
ABSTRACT 

CULBRETH, ALLISON. Land Application of Aquaculture Effluents from Hybrid Striped 

Bass Ponds: Nutrient Dynamics and Implications for the North Carolina Aquaculture 

Industry. (Under the direction of Harry V. Daniels). 

 

 

 Freshwater aquaculture is coming under increasing scrutiny for the industry’s effluent 

discharges to surface waters. As the industry continues to grow, proposed regulations will put 

strict water quality requirements on point-source discharges and farmers will need to seek 

alternative methods to reduce, eliminate, or treat the effluent instead of releasing it to nearby 

surface waters.  One potential method is land applying aquaculture effluents to hardwood 

plantations. This two-year study evaluated land applying hybrid striped bass (Morone 

chrysops x M. saxatilis) aquaculture effluents to an adjacent Populus plantation with 12 

genotypes; aquaculture effluents were land applied to the site at a target rate of 550 mm/ha/yr 

over a two year period. This study evaluated 1) the spatial and temporal nutrient dynamics of 

nitrogen, phosphorus, chlorophyll a, total suspended solids, and total organic carbon in pond 

and groundwater, 2) hybrid poplar genotype growth and biomass production, and 3) water 

balance fluxes in the study area. Irrigation of HSB effluent increased water availability by 

41%.  Four of twelve Populus genotypes exceeded 8 Mg/ha/yr of woody biomass production. 

A mean 84% of chlorophyll a and 47% of total suspended solids, two of the most commonly 

regulated water quality parameters in aquaculture, were removed through application and 

treatment. Although water applied through irrigation increased total water inputs by 41%, 

nitrification by soil microbes and uptake by trees was sufficiently rapid to cause a net 

decrease in the concentrations of nitrogen leaving the system during the summer. 

The study demonstrated that this treatment method is viable; concentrations of nutrients did 

not exceed provisional regulatory levels. More research is necessary to determine the 

maximum volume of effluent that could be treated. GIS analysis of thirty six fish farms in 

North Carolina showed the majority of land and soil types within one kilometer of farms is 

appropriate for land applying to either existing or planted tree plantations. 
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CHAPTER 1: Land Application of Aquaculture Effluents from Hybrid Striped Bass Ponds: 

Nutrient Removal 

 

1.1 Introduction: Aquaculture is the production of aquatic organisms, including fish, plants, 

and shellfish. Worldwide, it is one of the fastest growing animal food industries, growing at a 

average annual rate of 6.2% from 2000 to 2012 (FAO, 2014). Since 2008, consumption of 

farmed fish has finally exceeded consumption of wild caught fish in Asia with the rest of the 

world poised to follow suit within the next decade (Bernal & Oliva, 2016; FAO, 2014).  

Aquaculture can help reduce the impact of the world’s growing demand for fish products on 

wild fish populations if appropriate steps are taken to prevent negative environmental 

impacts (Naylor et al., 2000). Although the industry is concentrated in Asia, whose 

production accounts for nearly 80% of worldwide production, the United States has a 

substantial market as well; the U.S. exported nearly six million dollars of aquaculture product 

in 2012 and imported three times that amount. Between 1990 and 2010, the U.S. industry 

grew by an average of roughly 3%. Industry growth has been slowing, following the overall 

worldwide trend, but shows no signs of stopping (FAO, 2014). The Food and Agriculture 

Organization of the United Nations predicts that the industry will continue to grow in the 

foreseeable future to meet the demand for fish as a suitable protein source for a growing 

world population (FAO, 2014; Naylor et al., 2000). 

Farm raising fish in ponds requires a substantial amount of water. In the southeastern 

United States, farms are located along the coastal plain where the flat land is ideal for pond 

construction and there is a reliable groundwater supply. Hybrid striped bass (Morone 

chrysops x M. saxatilis; HSB), the species of interest in this study, are generally intensively 

managed by farmers; fish are raised in ponds and fed to satiation to maximize growth rate 

and harvest size (>4,000 lbs/ha/yr). HSB can be raised to market-size (1.25 lbs.) in 15 to 18 

months (Hodson & Hayes, 1989). Feeding fish in this intensive manner introduces nutrients 

from fish excrement and uneaten feed, including phosphorus and nitrogen, into the pond 

water (Mugg et al., 2000; Boyd, 2003; Shwartz & Boyd, 1994). When fish are harvested, a 

large amount of wastewater containing nutrients from feed, fish waste, and solids, with 

physical characteristics such as low oxygen or suspended solids, must be disposed of 

(Schwartz and Boyd, 1994). Phosphorous and nitrogen stoke primary production and may 

lead to eutrophication of receiving streams. The negative impacts of additional nutrients in 
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natural systems include excess algal growth, dissolved oxygen (DO) depletion, odors, fish 

kills, and reduced diversity (Boyd, 2003; Schwartz & Boyd, 1994; Carpenter et al., 1998). 

Increasing eutrophication from development and agricultural runoff is a concern for natural 

waters, especially in the southeastern United States where the nation’s aquaculture industry is 

concentrated (National Science and Technology Council, 2003).  

Aquaculture is unlike other animal food industries that have small volumes of 

concentrated wastewater, such as swine effluent that contains mean nitrogen levels of 854 

mg/L (Kruger et al. 1995) and total phosphorous levels of 61 mg/L (Adeli & Vargo, 2001). 

Fish production, in contrast, creates a large amount of water to dispose of, but with a less 

concentrated nutrient profile. HSB farms in South Carolina showed mean total Kjeldahl 

nitrogen (TKN) levels of 7.1 mg/L; nitrite and nitrate nitrogen (NO2-N & NO3-N) levels 

ranged from 0 to 7.55 mg/L. Mean total phosphorus (TP) levels were 0.31 mg P/L, but 

ranged as high as 1.9 mg P/L  (Tucker et al., 1998) – five to one hundred times lower than 

the concentrations found in swine lagoon effluent, which is commonly applied to Bermuda 

grass s a treatment system (Brink et al., 2002). The sheer volume of the effluent that must be 

disposed of presents an engineering problem when considering how to treat it because plants 

have hydraulic limits to their uptake. Current industry practice for North Carolina HSB 

culture is to release effluent directly out of ponds into drainage ditches that later enter natural 

streams; the pond water is completely drained and replaced yearly (Sydorovych & Daniels, 

2011).  

Based on the history of rapid development of past U.S. industries, state and federal 

regulations will certainly evolve to match the scale and impact of any existing industry’s 

growth (Boyd, 2003; Wui & Engle, 2004). Currently, only fish farms that produce more than 

100,000 pounds of freshwater fish are required to apply for a National Pollution Discharge 

Elimination System (NPDES) permit. Permits are tailored to each particular operation. These 

permits either place limits on contaminant levels in the discharged effluent or require the 

employment of best management practices to treat or reduce the impact of the effluent (Mugg 

et al., 2000; Boyd, 2003). Two commonly regulated water quality parameters are total 

suspended solids (TSS) and chlorophyll a (chl-a). Because of the nature of aquaculture 

practices, HSB effluent contains significant amounts of both of these water quality 

parameters – a mean level of 49 mg/L for TSS, with levels as high as 370 in HSB ponds 
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(Tucker et al., 1998). Changing current effluent disposal practices by converting effluent 

from a point source to a nonpoint source of discharge could give farmers a solution to 

increasing regulation. 

