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ABSTRACT 

  This thesis research was initiated in the context of a wastewater management 

project in rural Alabama to investigate whether irrigation of loblolly pine (P. taeda) with nutrient-

rich effluent generated by decentralized wastewater treatment systems could benefit the local 

forestry industry while addressing the wastewater management needs of underserved rural 

communities.  

 In this study, the benefits of irrigation are considered in the local context based on recent 

years with actual precipitation, all wet years, and all dry years. Influent wastewater with nitrogen 

concentrations representative of the high, medium, and low strength municipal wastewater were 

included. Scenarios were tested for wastewater influent streams treated with three different nutrient 

removal levels relevant for decentralized wastewater treatment systems and representative of a 

range of nitrogen-removal performances. The growth of loblolly pine on the study site, modeled 

in FASTLOB annually for volume and mass over five-year intervals, is reported for all of these 

conditions (precipitation, influent wastewater strength, wastewater treatment efficiency) and 

compared with equivalent irrigation practices with pure water containing no nutrients. 

 Irrigation with nutrient-rich wastewater treatment effluent yielded substantial benefits to 

loblolly pine growth (volume and mass) under all conditions tested. Over five years of growth, 

tree volume increased was 12.53% to 26.66 % greater with nitrogen plus phosphorous compared 

to irrigation with no nutrient; likewise, tree mass increased between 28.04% to 71.91% more. The 
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greatest benefits to growth were modeled under low precipitation conditions, with poorly 

performing wastewater treatment technologies and high strength influent wastewater, because they 

yielded the highest net nitrogen loadings. 

 It was observed that irrigation provided a higher contribution than expected. Even in the 

worst scenario in terms of fertilization, growth showed a significant increase. The study results 

show that this application will both increase land productivity and have positive effects on a big 

problem such as treated wastewater discharge. 
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SYMBOLS 

a = dimensionless rate parameter 
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a, b = linear regression constants 
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A1, A2 = age at time 1 and time 2 

AWC = Available water capacity 

b1, b2, b3, b4, b5, b6 = Estimated parameters 
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BA = Stand basal area (m2/ha) 

bi = coefficient 

BOD = biochemical oxygen demand 

D = drainage amount 

D = Quadratic mean dbh (in.) 

d = Threshold diameter limit (in.) 

D1 = 1 if phosphorus applied, 0 otherwise 

D2 = 1 if nitrogen applied, 0 otherwise 

e = The exponential function 

ea = The actual vapor pressure (kPa) 

es = The saturation vapor pressure (kPa) 

Et = Evapotranspiration 

ET0 = the reference evapotranspiration (mm day-1) 

Eteuc = Evapotranspiration of Eucalyptus 

Etgrass = Evapotranspiration of grass 

ɛ = Error term 

G = The soil heat-flux density (MJ m-2 day-1) 

G1, G2 = Basal area (sq.ft/ac) 

G1, G2 = Loblolly pine basal are (sq.ft/ac) 

Ga, Gb = Basal area after and before thinning 

GDD = Growth degree-days 
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Gt = Total basal area including hardwoods (sq.ft/ac) 

H1, H2 = Average height of dominant and codominant trees (ft) 

HD = Average height of dominant and codominant trees (m) 

Hd1, Hd2 = Dominant stand height at age 1 and 2 (ft) 

i = day 

I = Irrigation amount 

ib = Inside bark 

Iba = The ratio of basal area after thinning to basal area before thinning (BAa/BAb) 

Kc = Crop coefficient factor 

Kr = Root depth growth function 

KRs = The adjustment coefficient (oC-0.5) 

Ks = Soil moisture stress function 

Kt = Calibration coefficient 

LA = Latitude  

LAT = Latitude (decimal degrees) 

LO = Longitude 

M = Asymptotic maximum size parameter 

MAD = Input of management allow depletion % 

N = Nitrogen (lbs/ac) 

