillary rise of the water, and the crop's root system can utilize the water more 

efficiently.  If an irrigation system's uniformity is too low then the water can get unevenly 

distributed.  This uneven distribution can cause the water to percolate below the wilting 

point of the crop or prevent it from reaching the point of field capacity.  These adverse 

results can be compounded when precipitation pushes the water further down below the 

wilting point.  A watering system' uniformity can be affected by several factors which 

include wind drift, evaporation, runoff, and percolation in the soil. For many spray 

irrigation techniques the space between sprinkler heads can also affect the uniformity of 

the system.   

  There have been advances in surface applied irrigation with the implementation 

of water saving technologies such as low energy precision application (LEPA) and low 
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and mid-elevation spray application (LESA and MESA, respectively) which include low 

pressure drop tubes that drip water onto the surface with relatively little waste compared 

to high pressure spray irrigation.  The effects of spray irrigation on fertilizer quality has 

also been reported that inorganic nitrogen can volatilize to ammonia when applied to the 

surface and not injected into the subsurface (EPA 1995).  This volatization is not 

necessarily a bad thing initially, but in arid environments there is a cumulative affect of 

salts that do not percolate through the soil when a rainfall event occurs.  

Subsurface applied systems, such as subsurface injection and plow-and-furrow 

cover places the water just below the soil surface. While SDI systems can initially cost 

more than surface applied systems, they can make up the costs with better water 

efficiency and higher crop yields for certain crops.  Subsurface drip irrigation showed 

higher water use efficiency (WUE) than low and mid-level spray irrigation at 25 and 50 

percent irrigation levels.  That is 25 to 50 percent of the estimated required irrigation 

calculated from North Plains ET data for grain sorghum (Sorghum bicolor).  Low and 

mid-level spray irrigation showed higher WUE than SDI with 75 to 100 percent irrigation 

levels, but there was an increase in runoff  due to the topmost layer of the soil becoming 

saturated and preventing further percolation of the water (Schneider et al. 2001). 

The most notable difference between applying wastewater to the surface or the 

subsurface is the level of pretreatment necessary between the two systems. The Texas 

Commission on Environmental Quality (TCEQ 2005) requires that wastewater be 

disinfected when there is a potential for significant public contact with the soil or the 

wastewater itself. The TCEQ can require the wastewater to be disinfected if there is 

sufficient evidence that the public will come into contact with sprayed wastewater 
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downwind of the irrigation system. The use of subsurface irrigation will negate this need 

for disinfection by reducing possible airborne contaminants.  The costs associated with 

wastewater disinfection can vary depending on the disinfection method and the capacity 

of the system.  The total capital cost of a chlorine gas disinfection system with 

dechlorination can range from $1,702,00 to $1,918,00 for a one million gallon per day 

flow rate (Leong et al. 2008). Note that this is only for initial capital costs and does not 

include operation, maintenance, and chlorine gas replacement. Costs will increase or 

decrease depending in the flow rate capacity needed for the system, but it is clear that if 

the costs of disinfection can be mitigated it would benefit even the small-scale waste 

producers.  
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Chapter III 

Literature Review 

There are a plethora of articles, books, and journals that describe nitrogen 

consumption and the use of land application systems for the treatment and disposal of 

wastewater.  Many methods will only take and "area needed" approach to land treatment, 

while not taking into account an overall balance approach to wastewater disinfection.  

One example of this can be seen in Biggs' (2011) equation that estimates the area 

required  for a land application system for treated municipal wastewater.  

  
                     

             
                                                                                                  (2) 

Where: 

A= estimated area (m
2
) 

Ce= concentration of nitrogen in effluent (mg/L) 

Dn= percent denitrification (%) 

Eff= volume of effluent applied (m
3
) 

Up= nitrogen uptake of plant (g/m
2
) 

R= depth of rainfall (m) 

I= depth of supplemental irrigation (m) 

ET= evapotranspiration of plant (m) 

Vd= additional inflow from surrounding area (m
3
) 

 

This method makes many assumptions in regards to water quality and crop 

performance.  The first assumption is to use the EPA standard of 10mg/L as the standard 

for nitrate-N levels in the effluent. Setting such a high bar for the effluent concentration 

can cause problems because wastewater effluent quality can vary depending many 

factors.  The second assumption that the plant's uptake of nitrogen will be constant 

throughout the growing season of the crop.  All plants take up different quantities of 

nitrogen depending on the growth phase of the crop as well as the region the crop is 

grown in. One example can be found in Crites (2000), which states that alfalfa (medicago 

sativa) can utilize between 200 - 600 lbs/acre-year. It is important to know how the local 
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climate can affect the crowing cycles.  In areas where irrigation is required, such as the 

arid southwest, growers will experience higher crop yields than in areas that rely solely 

on rainfall.  Lastly is the assumption that the volume of effluent applied will be uniform 

over an area.  This is especially a different situation when spray irrigation is used.   