 Phytoremediation is the use of plants to clean up heavy metals, and other organic and 

inorganic compounds in water (Hinchman et al., 1998). For example, wastewater, including 

human wastewater and aquaculture effluent, can be redirected through wetland systems to 

allow solids to settle out while plants filter nutrients from the water. This method has proven 

to be successful in treating many forms of wastewater, such as human and animal (U.S. 

Environmental Protection Agency, 1999; Vymazal, 2010; Schulz et al., 2004). However, 

these wetland plants provide no method of harvest and require a large amount of land to 

allow proper treatment of the large volume of aquaculture effluents. In the swine industry, it 

has been common practice for many years to apply wastewater to Bermuda grass. This crop 

is not appropriate for aquaculture effluent application because it’s yield is directly related to 

heavy nitrogen application, and as discussed above, aquaculture effluent does not have the 

concentrated levels of nutrients found in other animal waste effluents have (Brink et al., 

2002).  

The need to dispose of a high volume of water in a short period of time is a unique 

requirement for any system that seeks to treat and reuse aquaculture effluents. Plant and soil 

systems can react very differently under flooding conditions; tree disease, stunted growth, 

poor uptake of essential nutrients, anaerobic conditions in soils, and changes from aerobic to 

anaerobic bacterial communities can occur (Coder, 1994). Few studies have been done to 

investigate the effects of high irrigation rates. Excess water from aquaculture effluent 

irrigation or precipitation could lead to flooding that causes anaerobic conditions; this will 

impact the uptake of many nutrients, particularly nitrogen, as well as the chemical form they 

may take. In anaerobic conditions, nitrification is halted because the forms of aerobic 

bacteria required for the process cannot survive. The breakdown of organic nitrogen to 

ammonium is also slowed. Denitrification of nitrate to a gaseous form (N2) will increase, as 

well as loss of nitrate in subsurface export. Volatilization is generally unaffected, as the 

process is more dependent on pH than oxygen. In anaerobic conditions, therefore, one would 

expect ammonium to be most prevalent, followed by nitrate that has diffused through aerobic 

upper soils to lower, flooded soils. Nitrate levels would be expected to increase at lower 
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depths, as the denitrification process would happen at greater rates in the aerobic soil layer 

near their roots, as compared to the rates in unflooded soils (Reddy & Patrick, 1984). It is 

unknown if the rate at which aquaculture effluent must be disposed of could cause flooded 

conditions in soils and impact tree growth. Flooding will also impede the breakdown of 

organic matter, potentially leading to a layer of organic matter buildup (Coder, 1994). 

Combining an industry with an excess of water and an industry with a need for water 

containing plant-friendly nutrients is a logical next step. Adopting new management practices 

is most successful when it is economically profitable for a farmer (Boyd, 2003); reusing and 

treating aquaculture effluent to raise another source of profit fits this paradigm. Sydorovych 

and Daniels (2011) identified the application of HSB effluents onto trees as the most 

profitable treatment of aquaculture effluents after simply retaining pond water.  Short 

rotation woody crops (SRWC) are fast growing tree species that are quick to return an 

investment to farmers. This study sought to integrate a SRWC plantation with an aquaculture 

operation.  

 SRWCs require a large input of water, making them uniquely suited to the treatment 

of aquaculture effluents. Populus spp., or the hybrid poplar, is one such SRWC.  The hybrid 

poplar requires roughly 1,000 mm/ha/yr of precipitation to reach sustainable levels of growth 

(Tuskan, 1998; Reijnders, 2006). Depending on local precipitation events, water could be the 

limiting factor in determining the location of SRWC plantations (Tuskan, 1998; Reijnders, 

2006; Stone et al,. 2010). Another benefit of the hybrid poplar tree is that they, like many 

other SRWCs, grow well on marginal and degraded lands with poor soil characteristics 

(Netzer et al., 2010; Xue et al., 2014). Previous studies have found success in applying 

wastewater, both human and animal, to poplar trees, effectively serving as a biofilter 

(Carlson, 1992; Moffat et al., 2001).  

The goal of this study was to 1) quantify the nutrient removal of nitrogen, 

phosphorus, and chl-a by a SRWC biofilter, 2) determine hybrid poplar tree productivity 

under an intensive irrigation regime, and 3) determine the fate of effluent in the system after 

irrigation, including the impact of irrigation on groundwater recharge. We also sought to 

investigate the effects of the high irrigation rate necessary to treat all of the HSB effluents on 

the hybrid poplar trees and soil system, and to determine the volume of effluent that would 
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exit the site after application and treatment, and the effects of potential flooding from high 

irrigation, precipitation, or a combination of both on soil microbes and water quality.  

 

1.2 Materials and Methods:   

1.2.1 Site Description: The study was established by planting a SRWC tree plantation 

adjacent to a hybrid striped bass aquaculture operation at the North Carolina Department of 

Agriculture and Consumer Service’s Tidewater Research Station in Roper, North Carolina 

(35.8572231, -76.6355198). The plant-growing season is from April to October, with an 

average of 210-250 frost-free days per year. Average annual precipitation is 1300 mm.  Soils 

are classified as a clay loam soil with very poor drainage (United States Department of 

Agriculture National Resources Conservation Service, 2016). The aquaculture operation 

consisted of eighteen 0.1-ha earthen ponds. Pond water was drawn from the Castle Hayne 

aquifer, a carbonate rich water source (United States Geological Survey, 2016). The field was 

cleared of vegetation, plowed twice, and subsequently leveled with a grader attachment to 

minimize water pooling.  

 

 

 

Figure 1: Site layout for Populus spp. plantation in Roper, NC. 
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Two commonly used drainage treatments were compared: a controlled, artificial 

drainage system (commonly called drainage tile; Tiled) versus natural drainage (no sub-

terrain infrastructure; Untiled). The plot was divided into two halves with a polyurethane 

sheet (1.5 m wide x 50 m long x 1 mm thick) buried vertically one meter into the ground 

(Fig. 1).  On the artificial side, three agricultural drainage tiles (10-cm diameter corrugated 

polyurethane pipes) were buried 1.5 meters underground to manage water table height. Eight 

monitoring wells were installed at the site (four on the Tiled side and four on the Untiled 

side). To sample groundwater discharging from the drainage tile, two automatic water 

samplers (Teledyne Technologies, Lincoln, NE) were placed in the far eastern edge of the 

drainage tiles.  

A commercially available aboveground irrigation system consisting of 5-cm diameter 

aluminum pipes (Bourland & Leverich Supply Co., Dallas, TX) was positioned on the 

ground running east to west along the second and ninth rows of trees (Fig. 1). A 5.5 

horsepower irrigation pump (Gorman-Rupp®, Mansfield, OH) was placed beside the 

irrigation ditch and attached to the system using 5-cm diameter flexible piping. The intake 

pipe had a screen nozzle at the end and was submerged in the drainage ditch. Water was 

distributed uniformly through twenty-two 0.3-meter irrigation risers equipped with 

calibrated, rotating sprayer nozzles (R2000 Rotator® nozzles, Water Supply Products; 

Christchurch, NZ). 