N = Stand density (trees/ha) 

N1 = Number of trees per acre at age A1 



viii 

 

N2 = Number of trees per acre at age A2 

ob = Outside bark 

PHDWD = The proportion of total basal area in hardwoods and nonplanted pines 

PPT = Precipitation 

R = Rainfall amount 

R = Response above control 

r,k = estimated parameters 

Ra = Extraterrestrial radiation 

Rd = Root depth 

Rgsm = amount of water added due to root growth 

Rn = The net radiation at the crop surface (MJ m-2 day-1) 

S = Site index 

Sm = Available soil moisture 

T = The mean daily air temperature (oC) 

T = Thinning response  

t = Top diameter limit (in.) 

t0 = age (yrs) 

TA = Thinning  

tanh = hyperbolic tangent function 

Tc = Average temperature 

TD = Temperature difference 
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Tmax = The maximum air temperature (oC) 

Tmin = The minimum air temperature (oC) 

ts = base age 

u2 = the wind speed at a height of 2 m (m s-1) 

VPD = Vapor pressure deficit 

X0 = generalized algebraic difference approach 

X1 = 1 If Atlantic Coastal Plain, 0 otherwise 

X2 = 1 If Piedmont, 0 otherwise 

Y = Total ib or ob volume (ft3/ac) 

Y0 = The predictor height (ft) 

Ym = Merchantable cubic foot volume 

Z = Years since fertilization 

Z1, Z2 = Size attribute 

γ = The psychrometric constant (kPa oC-1) 

Δ = The slope of the vapor pressure curve (kPa oC-1) 
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1. INTRODUCTION 

 

  Global warming and climate change are major societal challenges with diverse 

and far-reaching consequences. Among these effects are changes in precipitation patterns, the 

increases in the number and frequency of extreme weather events, changes in ecosystems an 

increase in climate-related natural disasters such as floods, storms, hurricanes, and drought. 

“Drought effects are commonly related to the agriculture and water resource sectors. They may 

cause substantial economic losses in the agriculture sector of developed countries through 

reductions in crop yield or total failure of crops” (Tian et al., 2018). 

  In addition to its environmental and social impacts, climate change has substantial 

economic consequences in both developed and developing countries. Measures to compensate 

for disasters caused by climate change and reduce greenhouse gas emissions place a heavy 

financial burden on nations' economies. Among the main sectors affected by climate change are 

agriculture, food production, fisheries, animal husbandry, and forestry. Freshwater resources are 

becoming increasingly limited in many parts of the world, not only in arid regions, but also in 

humid and temperate regions where rainfall is typically abundant (Pereira et al., 2002). Because 

irrigated agriculture is a leading consumer of freshwater resources globally (Calzadilla et al., 

2010) and in the United States, where agriculture accounts for 80% of national surface and 

ground water consumption (Gollehon and Quinby, 2006), understanding current and future 

agricultural water use is crucial to maintaining viable water and agricultural resources. Although 

irrigation is used more frequently in arid regions, supplemental irrigation is often economical and   

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/freshwater-resource
https://www.sciencedirect.com/science/article/pii/S0168192317302800#bib0155
https://www.sciencedirect.com/science/article/pii/S0168192317302800#bib0025
https://www.sciencedirect.com/science/article/pii/S0168192317302800#bib0025
https://www.sciencedirect.com/science/article/pii/S0168192317302800#bib0070
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/supplemental-irrigation
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used in humid regions to optimize production and buffer effects of rainfall variability (Rey et al., 

2016, Wriedt et al., 2009, Oweis, 2005, Wilks and Wolfe, 1997). 

         Strategies to address climate change generally fall under either mitigation or adaptation. 