The three main contributing factors to the overall efficiency of a system  are 

application efficiency, irrigation efficiency, and Christiansen's coefficient of uniformity 

for sprinkler heads.  Water application efficiency is the ratio of desired application 

amount to the amount necessary to achieve that desired amount.  It can be affected by a 

soil's texture, structure, and depth as well as the evapotranspiration (ET) of a crop and the 

available moisture at the time of irrigation.  Irrigation efficiency is the ratio of the 

average depth of water that is beneficially used by the crop to the average depth applied.  

It can be affected by the depth of the crops root zone and amount of water available at the 

time of irrigation. Finally, Christiansen's uniformity coefficient (Karmeli 1978) is the 

uniformity of application by a sprinkler system, and it can be expressed by the following 

equation: 

          
      

   
  

                                                                                                   (3) 

Where: 

xi= depth at observation i (ft or m) 

x(bar)= average depth for entire system 

n= number of observations     

An illustration of the effects of  can be seen in Figure 2 where the actual 

infiltration depth can be much greater than the assumed infiltration depth.  As the 

application efficiency, irrigation efficiency,  and overall uniformity of water application 

decreases, the amount of water passing the root zone of the crop will increase.  When 

water passes the root zone of the plant it can only be leeched out, and if the water table is 
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close to the root zone of the crop, the nitrified water will contaminate the water supply 

before a significant amount of nitrogen removal can occur (Rogers 1997). 

 

Figure 3. Varying infiltration depths based on sprinkler efficiency. 
 

Another example is an equation given by Reed et al. (1995) where the mass of 

nitrogen applied is determined by using the crops uptake of nitrogen as the limiting 

design factor (LDF): 

                                                                                                              (4) 

Where: 

Ln = the mass loading of nitrogen (kg/ha-yr or lb/ac yr) 

U = crop uptake (kg/ha-yr or lb/ac-yr) 

f = fraction of applied nitrogen loss due to denitrification 

A = conversion factor (SI = 0.1, U.S. =2.7) used to convert the final statement into kg/ha-

yr or lb/ac-yr. 

Cp = percolate nitrogen concentration in mg/L 

Pw = percolate flow (cm/yr, ft/yr) 

 

 

Percolation rate can be determined using soil permeability: 

       
  

 
                                                                                                        (5) 

Where: 

K = permeability of limiting soil layer (in/hr) 

This experiment will use a conversion factor of 0.10 due to the high moisture content that 

is present in the soil. 



Texas Tech University, Richard Francis, December 2012 

12 

 

 

Again, we see the crop uptake of nitrogen, which can vary wildly, as an important 

component of the calculation for mass loading.  Another factor is a simple percolation 

rate being used where the permeability of the soil is considered a constant.  While testing 

the infiltration rates for various soil types in an earlier experiment, it was determined that 

the infiltration rate can vary greatly within a 15 foot distance.  

 Yet another method for irrigation modeling is the mass balance approach.   The 

mass balance approach if the combination of nitrogen, salt, and water balances.  The 

nitrogen balance can be calculated from the following formula (van Eardt et al. 1998): 

Nitrogen surplus = input (fertilizer+irrigation+seed) – output (plant 

uptake+denitrification) 

The salt balance consists of the salt input versus salt output, and is primarily a function of 

the soils initial elecroconductivity, and the salt tolerance of the specific crop being 

grown.  It is important to note that in arid climates the salt in the soil can accumulate 

without proper irrigation to flush the salts below the crop's root zone.  The water balance 

consists of the water applied through irrigation and through precipitation versus the water 

that is lost through evapotranspiration (ET) and leached below the wilting point in the 

root zone of the crop.  Runoff is treated as negligible as it is not generally a desired effect 

of irrigation. It is important, then to manage the water balance accordingly to account for 

precipitation that can cause excess saturation in the substrate and consequent runoff.  
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Chapter IV 

The Nitrogen Process 

Nitrogen (N) is an essential element to all living organisms.  In its inert form, 

N2(g) has no adverse impact on the environment and organic forms of nitrogen is not 

readily available to plant life until it is converted to ammonium-N and nitrate-N by 

microorganisms.  Nitrogen in the environment is never really destroyed, only converted 

into different forms.  The nitrogen cycle is a complex system that has numerous variables 

that contribute to it. Figure 3 is a simple representation of the nitrogen cycle provided by 

the EPA (2012). 

 

Figure 4. Graphic representation of nitrogen cycle. 
Source: U.S. EPA (http://www.epa.gov/caddis/ssr_amm_nitrogen_cycle_popup.html) 

 

 As water percolates through soil, microbial life and mineralization convert 

organic N and ammonia (NH3) into ammonium (NH4
+
) and nitrate-N (NO3

-
), which can 
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be taken up by plants (EPA 1995). The process of ammonia oxidation to nitrate is a 

diphasic process with nitrite as an intermediate product (Viessman 1998).  Nitrification 

follows this process: 

NH4
+ 

+ 1.5O2 – Nitrsomonas bacteria→ NO2
- 
+ 2H

+
 + H2O                                            (6) 

Nitrogen dioxide, or nitrite, is only a temporary form of nitrogen that is further oxidized 

by the following process: 

NO2
-
 + 0.5O2 –Nitrobacter bacteria→ NO3

-                                                                                                        
(7) 

Combining these two equations shows the entire nitrification process: 

 
NH4

+ 
+ 2O2 – bacteria→ NO3

- 
+ 2H

+
 + H2O                                                                    (8) 

Note that the soil must be aerobic for nitrification to take place. Anaerobic 

conditions will inhibit the conversion of NH4
+
 to NO3

-
 by oxidation (EPA 1995).  Riley et 

al. (2000) conducted an experiment showing that as water percolates through the soil the 

dissolved oxygen present in the water turns the soil aerobic. As the oxygen (O2) is 

consumed by bacteria it turns the soil anaerobic, which means that the state of nitrogen 

can be in various forms depending on the amount of dissolved oxygen (DO) present in 

the soil.   