 

1.2.2 Experimental Design:  

  Hybrid poplar and cottonwood trees were chosen for this study based on the results of 

a two-year preliminary study. 

  In March 2014, 1,452 hybrid poplar trees (Populus spp.) were planted at 2 by 1 meter 

spacing in 132 columns and 11 rows in a completely randomized block design; each column 

was planted with one of twelve commercially available genotypes from three genetic crosses 

(P. deltoides: 140, 356, 373; P. trichocarpa x P. deltoides: 187, 188, 302, 312, 339, 342, 49-

177; P. deltoides x P. nigra: DN-34, OP-367). Tree cuttings and whips were provided by 

ArborGen Inc. (Ridgeville, S.C., U.S.A.) and Segal Ranch Hybrid Poplars© (Grandview, 

W.A., U.S.A.). Trees were surveyed after tree senescence for survival, height (m), diameter 

at breast height (DBH; cm), and total volume (dm3). In 2015, ten trees of each genotype were 
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harvested and measured for wet biomass (kg) with a scale in the field. A 5-cm disc sample 

was removed from the main stem at breast height. Samples were transported to the laboratory 

in Raleigh, NC where they dried for 48 hours at 60 °C, then were weighed again to calculate 

dry biomass (g). The site was mowed to manage understory plants and grasses as needed in 

2014; in 2015, a 41% glyphosate herbicide was used as needed for weed management. 

 

1.2.3 Aquaculture ponds: In 2014, before feeding rates were sufficient to promote 

phytoplankton growth, ponds were fertilized with 2 L/ha of phosphoric acid (Dyna-Phos™; 

Chemical Dynamics Inc., Plant City, FL) to mimic the chlorophyll a concentrations and 

nutrient content found in intensively fed ponds (Rowan & Daniels, 2002; Wui & Engle, 

2004; Tucker et al. 1998). In May 2015, 1,000 hybrid striped bass fingerlings were placed in 

each of six ponds in the southeastern portion of the farm, adjacent to the drainage ditch (Fig. 

3). Each pond received 28 kg/ha/day of Zeigler® (Gardners, PA) fish feed through an 

automatic feeder from May to October. Mechanical aeration was used from June to October 

to maintain adequate dissolved oxygen levels, greater than 4.0 mg/L. 

 

1.2.4 Effluent Application: The top 10-cm of water from three HSB ponds was drained each 

week into a shallow ditch by lowering the pond’s standpipe 10-cm below the surface. 

Effluent was allowed to drain for 1.5 hours or until the ditch was full. Pond standpipes were 

returned to their upright position after drainage was complete. All ponds were refilled 

biweekly using water from the Castle Hayne aquifer. The irrigation nozzles were calibrated 

to apply 173 mm/ha of HSB pond effluent in 2014 and 550 mm/ha in 2015. This irrigation 

rate was calculated based on the need to drain the water volume from one 0.1-ha, 1.22-meter 

deep HSB pond per month. This HSB effluent moves through the study system in the 

following pathway: from the HSB ponds into a drainage ditch, from the drainage ditch to the 

site through the irrigation system, evapotranspiration by hybrid poplar trees, or infiltration 

into groundwater wells or drainage tiles. Any infiltrated groundwater exits the site as 

subsurface export.  

 

1.2.5 Water Sampling and Analysis: Temperature, pH, dissolved oxygen, and specific 

conductance, were measured using a polarographic meter (Yellow Springs Instruments, 
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model 85, Yellow Springs, OH) in the monitoring wells and ditch following a minimum of 

1.5 hours of irrigation. 

Groundwater level and temperature were recorded at 30-minute intervals using data 

loggers in wells 1, 2, 4, 5, 7, and 8 (Fig.1; HOBO®, Bourne, MA).  A logger was also placed 

in the southernmost automatic water sampler to record atmospheric temperature and pressure. 

These loggers were used during four events throughout the 2015 season to measure 

groundwater recharge rates during irrigation in each of the eight groundwater monitoring 

wells. 

Samples were collected biweekly from the ditch and monitoring wells. Prior to 

sampling, standing water was removed from wells. The wells were allowed to recharge 

during irrigation. After a minimum of 1.5 hours of irrigation, water samples were collected 

with a 1-L polyurethane bailer from four randomly chosen wells, the automatic water 

samplers, and the ditch; the samples were transferred into containers and kept in an ice slurry 

during the two hour transport to the laboratory for analysis.  

All parameters with the exception of TP were analyzed within 29 days at the Center 

for Applied Aquatic Ecology in Raleigh, NC. These parameters were collected, preserved, 

stored, and analyzed according to appropriate EPA or Standard Methods (Table 1). TP was 

analyzed in the laboratory at North Carolina State University within 29 days (Raleigh, NC). 

TKN, NO2-N & NO3-N, and ammonia-nitrogen (NH3-N) analyses were performed on 

a Seal Analytical QuAAtro Segmented Flow Analyzer. Chl-a was determined with a Turner 

Designs 10-AU fluorometer. Total organic carbon (TOC) was analyzed with a Teledyne 

Tekmar Torch (Table 1). TP levels were determined with a spectrophotometer (Thermo 

ScientificTM Evolution 60S, Waltham, MA). 
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Table 1. Methods for analysis and practical quantitation limits for each water quality 

parameter tested, including total Kjehldahl nitrogen (TKN), nitrite and nitrate nitrogen (NO2-

N & NO3-N), ammonia nitrogen (NH3-N), total suspended solids (TSS), chlorophyll a (Chl-

a), total phosphorous (TP), and total organic carbon (TOC). 

Parameter Method Practical Quantitation Limit 

TKN  EPA 351.2 with Revision 2.0 

(1993) 

280 µg/L 

 

NO2-N & NO3-N Standard Method 4500 NO3 F 

(2000) 

5.6 µg/L 

 

NH3-N Standard Method 4500 NH3 

G (1997) 

7.0 µg/L 

 

TSS Standard Method 2450 D 

(1997) 

Dependent upon amount of 

sample filtered. 

Chl-a EPA Method 445.0 with 

Revision 1.2 (1993) 

10 µg/L 

 

TP EPA Method 356.3 with 

Revision 2.09 (1993) 

0.01 mg/L 

TOC Standard Method 5310 B 

(2000) 

2 mg/L 

 

 

1.2.6 Data Analysis: This study compared two agricultural drainage systems: Untiled (no 

drainage structures) and Tiled (installed drainage structures) (Fig. 1). All statistical analyses 

were performed using the statistical program SAS 9.3 (Cary, NC).  

 Well data were averaged for each sampling event that had at least two samples for the 

Tiled (wells 5, 6, 7, 8), Untiled (wells 1, 2, 3, 4), northern (wells 2, 6), and southern (wells 3, 

7) portions of the site (Fig. 1). Mean values were tested for normality using the Shapiro-Wilk 

test for all of the above combinations. The Mann-Whitney-U test was then used to compare 

the distributions between all meaningful combinations of sample groups. This test was also 

used to check for significant differences in water quality concentrations between the first and 

last sampling events in the irrigation season. Mean seasonal values were calculated for the 

pond, drainage ditch, Tiled, Untiled, and ISCO samples to compare between these values and 

published values from intensive fish farming (Tucker et al., 1998). 