“Sustainable development pathways supported by effective regulation of land use to reduce 

environmental trade-offs, and effective greenhouse gases mitigation instruments can result in 

lower food prices, fewer people affected by floods and other climatic disruptions, and increases 

in forested land. Achieving land degradation neutrality depends on the integration of multiple 

responses across local, regional and national scales and across multiple sectors including 

agriculture, pasture, forest and water”. (IPCC,2019) Management of water resources is among 

the most critical aspects of climate change adaptation, including capturing the nutrients, energy, 

and reusable water present in municipal wastewater. In many cases, wastewater treatment 

facilities can enable appropriate reuse that benefits the local economy. For example, the reuse of 

treated wastewater effluent for agricultural purposes can contribute to increased yields of 

agricultural products.            

 Dr. Elliott’s research group is part of a collaboration with five other universities to 

develop wastewater management solutions for underserved communities in rural Alabama. The 

surface soils in rural, central Alabama are mostly shrink-swell clays (vertisols) that prevent cause 

conventional septic systems to fail hydraulically. Alternative, engineered onsite wastewater 

systems are too expensive for most of these households. Therefore, discharge of raw sewage to 

the surface is common. (Maxcy-Brown et al., 2021) The broad goal of this project is provide 

adequate and sustainable wastewater solutions, leading to demonstrable improvements in public 

health, a reduction in pollutant discharges to the environment, and improved quality of life in 

underserved rural communities in the Black Belt. We hope that this project will additionally lay 

https://www.sciencedirect.com/science/article/pii/S0168192317302800#bib0180
https://www.sciencedirect.com/science/article/pii/S0168192317302800#bib0180
https://www.sciencedirect.com/science/article/pii/S0168192317302800#bib0275
https://www.sciencedirect.com/science/article/pii/S0168192317302800#bib0150
https://www.sciencedirect.com/science/article/pii/S0168192317302800#bib0255
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the groundwork for a 21st-century transition to a more resilient, distributed wastewater 

infrastructure, which could be deployed throughout Alabama, the United States, and globally. 

 This project provides an opportunity to address the needs for rural wastewater 

management in Alabama while also benefiting the local economy. Treated municipal wastewater 

is a high-nutrient water source that can be safely applied to improve crop growth. "Typical 

nutrient concentrations of treated municipal wastewater are 10 - 40 mg/L nitrogen, 2 - 30 mg/L 

phosphorus" (Asano et al. 1985). According to EPA, the average American family uses more 

than 300 gallons of water per day at home; so each house might produce 16 kg N and 12 kg P per 

year. (US EPA, 2019) 

 According to USGS data, 36.7 percentage of daily water consumption (321,672 million 

gallons/day) in the United States is spent on irrigation (118,131 million gallons/day) 

(USGS,2018). Water reuse (also commonly known as water recycling or water reclamation) 

reclaims water from a variety of sources then treats and reuses it for beneficial purposes such as 

agriculture and irrigation, potable water supplies, groundwater replenishment, industrial 

processes, and environmental restoration. Water reuse can provide alternatives to existing water 

supplies and be used to enhance water security, sustainability, and resilience (US EPA, 2019). 

The use of treated wastewater for irrigation of plants can be an alternative to increase the 

availability of irrigation water in times of water scarcity, with the added benefit of improving soil 

nutrients and increasing productivity without damaging the soil structure. (Urbano et al., 2017). 

Moreover, the use of treated wastewater in irrigation could protect freshwater resources and 

reduce water pollution through the avoidance of effluent discharge into water bodies. The quality 

of treated wastewater is dependent on several factors, including the source of the water, recent 

infiltration and inflow, residence time in the sewer, and the treatment technology all influence 
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the final quality of the wastewater. (Ofori et al., 2021). Likewise, the intended use or discharge 

location and the relevant regulatory regime will influence the design of collection and treatment. 

Treated wastewater may be expected to contain higher concentration of pathogens, organic 

pollutants, heavy metals, and/or toxic substances than alternative irrigation sources like 

groundwater or drinking water (Yi et al., 2011). These chemical substances and pathogens could 

pose a health risk (Khalid et al., 2018) to farmers and consumers if not properly managed. 