The EPA (1995) reports that nitrification can range from 5 to 50 mg/L within a 

24-hour period under suitable conditions, but the question of defining "suitable" 

conditions remains?  Many factors can contribute to the efficiency of a systems ability to 

process nitrogen. Soils with high sand content can have higher infiltration rates than soils 

with an abundance of clay. The water will percolate down through the soil and be 
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converted to nitrate by microorganisms, but will eventually pass below the plants root's 

zone, and thus, the plants no longer have access to the nitrogen in that water.  A study by 

Kemp and George (1997) showed a hydraulic retention time (HRT) between 3.2 and 4.6 

days to reduce ammonia concentrations from 25 mg-N/L to 5 mg-N/L in a subsurface 

flow constructed wetland, so the need for a soil with higher water holding capacity is 

important.  

The actual plants involved in the process will, of course, affect the overall 

nitrogen consumption.  As mentioned earlier, alfalfa can utilize between 200-600 lb/acre-

year whereas cotton will only utilize between 65-100 lb/acre-year (Crites 2000).  This 

knowledge has been reflected in many studies including Ju et al. (2006) where they 

describe how nitrate accumulation in the soil can vary depending on the crop that is 

grown.  Having more than one type of plant can also affect the system's ability to process 

nitrogen. In one study (Si-Xi et al. 2010) Nitrogen removal in the soil of a subsurface 

vertical flow constructed wetland increased with an increase in the plant diversity, mainly 

due to the diversity of root systems that take up nitrate-N as well as reduced 

eutrophication in the subsurface. 

Other factors such as soil pH and temperature also affect the nitrification process.  

Even the slightest variation between acidic and basic pH levels can affect nitrification 

because ammonia is fixed more efficiently at pH levels above 7 and in the presence of 

oxygen (Lance 1972).  As microorganisms convert NH4
+ 

to NO3
-
 the process released 

free H
+ 

ions. the free hydrogen ions can combine with other elements increasing the soil's 

acidity lowering the pH (). As the pH is lowered the nitrogen cycle   One study by 

Andreoli et al. (2011) showed that the nitrification process slowed down during colder 
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weather near the surface, but was less affected deeper down into the soil. This 

observation was also reported by Zhang (2008).  It is, therefore, important to adjust 

nitrogen concentration levels for colder weather.   

When microorganisms break down organic matter in the substrate, the quality of 

the substrate will determine the amount of nitrogen that is mineralized.  This substrate 

quality is defined and the carbon/nitrogen (C/N) ratio. Microorganisms will assimilate 

carbon and nitrogen together, and the amount of carbon present in the soil will determine 

how much proportional nitrogen will be mineralized.  It is a generally held belief that no 

mineralization, known as immobilization, of nitrogen will occur at a C/N ratio greater 

than 31 (Rosswall 1981).  Other studies put the ideal C/N ratio for nitrogen uptake at 24 

(USDA 2011).  An increase of inorganic carbon (C) in the soil can also restrict 

denitrification and promote accumulation of dissolved organic nitrogen (Cookson et al. 

2006).   

If the ions are not utilized by plants they are converted to nitrogen gas (N2) or 

nitrous oxide (N2O) and released back into the atmosphere through microbial 

denitrification. Denitrification can be expressed by the following equation: 

NO3
-
 → NO2- → NO →N2O → N2                                                                                   (9) 

The consumption of nitrogen by microorganisms will abruptly decline once the soil is dry 

and the conditions return to aerobic conditions. Although Lloyd (1993) showed that some 

denitrifying organisms will continue to produce N2O in aerobic conditions, although most 

will not produce N2.   From a global environmental standpoint, it is important that nitrate 

is converted to N2 because N2O has been shown to be harmful to the earth's ozone layer 
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(Vohralik et al. 2002). If too much nitrogen is applied to the plants, or too quickly, the 

nitrate portion will continue to percolate through the soil where it can reach the water 

supply if the soil moisture level goes above field capacity.  Ingestion of nitrite oxidizes 

ferrous (Fe II) iron into ferric (Fe III) iron, which prevents the transportation of oxygen in 

the bloodstream.  The lack of oxygen in organs is known as methemoglobinemia, or more 

commonly, blue baby syndrome.  Nitrate can also contaminate estuaries which cause 

algae blooms that can hinder or even halt the growth of fish and other aquatic life (Fried 

et al. 2003).  Nitrogen balances are, therefore, a necessity when applying wastewater 

either from septic systems or from agricultural wastewater reclamation.   
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Chapter V 