 The automatic water sampler parameter values from each event were chosen to 

represent water export from the site because of the artificial drainage characteristics. Ditch 
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water quality (water being applied to the site) and the mean automatic water sampler values 

(water leaving the site) were compared to calculate nutrient removal efficiency. 

 Monthly precipitation data were collected from the Climate Retrieval and 

Observations Network of the Southeast (CRONOS) database (State Climate Office of North 

Carolina, 2016). Monthly irrigation (mm/ha) was calculated by multiplying the number of 

hours irrigated by the irrigation rate. The Penman-Monteith method was used to calculate the 

evapotranspiration rate; groundwater recharge was estimated by subtracting total 

evapotranspiration from both precipitation and irrigation (Shifflett et al., 2016).  

 Hydraulic conductivity was determined using standard slug tests (Hvorslev, 1951). 

Groundwater discharge was calculated using Darcy’s Law (Q=KA(dh/dL); Q=groundwater 

discharge, K=hydraulic conductivity, A=flow area perpendicular to length, dh=hydraulic 

head, dL=flow path length). Volume was estimated using known depth (25 m) of surficial 

aquifers in this area of North Carolina and the known area of the study site (Land et al., 

2004). 

 

 

1.3 Results and Discussion 

1.3.1 Water Balance Assessment: In 2015, a total of 1,339 mm of water was loaded onto the 

site as precipitation (791 mm) or through irrigation of effluents (548 mm). Sixty-eight 

percent (914 mm) of the water entering the site was lost to evapotranspiration by the trees 

(Fig. 2). Trees generally have higher transpiration rates than other land cover types, with the 

exception of arable crops that transpire at higher rates but for a shorter period of time 

(Nisbet, 2005). Approximately 425 mm of water passed the root zone then exited the site 

according to the hydraulic gradient. The proportion of water lost through evapotranspiration 

or subsurface export varied seasonally; in the winter of 2015, 57% of water loss was through 

subsurface export compared to just 32% during the summer season. 59% of the subsurface 

export from the site occurred after September 2015 (Fig. 2). This loss may be caused by the 

saturation of soils from continuous and heavy rainfall during September to December, and to 

the slowing growth and leaf loss of trees in the fall; the amount of evapotranspiration 

declines from August to December. 
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Figure 2: Total monthly water balance fluxes (mm) from 2014-2015, including precipitation, irrigation, export to surface water, 

and evapotranspiration (Shifflett et al., 2016).
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During the 2015 irrigation season, water applied through irrigation increased total 

water input to the site by 41%. We did not observe standing water on the site even with this 

heavy application of aquaculture effluents. Thus, the capacity of the soil to absorb excess 

water, and uptake and removal by trees leads us to conclude that the hydraulic loading of the 

system has not yet been maximized. No water stress was observed in the trees. Water 

application was increased between 2014 and 2015 to match the water needs of the growing 

trees; once trees were established in 2015, the irrigation was increased to three times the 

amount of the previous year. The amount of precipitation and irrigation was not correlated 

with any parameter concentrations (Appendix E). 

 

1.3.2: Hydraulic Conductivity and Groundwater Flow: Mean groundwater flow for the 

Untiled treatment was 5,525 m3/yr and mean groundwater flow for the Tiled treatment was 

2,858 m3/yr. Therefore, groundwater moves more quickly through the Untiled treatment than 

the Tiled. Notably, this varies greatly dependent upon the well paths considered, so a mean 

flow may not be as meaningful when compared the Untiled and Tiled drainage (Appendix 

A). One possibility for the decreased flow on the Untiled side is that the drainage tiles could 

be acting as a barrier to groundwater flow, effectively slowing or stopping drainage at times 

when the groundwater table falls under the barrier. Hydraulic conductivity values, a measure 

of soil permeability, fall within the published ranges of conductivity for soils with mixtures 

of silty sand, silt, and loess (within 10-5 and 10-6 cm/s) (Freeze and Cherry, 1979) (Table 2). 
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Table 2. Hydraulic conductivity (cm/s)  

of groundwater monitoring wells. 

Site 

Hydraulic 

Conductivity 

(cm/s) 

Well 1 1.76E-05 

Well 2 2.27E-06 

Well 3 9.37E-05 

Well 4 5.16E-05 

Well 5 7.73E-05 

Well 6 1.94E-05 

Well 7 3.00E-05 

Well 8  5.62E-05 

 

 

Groundwater elevation (m.a.s.l.) showed the greatest fluctuations in the wells directly 

adjacent to the polyurethane barrier separating the Tiled and Untiled sections (Fig. 1, 3). 

Mean groundwater elevation for all wells fluctuated from 3.85 to 4.80 m.a.s.l. Mean 

groundwater elevation was highest in June, corresponding to the highest levels of 

precipitation and irrigation, and dropped throughout the summer as evapotranspiration 

increased (Fig. 2 and Fig. 3). Groundwater elevation was not significantly correlated to any 

parameter concentrations (Appendix B).  
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Figure 3: Groundwater elevation (in meters above sea level) for the Tiled and Untiled 

treatments and precipitation and irrigation (mm) in 2015. 
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1.3.3 Across Site Variance: When testing for significant differences in distribution of water 

quality parameters over the entire sampling history between the Untiled and Tiled treatments, 

only NH3-N and chl-a were not significantly different over 31 sampling events. TKN, NO3-N 

& NO2-N, TSS, and TOC were significantly different between the Untiled and Tiled 

treatments (Table 3). TP was not tested because of the small number of sampling events. 

Table 3 provides results of significance testing.  

 

 

Table 3. Results of Mann-Whitney U significance testing for differences in parameter 

concentrations between north and south, Untiled and Tiled, Untiled and export, and Tiled and 

export groundwater monitoring wells. Asterisk (*) denotes a significant difference was 

detected (p<0.05).  

 

Parameter 

N vs. S  

(n= 10) 

Untiled vs. 

Tiled 

(n=24) 

Untiled vs. 

Export 

(n=27) 

Tiled vs. 

Export 

(n=27) 

Chl-a 0.320 0.374 0.79 0.823 

TSS 0.027* <0.001* <0.001* <0.001* 

TOC 0.083 <0.001* 0.045* 0.003* 

TKN 0.285 <0.001* <0.001* 0.450 

NO3-N&NO2-N 0.911 0.002* 0.70 0.002* 

NH3-N 0.059 0.385 0.29 0.783 

 

 

 Of the parameters evaluated, TSS was the only parameter that differed significantly 

between the northern and southern wells. All groundwater wells contained a large amount of 

sediment. When sampling volumes were low, TSS tended to be in higher concentration. It is 

worthwhile to note that there were only ten sampling events with two wells from both the 

north and south to compare in this way, and only seven of those events were during the 

irrigation season. 

 

1.3.4 Seasonality of Parameters: A Mann-Whitney-U test showed no significant differences 

(p<0.05) among any of the tested water quality parameters between the first four irrigation 
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events in 2015 vs. the last four irrigation events in 2015 (Appendices C and D). Generally, 

concentrations peaked from June to August, with occasional spikes throughout the year 

(Appendix E). This follows the trend of increasing pond productivity in the warmer months, 

resulting in higher concentrations of parameters in the pond, and therefore throughout the 

system. One exception is with NO2-N & NO3-N, which was highest in both the ditch and 

export wells during the winter months; export concentrations were twelve times higher in 

December 2015 than in July 2015 (Appendix D).  However, NO2-N & NO3-N levels were 

consistently low, ranging between 0.038 and 3.238 μg/L, which is well below the regulatory 

limit of 1,000 μg/L for NO2 and 10,000 μg/L for NO3. This suggests that the trees and soil 

microorganisms are responsible for the uptake and form of nitrogen found in the water and 

soils, as levels are highest when trees are dormant and irrigation is not occurring. 

Nitrification by microbes is dependent on pH, moisture, and availability of oxygen. Plants 

can uptake ammonium (NH4+) and nitrate (NO3-) nitrogen forms. With these results, and the 

lack of significant correlation between precipitation and irrigation rates and parameter 

concentrations, it does not appear that irrigation increases parameter concentrations over the 

season (Appendix F). Therefore, although water applied through irrigation increased total 

water inputs by 41%, nitrification by soil microbes and uptake by trees was sufficiently rapid 

to cause a net decrease in the concentrations of nitrogen leaving the system during the 

summer. 

The mean water quality parameter values during irrigation between pond and ditch 

samples are similar, indicating that the effluent applied from the drainage ditch is 

representative of that in ponds with the exception of NO2-N & NO3-N (Table 4). These 

values also match expected values from intensive aquaculture of HSB in South Carolina 

ponds (Tucker et al., 1998). 
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Table 4. Mean concentrations (±standard deviation, mg/L) of water quality parameters 

during the summers of 2014 and 2015 for pond, drainage ditch, and subsurface export 

samples. 

*Values from Tucker et al. 1998, a sampling of 20 HSB ponds in South Carolina 

 

 

 

 

Table 5. Mean concentrations (±standard deviation, mg/L) of water 

quality parameters in subsurface export during months without 

irrigation (winter) versus months with irrigation (summer). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter 

(mg/L) 
Pond 

Published 

Effluent 

Values* 

Drainage 

Ditch 

Subsurface 

Export 

Chl-a (μg/L) 70.3  ± 75.5  73.3 ± 94.7 5.9 ± 5.2 

TSS  42.3 ± 24.8 49* 44.47 ± 42.01 15.78 ± 7.88 

TOC  12.2 ± 2.70  16.52 ± 5.07 12.55 ± 3.22 

TKN  2.90 ± 0.11 7.1* 2.50 ± 0.80 1.61 ± 0.40 

NO2-N&NO3-N  0.26 ± 0.29 0.43* 0.091 ± 0.072 0.75 ± 0.21 

NH3-N  0.47 ± 0.53 0.95* 0.39 ± 0.11 0.33 ± 0.068 

Subsurface Export 

(mg/L) 
Winter  Summer 

Chl-a (µg/L) 4.88 ± 4.97 5.93 ± 5.21 

TSS 11.0 ± 8.15 15.9 ± 7.85 

TOC 8.57 ± 2.23 11.8 ± 3.30 

TKN 1.07 ± 0.460 1.61 ± 0.397 

NO3-N&NO2-N 1.15 ± 1.03 0.748 ± 0.804 

NH3-N 0.108 ± .109 0.332 ± 0.264 
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1.3.5 Nutrient Dynamics: Another objective of this research was to assess the treatment 

efficiency of land applying aquaculture effluent to a Populus spp. plantation, removing 

nutrients and treating other components of the effluent that may negatively impact natural 

waters if the water was simply released. By comparing the effluent applied to the site 

(measured by ditch samples) to the effluent leaving the site as subsurface export, a large 

reduction was seen in most of the water quality contaminants, particularly chl-a and TSS 

(Figure 4).  Chl-a breakdown, representing organic matter, resulted in carbon and nitrogen 

addition to the site. Although a large amount of chl-a was reduced through land application, 

chl-a was detectable in the groundwater after passage through the entire soil and root zone. 

This finding indicates that the hydraulic residence time may not be sufficient to break down 

organic material. Alternatively, flooded soils are impeding the breakdown process (Reddy & 

Patrick, 1984). However, chl-a levels were still detectable during the winter when irrigation 

was not occurring and soils were presumably not flooded (Appendix E). Chl-a (or biological 

oxygen demand) and TSS are two of the most commonly regulated water quality 

contaminants, so the reduction with a land application method is significant and kept effluent 

levels well below the common NC state regulatory limits (Chl-a: 40 µg/L; TSS: 30 mg/L).  
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Figure 4: Percent removal efficiency of hybrid poplar biofilter for chlorophyll a (Chl-a), 

total Kjehldahl nitrogen (TKN), total suspended solids (TSS), and total organic carbon 

(TOC). 

 

 

 

The high concentration of oxidized forms of nitrogen compounds in groundwater 

relative to irrigated effluents suggests soils were aerobic during the study period. NO2-N & 

NO3-N levels were much higher in subsurface export; the change in NO2-N & NO3-N was 

highly variable and ranged from -4564% to 21%, with a mean removal efficiency of -1014% 

(Appendices C and D). Higher levels of NO2-N & NO3-N in the subsurface export suggest a 

high rate of nitrification in the soils once the effluent is applied. However, nitrogen applied to 

the site does not originate solely from ponds; precipitation is also responsible for nitrogen 

concentrations in the groundwater (Daniels & Boyd, 1989). Greater nitrate levels in the 

export are indicative of aerobic conditions in the soil, leading to accumulation and leaching 

of nitrate in export.  Aerobic soil conditions are also supported by the presence of NH3-N in 

the subsurface export; volatilization and subsequent loss of NH3-N would occur at greater 

rates (and result in lower concentrations of NH3-N) if anaerobic conditions existed. Land 

application removed a mean 17% of total nitrogen, although this is not clear when 

considering each of the nitrogen species alone. NH3-N and TP also had a high variation due 
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to the seasonal variability of the concentrations; NH3-N accumulated at a mean rate of 62%, 

while TP had a mean removal efficiency of 39.94% (Figure 5).  

 

 

 

 

Figure 5: Percent removal efficiency of hybrid poplar biofilter for ammonia-nitrogen (NH3-

N) and total phosphorous (TP).  

 

 

1.3.6 Tree Productivity: Mean height, mean diameter at breast height (DBH), and mean 

volume (dm3) differed among Populus spp. genotypes (p<0.05; Fig. 6) (Shifflett, 2016). The 

Populus deltoides genotypes demonstrated greater productivity, although lower survival, than 

the other genotypes. These findings suggest both taxa and genotype is important to the 

success of a SRWC under this type of irrigation regime (Shifflett et al., 2016). Some 

genotypes demonstrated improved adaptability to study site conditions.  
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Figure 6: Scatter-plot of Populus spp. genotype wet biomass production (kg) versus survival 

(%). Shape indicates genetic cross (Populus deltoides: circle; Populus trichocarpa x P. 

deltoides: diamond; Populus trichocarpa x P. nigra: square) while color indicates genotype. 