Objectives 

 A pilot test was conducted to compare the nitrogen removal rates between three 

surface-applied and three subsurface-applied soil columns using Bermuda grass (cynodon 

dactylon). The objective of this study is to compare the differences in nitrogen utilization 

between surface and subsurface irrigation techniques with the following guidelines: 

a) To determine if there is a significant difference in the concentrations of total 

nitrogen (TN) and nitrate- N in the effluent between the two systems. 

b) To determine if there is a significant difference between the percent total nitrogen 

removals between the two systems. 

c) To determine if there is a significant difference in the yield of grass obtained 

between the two types of systems. 

d) To determine if there is a significant difference in concentration of TKN and 

nitrate-n in the plant tissue between the two systems. 
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Chapter VI 

Methods and Materials 

The test consisted of six round soil columns three feet to three and a half feet in 

length with a diameter of one foot each.  At the base of the columns three layers of gravel 

and sand were placed to allow proper drainage.  The bottom layer of each column 

consisted of two inches of gravel approximately 1.5 to 2 inches in diameter.  On top of 

the larger gravel was another two inch layer of smaller gravel between 0.25 and 0.5 

inches in diameter, and two inches of sand on top of that layer. For the Surface applied 

systems, the soil was filled to one inch from the top of the column for an overall soil 

depth of two feet five inches.  Three columns were surface loaded with perforated 

irrigation tubing arranged in a spiral pattern to ensure an even distribution of water, and 

these sprinklers were placed approximately eight inches above the top of the soil 

columns.  The subsurface applied systems had perforated irrigation tubing placed one 

inch from the top of the three foot column, and a PVC coupling sleeve was used to extend 

the soil column another six inches above the tubing for a length of approximately three 

and one-half feet.  This simulated subsurface irrigation with a depth of tubing of six 

inches with an overall soil depth of 2 ft. 11 inches.  Figure 4 shows the differences 

between the two soil column types.  



Texas Tech University, Richard Francis, December 2012 

20 

 

 

Figure 5. Comparison of the surface and subsurface applied columns.. 

 

Each soil column was topped with Bermuda grass sod and was given three 

months of growing time to allow the root systems to develop.  This step was to ensure 

that the nitrogen being applied and tested was occurring well into the growth period of 

the grass. If samples were to be taken before then, the effluent would show higher 

concentrations of nitrogen due to the lack of uptake in immature grass.  Bermuda grass 
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has an electrical conductivity tolerance of 13 mmho/cm, and it can have an average 

nitrogen uptake between 350-600 lb/acre-year (Crites 2000 p. 102).  The nitrogen uptake 

of a plant depends on the area in which it is grown.  Bermuda grass has a high electrical 

conductivity tolerance and nitrogen uptake compared to other crops, such as alfalfa which 

as a range of nitrogen uptake between 200 to 600 lb/acre-year and an electrical 

conductivity tolerance of  4 mmho/cm. Due to these factors Bermuda grass is an ideal 

plant for wastewater application systems in general. 

Each line of irrigation tubing was connected to a Cole-Parmer Masterflex® 

positive displacement pump, which drew water from individual gallon-sized glass 

containers.  The individual containers helped to ensure that each column was receiving 

the proper amount of water.  These containers were encased in a darkened box to ensure 

no evaporation or algae growth occurred.  Figures 5 and 6 show the feed bottles and the 

pump used. 
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Figure 6. One-gallon feed bottles with nitrogen mixture. 
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Figure 7. Cole Parmer Masterflex (R) positive displacement pump. 

 

Each column was loaded with a water/ Miracle Grow ® solution with the 

concentration of total nitrogen of 25 mg/L.  Each time the feed bottles were refilled tests 

of total nitrogen, nitrate-N, and ammonia-N were conducted to ensure a relatively 

constant concentration of these constituents. Daily loading of the columns ranged from 

500 mL to 1000 mL for water depths of 0.27 to 0.54 inches per day, respectively. These 

depths would simulate an average of 8.1 to 16.2 inches of irrigation per month.                                                                              
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Each column drained into individual gallon sized bottles that were covered with 

sandbags and surrounded by mesh to prevent evaporation and algae growth.  The bottoms 

of 5-gallon buckets were removed and placed under each collection bottle to ensure that 

any spillage from the bottles would be collected and no sample water was lost.  Figure 7 

shows an image of a collection bottle in-place with coverings. 

 

Figure 8. Image of covered collection bottle. 

 

  The soil used was excavated from the Texas Tech Plant and Soil Science Center.  

The top 6 inches of the soil were reasonably tilled while the remaining depth of three feet 



Texas Tech University, Richard Francis, December 2012 

25 

 

was compacted.  Depths of three feet were dug out and care was taken to ensure that each 

six inch strata were kept together. The soil was placed inside the columns with each six 

inch layer kept in the order it was excavated.  Samples of the soil were sent to A&L 

Laboratories in Lubbock, Texas where an analysis of the soil composition was made.  

Table 1 shows the soil characteristics, and Figure 8 shows the USDA soil triangle for the 

soil in the column. 

 

Table 2. Composition of soil in columns. 