 

 

Tree growth among the most productive genotypes may be significant for the 

emerging bioenergy market. The market for alternative energy has grown in the past two 

decades. There is now a demand for sustainable energy sources with low impact on the 

environment; using wood products as biofuel is one such innovation that has arisen due to 

this pressure for “clean” energy. In the United States, the Department of Energy introduced 

the Billion-Ton Study in 2005, a report that investigated the ability of the contiguous United 

States to replace 30% of petroleum energy consumption with woody biomass (U.S. 

Department of Energy, 2011). SRWCs like hybrid poplars are fast growing tree species that 

are quick to grow and return a harvest to farmers (Hinchee et al., 2009). These purpose-

grown tree plantations are expected to yield 17.9 dry tons/ha/year of biomass, a yield that 

would be considered sustainable and fit into the United States Billion-Ton Study goals 

(Hinchee et al., 2009; English et al., 2006). Four of the genotypes (356, 373, 140, 312) are 

currently exceeding the productivity level needed to meet the USDA sustainability criteria 

for carbon neutrality and woody biomass demand (Fig. 6). 
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1.4 Summary: Four Populus spp. genotypes performed well under a HSB aquaculture 

effluent irrigation system, meeting productivity levels that fit into the United States Billion-

Ton Study goals of greater than 8 Mg/ha/yr (U.S. Department of Energy, 2011). This biofilter 

treatment was successful in removing a mean 84% of chl-a levels and 47% of TSS; these are 

two of the most commonly regulated water quality parameters in aquaculture. Although 

irrigation of HSB effluent increased the amount of water the trees received by 41%, trees 

exhibited no signs of stress and groundwater concentrations did not exceed regulatory levels. 

Future studies should investigate the application of higher volumes of irrigation to a SRWC 

population under an aquaculture effluent irrigation regime.  
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CHAPTER TWO: Implications of Land Application for the North Carolina 

Aquaculture Industry 

 

2.1 Introduction: In 2012, the North Carolina Department of Agriculture approved 342 

active aquaculture production licenses. At least 115 producing farms are involved in this state 

industry worth more than 33 million dollars. Out of the 115 farms that reported their 

production levels to the North Carolina Department of Agriculture, 13 farms were active 

hybrid striped bass producers – nearly three million pounds of HSB were grown in 2012, 

resulting in 11.8 million dollars in sales. This is a 10.6% increase in HSB production value in 

North Carolina (NC) since 2011 (NCADC, 2015). The industry continues to grow as demand 

for HSB and other freshwater species increases.  

NC is an ideal area for the expansion of aquaculture production due to the availability 

of both quality land and water for fish production. To have a successful operation, a farm 

must have both appropriate soil for pond construction, a water source with suitable quality, 

and an appropriate, relatively flat landscape. Sandy clay, silty clay, or loam clay are the 

preferred soil types for pond construction (Coche and Muir, 1995). The coastal areas of NC 

provide flat land, and groundwater is available from limestone rich aquifers in this same area, 

making the water quality ideal for aquaculture operations. To integrate an aquaculture farm 

with a SRWC plantation, the site must seek both the necessary conditions for aquaculture 

production but also consider the environmental conditions for tree production. 

In order to investigate the site potentials for tree or land application near existing 

aquaculture operations in NC, a Geographic Information System (GIS) analysis was 

completed to determine the soil types and current land use within 0.5 and one km of a 

sampling of 36 fish farms (producing varying species).  
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Figure 7: Thirty-six fish farm locations categorized by species and freshwater 

withdrawals (ML/day) for aquaculture by county in NC.  

 

 

2.2 Materials and Methods: A sampling of 36 fish farms, their locations and production 

species was used to investigate the soil and land cover characteristics of 0.5 and one-

kilometer buffers surrounding North Carolina fish farms (H. Daniels, personal 

communication, September 9, 2014). All analyses were completed using the mapping 

platform ArcGIS (Esri, Redlands, CA). Soils data were collected from the Web Soil Survey 

(USDA). Land cover data were collected from the 2011 National Land Cover Database 

(Homer et al., 2015). Groundwater withdrawals by county were collected from the United 

States Geological Survey (USGS 2011).  

 The farm locations were mapped. Color and shapes were used to distinguish between 

the species grown at each location. Groundwater withdrawals by county were mapped using 

grayscale coloring to distinguish between five classes of water use (Megaliters per day). 0.5 

and one-km buffers were generated to surround each farm. Land cover data was converted 
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from raster to shapefile format. Land cover and soils data were clipped to the 0.5 and then 

one-km buffers. Total area (ha) for each land cover type and soil type was calculated using 

the Calculate Geometry tool. The percentages of each land cover and soil type were 

calculated. 

 

2.3 Results and Discussion: The proportion of each land cover type did not vary greatly 

regardless of the area of the buffer created. For both one-km and 0.5-km buffer distances, 

cultivated crops were most prevalent, 37% of the total land cover within 0.5-km buffer and 

33.8% within a one-km buffer (Table 6). The second most common land cover type was a 

combination of all types of forested areas (deciduous, evergreen, and mixed); 13.8% within a 

0.5-km buffer and 15.2% within a one-km buffer. Very little, less than 7% of total land cover 

for any distance buffer, was developed.  

 The results suggest that a large amount of land directly surrounding the 36 sampled 

fish farms could be made available for planting with short rotation woody crops. The existing 

forested areas, a total of 1,600 ha within a one-km buffer of all fish farms, could serve as a 

low cost treatment method for farmers who do not seek to plant and harvest trees, but merely 

seek an alternative treatment option. When considering all types of land cover, it can be 

assumed that all types except for developed areas, open water, and wetlands could potentially 

be converted to short rotation woody crop plantations; although clearly not all the land will 

be converted, that still means that there exists a potential area of 5,500 ha within a 1-km 

buffer of all farms are suitable for conversion to plantations. This does not include the 

existing forested areas, another 1,600 ha of possible plantation land. The majority of this land 

is already being cultivated for crops, so changing some of the production to woody crops 

could prove to be simple and provide the dual benefits of an income source and treatment for 

aquaculture effluents.  
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Table 6. Area (ha) and percent (%) land cover within a 0.5 and 1 kilometer buffer of selected 

NC fish farms (n=36). Predominant land cover type in bold. 