Soil physical 

properties 

 Clay (%) 21.84 

Sand (%) 64.79 

Silt (%) 13.38 

Bulk density (g/cm^3) 1.44 

Soil type sandy clay loam 

Field Capacity 0.23 

Wilting Point 0.14 

Saturated Conductivity 0.55 
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Figure 9. Texture of the soil in the columns. 
Source: U.S. Department of Agriculture. (http://soils.usda.gov/technical/aids/investigations/texture/) 

 

Water samples were taken every three days, when possible, and the volumes were 

recorded.  The samples were then tested for total nitrogen, total ammonia, and total 

nitrate-N.  Total nitrogen was calculated using HACH method 10208 with persulfate 

digestion (HACH 1991).  Total ammonia was calculated using HACH method 10023 

with salicylate reagents. Total nitrate-N was determined using HACH method 10020 with 

chromotropic acid. All samples were filtered prior to testing, and a DR 2800 

spectrophotometer was used in the analysis.  The Statistical Analysis Software (SAS) 9.3 

was used to perform analyses on the concentrations of total nitrogen in the effluent for 
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the two different systems, as well as the percent of nitrogen removed from each column. 

The following equation was used to determine the percent of nitrogen removed: 

                         
                                                        

                                
                      (10) 

Grass samples were harvested every month, dried, and sent to A&L Laboratories 

in Lubbock, TX where total Kjeldahl nitrogen and nitrate-N concentrations were tested 

using American Oil Chemists' Society (AOCS 2011) official method 993.13 

(combustion).  
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Chapter VII 

Results and Discussion 

 The volume of water in the effluent extracted from column 5 was considerably 

higher than any of the other columns suggesting that there was possible channelization of 

the flow. This, along with poor plant growth, caused a decrease in the nitrogen removal 

and an increase in the nitrate-N and total N content in the effluent resulted in pulling 

Column 5 from further testing.  It is believed that the water percolated too quickly 

through the system for either the grass to utilize the nitrogen, or for bacteria to convert it 

to N2 gas. The following results were for three subsurface applied columns and two 

surface applied columns.  

Box distributions of the total nitrogen (Figure 9) and nitrate-N (Figure 10) 

concentrations were compared for the two types of systems.  The concentrations of total 

N were not significantly different (Pr>F = 0.4918) between the two systems with a 

confidence interval of 0.95.  It can be observed from Figure 9 that the concentrations for 

the subsurface (SUB) applied systems were more closely distributed than the 

concentrations for the surface (SUR) applied systems. This can be explained by 

everything from nitrification occurring on the surface before the water has a chance to 

enter the subsurface to evaporative losses increasing the concentrations of the nutrients 

per unit volume of water moving through the system.  Table 2 shows the concentration of 

nitrogen on the days that samples were taken and tested, as well as the averages for these 

concentrations.  Note that the concentrations for nitrogen from the surface applied 

columns were higher than the concentrations for the subsurface applied columns.  Again, 

this is most likely due to the initial nitrification of the organic nitrogen on the soil 

surface. 
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Figure 10. Distribution of total nitrogen in effluent of the two systems. 
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Table 3. Concentrations of total  nitrogen in effluent between the surface and subsurface 

applied systems. 

Nitrogen in the Effluent (mg/L) 

 
Subsurface Surface 

Date Col 2 Col 4 Col 6 Col 1 Col 3 

12-Jul 3.8 1.9 1.8 5.3 2.8 
13-Jul 2.8 2.8 1.1 3.9 2.8 
22-Jul 7.3 0 9.9 9.3 7.3 

15-Aug 1.1   
 

2.13 0.77 

21-Aug 0.5   
 

    

24-Aug     
 

1.5 0.4 

24-Aug 1.4   
 

    
27-Aug   2 

 
  0.7 

27-Aug     
 

1.9   
25-Sep 1.4 1.6 0.53 7.2 1.1 

      Average 2.50 3.36 
 

A similar distribution can be seen in the nitrate-N concentrations shown in Figure 

10. Again there is a higher variance in the values for the surface applied systems than for 

the subsurface applied systems, as well as a greater average concentration of nitrate-N 

between the two systems.  Though the nitrate-N concentrations were higher in the surface 

applied systems, they never exceeded the EPA standard of 10 mg/L, which is similar to 

the results of Duan and Fedler (2010). It is important to note, however, that the 

concentrations did vary between individual columns in the systems operating under 

almost identical loading conditions with identical temperatures and nitrogen 

concentrations.  These variations are not uncommon when considering the conditions of 

these tests (Sheppard, 2011; Duan and Fedler, 2010).  
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Figure 11. Distribution of nitrate-N in the effluent of the two systems. 
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Table 4. Concentrations of nitrate-N in effluent between the surface and subsurface 

applied systems. 

Nitrate-N in the effluent (mg/L) 

 
Subsurface Surface 

Date Col 2 Col 4 Col 6 Col 1 Col 3 

12-Jul 0.7 1.03 0.5 1.3 1.7 
13-Jul 0.4 0.4 0.47 1.7 0.4 
22-Jul 3.6 0 2.54 4.47 3.6 

15-Aug 0.4 
 

  0.57 0.86 
21-Aug 0.33 

 
  

  24-Aug 
  

  0.33 0.1 

24-Aug 1.33 
 

  
  27-Aug 

 
0.367   

 
3.33 

27-Aug 
  

  0.4 
 25-Sep 0.2 0.17 0.2 5.3 0.3 

      Average 0.79 1.74 
 

A distribution test of the percent removal of total nitrogen shows that the removal 

rates are almost identical, and a means test shows that there is no significant difference 

(Pr > F = 0.6574) in the means of the removal rates between the two systems with a 

confidence interval of 0.95. The subsurface applied systems slightly exceeded the surface 

applied systems with percent nitrogen removals of 99 and 98 percent, respectively.  

Figure 11 shows the distribution of the removal rates of total nitrogen between the 

surface and subsurface applied systems.   
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Figure 12. Distribution of percent removal of total nitrogen between the surface and subsurface 

applied systems. 

 

The dry mass of the grass clippings showed no significant difference in the yields 

obtained at the end of each month.  The surface applied system averaged 14.6 grams for 

the month while the subsurface applied system averaged 15.8 grams of yield for the 

month. Figure 12 shows the distribution in crop yield between the surface and subsurface 

applied systems.  
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Figure 13. Dry grass weight from surface and subsurface applied systems. 

 

The concentrations of TKN in the plant tissue showed similar results to those in 

the effluent, as far as differences between the surface and the subsurface applied systems. 

The subsurface system had an average of 18713 parts per million (ppm) in the plant 

tissue, and the surface applied system had a slightly higher concentration of TKN with 

18713 ppm.  Figure 13 shows the distribution of concentrations of TKN between the 

surface and subsurface applied systems.  
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Figure 14. Distribution of TKN in the plant tissue from surface and subsurface applied 

systems. 
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Chapter VIII 

Conclusion 

Both systems performed similarly with no significant differences between the effluent 

quality, total nitrogen removal, or concentration of TKN and nitrate-N in the plant life.  

Because tests are continuing to be conducted, a full analysis of the system has not been 

conducted.  Soil analysis at various depths of the soil columns will be conducted at the 

end of the test period in order to determine the TKN and nitrate-N content of the soil. 

Prior experiments (Pearson 2001; Sheppard 2011) have found that TKN concentrations in 

the soil can vary by as much as 2-3 fold depending on temperature and moisture levels in 

the soil.  Further testing will be required in order to determine the yearly variability in 

system behaviors.  
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Appendix A. 

 Raw Data from Experiment 

A.1. June Raw Data 

Odd numbered columns are surface applied and even numbered columns are subsurface 

applied. 
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A.2. July Raw Data 

Odd numbered columns are surface applied and even numbered columns are subsurface 

applied. 
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A.3. August Raw Data 

Odd numbered columns are surface applied and even numbered columns are subsurface 

applied. 
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A.4. September Raw Data 

Odd numbered columns are surface applied and even numbered columns are subsurface 

applied. 
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Appendix B  

SAS input and output 

Appendix B.1. Comparison of TKN in Plant Tissue Between Surface (SUR) and 

Subsurface (SUB) Systems. 
 

/* This is a comparison of concentrations of total Kjeldahl nitrogen 

between surface and subsurface systems from the plant tissue*/ 

 

DATA conc; 

INPUT type $ TKN; 

 

DATALINES; 

SUR 24900 

SUB 20100 

SUR 16500 

SUB 18700 

SUB 17800 

SUR 20200 

SUB 20500 

SUR 18400 

SUB 18900 

SUB 16300 

SUR 16100 

SUB 16100 

SUR 17200 

SUB 14900 

SUB 12900 

SUR 20200 

SUB 17300 

SUR 16200 

SUB 16900 

SUB 16100 

 

 

; 

 

 

PROC SORT DATA= conc; 

  BY type; 

 

 

PROC GLM DATA=conc; 

  CLASS type; 

  MODEL TKN = type; 

 OUTPUT OUT = concout R=resid P=pred; 

MEANS type / REGWQ; 

  

 

 

RUN; 

  



Texas Tech University, Richard Francis, December 2012 

45 

 

The SAS System 

 
The GLM Procedure 

Class Level Information 

Class Levels Values 

type 2 SUB SUR 

 

Number of Observations Read 20 

Number of Observations Used 20 

 

 
The SAS System 

 
The GLM Procedure 

Dependent Variable: TKN  

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 1 10860083.3 10860083.3 1.70 0.2088 

Error 18 115037916.7 6390995.4   

Corrected Total 19 125898000.0    

 

R-Square Coeff Var Root MSE TKN Mean 

0.086261 14.19451 2528.042 17810.00 

 

Source DF Type I SS Mean Square F Value Pr > F 

type 1 10860083.33 10860083.33 1.70 0.2088 

 

Source DF Type III SS Mean Square F Value Pr > F 

type 1 10860083.33 10860083.33 1.70 0.2088 

 



Texas Tech University, Richard Francis, December 2012 

46 

 

 
 



Texas Tech University, Richard Francis, December 2012 

47 

 

 
The SAS System 
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The SAS System 

 

The GLM Procedure 

Ryan-Einot-Gabriel-Welsch Multiple Range Test for TKN 

 

Note: This test controls the Type I experimentwise error rate. 