Land Cover Type 

Area (ha) 

within 0.5 

km 

Area (ha) 

within 1 

km 

% of Total 

Within 0.5 

km 

% of Total 

within 1 km 

Cultivated Crops 1023.7 3567.5 37.0 33.8 

Woody Wetlands 536.6 2414.9 19.4 22.9 

Shrub/Scrub 314.6 1368.2 11.4 12.9 

Evergreen Forest 302.6 1209.9 10.9 11.5 

Open Water 157.8 315.7 5.7 3.0 

Herbaceous 108.0 426.0 3.9 4.0 

Developed Open Space 103.7 374.9 3.8 3.5 

Emerging Herbaceous 

Wetlands 76.4 263.4 2.8 2.5 

Deciduous Forest 42.8 199.7 1.5 1.9 

Mixed Forest 38.7 185.5 1.4 1.8 

Hay/Pasture 25.8 120.4 0.9 1.1 

Developed Low Intensity 22.9 78.9 0.8 0.7 

Barren 7.2 24.9 0.3 0.2 

Developed Medium Intensity 3.1 9.6 0.1 0.1 

Developed High Intensity 0.2 5.6 0.0 0.1 

 

 

 

Sandy loam soils dominated the area within the 0.5-km and one-km of fish farms in 

eastern North Carolina (Table 7). This is unsurprising; the majority of the study farms are 

located near to one another and it is expected that similar soil types would be in the 

surrounding areas. Nearly 60% of soils were classified as sandy loam for both the 0.5 and 

one-km buffers while less than 1% of soils matched the study site soil type, clay loam. The 

majority of soils surrounding the 36 farms drain better than the study site’s clay loam, 

potentially making them better suited for tree plantations. However, as discussed in Chapter 

One, SRWCs and hybrid poplars in particular can grow successfully in marginal, degraded 

lands, so even less than ideal soil types should be able to be productive. This is supported by 

the success of four genotypes of Populus spp. in the aquaculture effluent study (Fig. 6). 
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Table 7. Area (ha) and percent (%) of soil types within a 0.5 and 1 kilometer buffer of 

selected NC fish farms (n=36). Predominant soil type in bold. 

 

 

North Carolina is an ideal location for the aquaculture industry to flourish; its soils, 

groundwater sources, and available land make it suitable for both new fish farms to establish 

and existing farms to expand. The close location of the majority of farms to the coast could 

facilitate oceanic transport of wood products to international markets.  The results of this 

analysis indicate that the nearby land and soil types to existing aquaculture operations are 

generally suitable for the integration of such farms with a SRWC biofilter. Future studies 

could investigate the suitability of land cover and soil types throughout the entire southeast 

and determine which farms in particular would benefit from an integrate SRWC-aquaculture 

model.   

 

 

 

 

 

 

Soil Type 

Area (ha) 

within 0.5 

km 

Area (ha) 

within 1 km 

% of Total 

Within 0.5 

km 

% of 

Total 

within 1 

km 

Sandy Loam 1568.6 5967.4 57.2 56.9 

Loam 571.0 2110.5 20.8 20.1 

Silty Loam 338.6 1242.9 12.3 11.8 

Mucky Loam 124.5 572.6 4.5 5.5 

Badin-Tarrus complex 74.2 260.1 2.7 2.5 

Sand 26.3 127.1 1.0 1.2 

Bibb and Johnston 14.7 40.7 0.5 0.4 

Marlboro-Cecil Complex 14.2 17.8 0.5 0.2 

Muck 6.2 119.6 0.2 1.1 

Bisco-Secrest 3.7 6.5 0.1 0.1 

Goldston-Badin Complex 0.6 14.7 0.0 0.1 

Clay Loam 0.4 3.3 0.0 0.0 

Mine Pits 0.0 6.3 0.0 0.1 

Slime 0.0 0.2 0.0 0.0 
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Appendix A: Groundwater flow rates (q; m3/yr) for all groundwater well paths for Untiled 

and Tiled drainage treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Well Path q (m3/yr)  
1 - 2 1.66E+03  

1 - 3 2.38E+03  

1 - 4 7.19E+01  

2 - 3 1.43E+04  

2 - 4 5.00E+03  

3 - 4 9.74E+03  

5 - 6 7.15E+03  

5 - 7 1.98E+03  

5 - 8 3.45E+03  

6 - 7 1.36E+03  

6 - 8 5.20E+02  

7 - 8 2.68E+03  
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Appendix B: Linear relationship between parameter concentrations (mg/L) and groundwater 

elevation (m.a.s.l.) for the Untiled drainage and Tiled drainage treatments (n=11). 

 

 
B.1 Linear relationship between TKN (mg/L) and groundwater elevation (m.a.s.l.) for the 

Untiled and Tiled drainage treatments (n=11). 

 

 

 
B.2 Linear relationship between NO2-N & NO3-N (mg/L) and groundwater elevation 

(m.a.s.l.) for the Untiled and Tiled drainage treatments (n=11). 
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B.3 Linear relationship between NH3-N (mg/L) and groundwater elevation (m.a.s.l.) for the 

Untiled and Tiled drainage treatments (n=11). 

 

 

 
B.4 Linear relationship between Chl-a (µg/L) and groundwater elevation (m.a.s.l.) for the 

Untiled and Tiled drainage treatments (n=11). 
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B.5 Linear relationship between TSS (mg/L) and groundwater elevation (m.a.s.l.) for the 

Untiled and Tiled drainage treatments (n=11). 

 

 

 
B.6 Linear relationship between TOC (mg/L) and groundwater elevation (m.a.s.l.) for the 

Untiled and Tiled drainage treatments (n=11). 
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Appendix C: Mean concentrations (mg/L) of water quality parameters for Untiled vs. Tiled drainage treatments for each sampling 

event (n=31). 

 

Date TKN   

NO2-N & 

NO3-N   NH3-N   

Chl-a 

(µg/L)   TSS   TOC   

 

Natural Artificial Natural Artificial Natural Artificial Natural Artificial Natural Artificial Natural Artificial 

8/7/14 1.28 0.791 0.109 0.142 0.247 0.161 6.77 1.95 2960 2450 23.0 9.97 

8/27/14 1.13 0.837 0.106 0.100 

 