Alpha 0.05 

Error Degrees of Freedom 18 

Error Mean Square 6390995 

Harmonic Mean of Cell Sizes 9.6 

 

Note: Cell sizes are not equal. 

Number of Means 2 

Critical Range 2424.1436 

 

Means with the same letter 

are not significantly different. 

REGWQ Grouping Mean N type 

A 18713 8 SUR 

A    

A 17208 12 SUB 
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Appendix B.2. Comparison of Nitrogen Removal Between Surface (SUR) and 

Subsurface (SUB) Systems. 

 

/* This is a comparison of percent denitrified  (mass in - mass out/ 

mass in) of total nitrogen between surface and subsurface systems from 

the effluent*/ 

 

DATA permass; 

INPUT type $ TKN; 

 

DATALINES; 

 

SUR 98.05 

SUB 97.93 

SUR 99.16 

SUB 98.91 

SUB 99.10 

SUR 98.98 

SUB 99.27 

SUR 99.38 

SUB 99.82 

SUB 98.96 

SUR 99.33 

SUB 99.17 

SUB 99.90 

 

 

 

; 

 

 

PROC SORT DATA= permass; 

  BY type; 

 

 

PROC GLM DATA=permass; 

  CLASS type; 

  MODEL TKN = type; 

 OUTPUT OUT = permassout R=resid P=pred; 

MEANS type / REGWQ; 

  

 

 

RUN; 
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The SAS System 

 
The GLM Procedure 

Class Level Information 

Class Levels Values 

type 2 SUB SUR 

 

Number of Observations Read 13 

Number of Observations Used 13 

 

 
The SAS System 

 
The GLM Procedure 

Dependent Variable: TKN  

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 1 0.07155769 0.07155769 0.21 0.6574 

Error 11 3.78815000 0.34437727   

Corrected Total 12 3.85970769    

 

R-Square Coeff Var Root MSE TKN Mean 

0.018540 0.592322 0.586837 99.07385 

 

Source DF Type I SS Mean Square F Value Pr > F 

type 1 0.07155769 0.07155769 0.21 0.6574 

 

Source DF Type III SS Mean Square F Value Pr > F 

type 1 0.07155769 0.07155769 0.21 0.6574 
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The SAS System 

 
The GLM Procedure 

 
 

Surface Type Subsurface 
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The SAS System 

 
The GLM Procedure 

Ryan-Einot-Gabriel-Welsch Multiple Range Test for TKN 

 

Note: This test controls the Type I experimentwise error rate. 

Alpha 0.05 

Error Degrees of Freedom 11 

Error Mean Square 0.344377 

Harmonic Mean of Cell Sizes 6.153846 

 

Note: Cell sizes are not equal. 

Number of Means 2 

Critical Range 0.736314 

 

Means with the same letter 

are not significantly different. 

REGWQ Grouping Mean N type 

A 99.1325 8 SUB 

A    

A 98.9800 5 SUR 
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Appendix B.3. Comparison of Total Nitrogen-N and Nitrate-N Concentrations in the 

Effluent Between Surface (SUR) and Subsurface (SUB) Systems. 

 

/* Statistical analysis of nitrogen and nitrate concentrations (mg/L) 

of effluent between surface and subsurface irrigation techniques. */ 

DATA conc; 

INPUT type $ nitrogen(mg/L) nitrate(mg/L); 

 

DATALINES; 

SUR 5.30 1.3 

SUR 3.90 1.7 

SUR 9.30 4.47 

SUR 2.10 0.57 

SUR 1.50 0.33 

SUR 1.90 0.4 

SUR 7.20 5.3 

SUB 3.80 0.7 

SUB 2.80 0.4 

SUB 7.30 3.6 

SUB 1.10 0.4 

SUB 0.50 0.33 

SUB 1.40 1.33 

SUB 1.40 0.2 

SUR 2.80 1.7 

SUR 2.80 0.4 

SUR 7.30 3.6 

SUR 0.77 0.86 

SUR 0.70 0.33 

SUR 1.10 0.3 

SUB 1.90 1.03 

SUB 2.80 0.40 

SUB 2.00 0.37 

SUB 1.60 0.17 

SUR 3.30 1.9 

SUR 2.00 0.5 

SUR 1.10 0.4 

SUB 1.80 0.50 

SUB 1.10 0.47 

SUB 9.90 2.54 

SUB 0.53 0.20 

; 

 

PROC SORT DATA= conc; 

  BY type; 

 

 

PROC GLM DATA=conc; 

  CLASS type; 

  MODEL nitrogen nitrate = type; 

 OUTPUT OUT = concout R=resid P=pred; 

MEANS type / REGWQ; 

  

 

 

RUN; 
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The SAS System 

 
The GLM Procedure 

Class Level Information 

Class Levels Values 

type 2 SUB SUR 

 

Number of Observations Read 31 

Number of Observations Used 31 
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The SAS System 