0.319 4.00 0.700 5850 543 7.18 4.79 

9/10/14 2.17 1.45 0.193 0.204 0.036 0.230 2.70 6.45 1610 325 12.6 8.20 

9/29/14 1.77 0.657 0.616 0.046 0.133 0.176 5.75 2.00 512 325 18.8 7.41 

10/22/14 4.00 0.887 1.36 0.087 1.67 0.276 16.2 5.45 664 372 21.7 6.30 

11/12/14 4.90 1.27 0.451 0.134 0.242 0.167 3.45 1.63 1650 479 12.0 7.80 

12/10/14 5.31 1.44 1.50 0.125 1.84 0.125 2.15 0.950 1520 220 17.6 5.24 

1/15/15 6.99 4.98 0.919 0.953 1.81 0.199 7.05 3.50 409 164 19.1 12.7 

2/2/15 3.57 3.28 0.563 0.913 0.303 0.090 1.80 2.80 1040 189 16.6 11.3 

3/4/15 2.98 0.648 0.758 0.103 0.100 0.110 2.50 1.55 528 388 10.9 6.18 

3/19/15 0.115 1.01 0.264 0.028 0.037 0.125 1.80 0.780 525 259 9.04 6.14 

4/2/15 5.14 1.89 0.182 0.051 2.46 0.245 2.73 6.15 1540 178 15.7 13.5 

4/15/15 4.83 1.58 0.134 0.124 0.116 0.133 7.80 1.63 1090 373 16.2 7.45 

4/28/15 3.97 0.988 0.367 0.048 0.295 0.118 6.45 2.55 511 96 11.8 9.12 

4/29/15 1.90 1.29 0.152 0.059 0.057 0.108 9.85 6.85 1780 194 12.4 9.06 

5/20/15 5.52 2.83 0.538 0.207 1.29 0.125 3.70 7.70 5740 496 21.0 10.2 

6/8/15 1.46 2.46 0.035 1.05 0.077 0.151 2.70 3.45 698 943 8.68 10.3 

6/23/15 3.43 1.50 0.497 0.124 0.164 0.184 23.3 12.4 937 296 12.0 7.31 

7/7/15 4.62 1.44 0.190 0.085 0.261 0.252 3.15 1.57 666 118 11.0 6.63 

7/8/15 2.73 1.42 0.143 0.203 0.184 0.142 2.20 7.60 202 190 10.4 6.83 

7/22/15 2.85 2.82 0.271 0.375 0.297 0.223 13.5 15.0 1110 1060 12.3 9.65 

8/5/15 2.108 1.052 0.062 0.075 0.308 0.324 5.40 3.20 1100 804 9.14 6.71 

8/18/15 2.788 0.636 0.313 0.034 0.231 0.220 14.8 1.60 271 198 11.2 6.60 

9/1/15 1.45 0.943 0.139 0.029 0.288 0.247 1.05 2.15 114 125 8.71 6.80 

9/2/15 1.42 2.27 0.037 0.562 0.230 0.275 4.30 10.8 385 150 9.14 9.45 

9/16/15 1.90 1.51 0.124 0.110 0.195 0.274 3.40 3.00 108 148 8.01 7.37 
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10/7/15 3.21 1.43 5.43 0.481 0.235 0.251 3.90 1.40 387 185 11.9 7.06 

10/21/15 3.04 1.51 3.72 0.033 0.312 0.242 2.30 3.40 2190 188 18.3 10.5 

10/21/15 1.35 2.00 2.51 0.541 0.060 0.128 1.65 5.20 113 128 8.36 9.84 

11/11/15 3.47 0.957 5.62 0.657 0.072 0.183 2.55 6.55 201 190 9.65 6.14 

12/2/15 2.78 0.704 3.95 0.052 0.059 0.179 3.35 3.00 829 85 11.7 5.75 
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Appendix D: Mean concentrations (mg/L) of water quality parameters for export wells for 

each sampling event (n=27). 

 

Date TKN NO2&NO3-N NH3-N Chl  a 

(µg/L) 

TSS  TOC  

8/27/14 1.75 0.402 0.257 12.0 13.1 19.9 

9/10/14 1.63 0.996 0.298 3.20 14.3 12.8 

9/29/14 1.51 1.17 0.201 0.800 5.38 14.7 

10/22/14 2.17 0.387 0.258 16.9 26.0 17.7 

12/10/14 0.785 0.785 0.131 0.100 3.82 7.22 

1/15/15 1.19 1.17 0.045 0.800 4.59 10.1 

2/2/15 1.98 1.25 0.046 1.90 22.1 13.3 

3/4/15 0.579 0.371 0.032 5.60 5.53 6.81 

3/19/15 0.719 0.201 0.037 3.20 5.90 7.10 

4/2/15 0.754 0.110 0.023 15.8 6.00 6.88 

4/15/15 1.45 0.310 0.021 15.3 14.2 11.6 

4/28/15 0.825 0.039 0.060 2.80 11.0 7.17 

4/29/15 1.43 0.149 0.028 7.75 28.6 10.0 

5/20/15 1.62 0.446 0.172 7.70 16.2 11.0 

6/8/15 2.26 1.17 0.969 4.80 15.1 10.3 

6/23/15 1.45 0.511 0.768 0.600 4.79 9.01 

7/7/15 0.769 0.039 0.101 0.400 7.18 7.57 

7/8/15 0.929 0.297 0.065 5.90 8.22 9.23 

7/22/15 0.983 0.109 0.250 4.60 17.4 12.1 

8/18/15 1.37 0.203 0.411 1.30 18.8 11.6 

9/2/15 1.97 0.403 0.544 1.30 22.3 14.5 

9/16/15 1.44 1.44 0.433 1.30 5.07 9.18 

10/7/15 2.15 3.24 0.306 5.50 27.4 14.8 

10/21/15 1.15 0.306 0.164 6.75 27.2 10.4 

10/21/15 1.20 1.70 0.054 9.05 19.4 11.2 

11/11/15 1.26 2.90 0.299 5.25 20.3 8.96 

12/2/15 1.24 2.44 0.250 6.40 19.5 8.16 
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Appendix E: Precipitation and irrigation (mm) and mean monthly parameter concentrations 

(mg/L) in Untiled treatment wells, Tiled treatment wells and export wells. 

 

 

 
E.1 Precipitation and irrigation (mm) and mean monthly concentrations of TKN (mg/L) in 

Untiled treatment wells, Tiled treatment wells and export wells. 

 

 

 
E.2 Precipitation and irrigation (mm) and mean monthly concentrations of NO2-N & NO3-N 

(mg/L) in Untiled treatment wells, Tiled treatment wells and export wells. 
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E.3 Precipitation and irrigation (mm) and mean monthly concentrations of NH3-N (mg/L) in 

Untiled treatment wells, Tiled treatment wells and export wells. 

 

 

 
E.4 Precipitation and irrigation (mm) and mean monthly concentrations of Chl-a (µg/L) in 

Untiled treatment wells, Tiled treatment wells and export wells. 
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E.5  Precipitation and irrigation (mm) and mean monthly concentrations of TSS (mg/L) in 

Untiled treatment wells, Tiled treatment wells and export wells. 

 

 

 
E.6 Precipitation and irrigation (mm) and mean monthly concentrations of TOC (mg/L) in 

Untiled treatment wells, Tiled treatment wells and export wells. 
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Appendix F: Linear relationships between water quality parameter concentrations (mg/L) 

and precipitation including irrigation (mm) for the Untiled and Tiled drainage treatments. 

 

 

 
F.1 Linear relationship between TKN (mg/L) and precipitation, including irrigation (mm), 

for the Untiled and Tiled drainage treatments (n=17). 

 

 

 
F.2 Linear relationship between NO2-N & NO3-N (mg/L) and precipitation, including 

irrigation (mm), for the Untiled and Tiled drainage treatments (n=17). 
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F.3 Linear relationship between NH3-N (mg/L) and precipitation, including irrigation (mm), 

for the Untiled and Tiled drainage treatments (n=17). 

 

 

 
F.4 Linear relationship between chl-a (µg/L) and precipitation, including irrigation (mm), for 

the Untiled and Tiled drainage treatments (n=17). 
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F.5 Linear relationship between TSS (mg/L) and precipitation, including irrigation (mm), for 

the Untiled and Tiled drainage treatments (n=17). 

 

 

 
F.6 Linear relationship between TOC (mg/L) and precipitation, including irrigation (mm), for 

the Untiled and Tiled drainage treatments (n=17). 
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