 
The GLM Procedure 

Dependent Variable: nitrogen  

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 1 3.3202162 3.3202162 0.48 0.4918 

Error 29 198.6435838 6.8497788   

Corrected Total 30 201.9638000    

 

R-Square Coeff Var Root MSE nitrogen Mean 

0.016440 87.24027 2.617208 3.000000 

 

Source DF Type I SS Mean Square F Value Pr > F 

type 1 3.32021625 3.32021625 0.48 0.4918 

 

Source DF Type III SS Mean Square F Value Pr > F 

type 1 3.32021625 3.32021625 0.48 0.4918 
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The SAS System 

 
The GLM Procedure 

Dependent Variable: nitrate  

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 1 3.38346715 3.38346715 1.91 0.1777 

Error 29 51.41866833 1.77305753   

Corrected Total 30 54.80213548    

 

R-Square Coeff Var Root MSE nitrate Mean 

0.061740 112.4753 1.331562 1.183871 

 

Source DF Type I SS Mean Square F Value Pr > F 

type 1 3.38346715 3.38346715 1.91 0.1777 

 

Source DF Type III SS Mean Square F Value Pr > F 

type 1 3.38346715 3.38346715 1.91 0.1777 
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The SAS System 

 
The GLM Procedure 

Ryan-Einot-Gabriel-Welsch Multiple Range Test for nitrogen 

 

Note: This test controls the Type I experimentwise error rate. 

Alpha 0.05 

Error Degrees of Freedom 29 

Error Mean Square 6.849779 

Harmonic Mean of Cell Sizes 15.48387 

 

Note: Cell sizes are not equal. 

Number of Means 2 

Critical Range 1.9237656 

 

Means with the same letter 

are not significantly different. 

REGWQ Grouping Mean N type 

A 3.3169 16 SUR 

A    

A 2.6620 15 SUB 
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The SAS System 

 
The GLM Procedure 

Ryan-Einot-Gabriel-Welsch Multiple Range Test for nitrate 

 

Note: This test controls the Type I experimentwise error rate. 

Alpha 0.05 

Error Degrees of Freedom 29 

Error Mean Square 1.773058 

Harmonic Mean of Cell Sizes 15.48387 

 

Note: Cell sizes are not equal. 

Number of Means 2 

Critical Range 0.9787579 

 

Means with the same letter 

are not significantly different. 

REGWQ Grouping Mean N type 

A 1.5038 16 SUR 

A    

A 0.8427 15 SUB 
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The SAS System 

 
The GLM Procedure 

Class Level Information 

Class Levels Values 

type 2 SUB SUR 

 

Number of Observations Read 31 

Number of Observations Used 31 

 

 
The SAS System 

 
The GLM Procedure 

Dependent Variable: nitrogen  

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 1 3.3202162 3.3202162 0.48 0.4918 

Error 29 198.6435838 6.8497788   

Corrected Total 30 201.9638000    

 

R-Square Coeff Var Root MSE nitrogen Mean 

0.016440 87.24027 2.617208 3.000000 

 

Source DF Type I SS Mean Square F Value Pr > F 

type 1 3.32021625 3.32021625 0.48 0.4918 

 

Source DF Type III SS Mean Square F Value Pr > F 

type 1 3.32021625 3.32021625 0.48 0.4918 
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The SAS System 

 
The GLM Procedure 

Dependent Variable: nitrate  

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 1 3.38346715 3.38346715 1.91 0.1777 

Error 29 51.41866833 1.77305753   

Corrected Total 30 54.80213548    

 

R-Square Coeff Var Root MSE nitrate Mean 

0.061740 112.4753 1.331562 1.183871 

 

Source DF Type I SS Mean Square F Value Pr > F 

type 1 3.38346715 3.38346715 1.91 0.1777 

 

Source DF Type III SS Mean Square F Value Pr > F 

type 1 3.38346715 3.38346715 1.91 0.1777 
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The SAS System 

 
The GLM Procedure 

Ryan-Einot-Gabriel-Welsch Multiple Range Test for nitrogen 

 

Note: This test controls the Type I experimentwise error rate. 

Alpha 0.05 

Error Degrees of Freedom 29 

Error Mean Square 6.849779 

Harmonic Mean of Cell Sizes 15.48387 

 

Note: Cell sizes are not equal. 

Number of Means 2 

Critical Range 1.9237656 

 

Means with the same letter 

are not significantly different. 

REGWQ Grouping Mean N type 

A 3.3169 16 SUR 

A    

A 2.6620 15 SUB 
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The SAS System 

 
The GLM Procedure 

Ryan-Einot-Gabriel-Welsch Multiple Range Test for nitrate 

 

Note: This test controls the Type I experimentwise error rate. 

Alpha 0.05 

Error Degrees of Freedom 29 

Error Mean Square 1.773058 

Harmonic Mean of Cell Sizes 15.48387 

 

Note: Cell sizes are not equal. 

Number of Means 2 

Critical Range 0.9787579 

 

Means with the same letter 

are not significantly different. 

REGWQ Grouping Mean N type 

A 1.5038 16 SUR 

A    

A 0.8427 15 SUB 

 

 

 