Ingestion through food contamination and inhalation through the respiratory system are the 

means by which the pathogens and contaminants can enter the human body (Singh et al., 

2012; Yi et al., 2011). Therefore, regulations for the reuse of wastewater are typically more 

stringent than those for the equivalent use of other sources. 

 In the U.S., regulations on the reuse of treated municipal wastewater are typically falling 

under the jurisdiction of state and tribal governments. (Kadeli, 2012) Applying treated 

wastewater to edible food crops is illegal in some states, whereas in others it is restricted to 

specific situations (e.g., crops that will be peeled or cooked before being sold). (US EPA, 2019) 

In Alabama, reuse of wastewater in edible agricultural products is prohibited, limiting the areas 

of wastewater reuse. Alabama Department of Environmental Management – Water Quality 

Program`s 335-6-20-.17-3-g rule says that “The customer shall not allow reclaimed water to be 

reused for consumption (human or animal), interconnecting with another water source, irrigation 

of edible crops (gardens), body contact recreation, filling of swimming pools, or sharing a 

common reclaimed service between properties.”(ADEM,2015)  However, a large amount of 

industrial forestry in Alabama creates an excellent potential for reusing wastewater. Increasing 

wastewater reuse in irrigation is essential for the national economy, water resources 

sustainability, and a greener world.  

https://www.sciencedirect.com/science/article/pii/S0048969720375574#bb0690
https://www.sciencedirect.com/science/article/pii/S0048969720375574#bb0365
https://www.sciencedirect.com/science/article/pii/S0048969720375574#bb0620
https://www.sciencedirect.com/science/article/pii/S0048969720375574#bb0620
https://www.sciencedirect.com/science/article/pii/S0048969720375574#bb0690
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 Forestry is a major industry in Alabama, with “twenty-three million acres of timberland 

covering two-thirds of the area in the state. Over 40% of this area is loblolly Pine (Pinus taeda). 

(Alabama Forestry Commission, 2020) The value of forest products shipped in Alabama was 

$16.3 billion in 2017, accounting for over $3000 per resident of the state. (Alabama Forestry 

Commission, 2020) Despite its importance to the state, the productivity of the forestry industry is 

inherently vulnerable to changes in precipitation patterns, especially drought, and the growth rate 

of most trees can benefit from additional nutrients. 

 

Figure 1 Alabama Forest Types http://alabamamaps.ua.edu/ 

 

http://alabamamaps.ua.edu/
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 Loblolly pine have been shown to transpire at high rates and to grow faster when 

subjected to both irrigation and fertilization. Loblolly pine trees require large volumes of water; 

increasing soil water availability via irrigation was shown to increase transpiration rate, and 

maximum daily transpiration, with daily transpiration rate up to 4.3 mm day-1, which is over 60 

inches per year (Gonzalez-Benecke and Martin, 2010) 

 Fertilization and irrigation have also been shown to increase photosynthesis and tree 

growth substantially with fertilization yielding a 15-24% increase in rates of photosynthesis and 

irrigation leading to a 5% increase (Zhang, 1993). Models have been developed to predict the 

effects of various parameters on the growth of loblolly pine. FASTLOB is a model developed to 

quantify the effects of nitrogen, phosphorus and thinning on Pinus taeda growth. It is not a 

model designed to analyze treated wastewater or the effects of water, but we can give usable 

nutrient nitrogen and phosphorus values in treated wastewater as parameters to the model. 

 The confluence of the need for wastewater management and the possible benefits of 

irrigation with nutrient-rich water for the forest industry in Alabama has created an opportunity 

to address a major public health and environmental need which benefits the local economy. This 

study is based on conditions around the Auburn Rural Studio, an off-campus design-build 

program in the School of Architecture, Planning, and Landscape Architecture at Auburn 

University. The location and study area are described below. As part of our collaboration with 

Auburn Rural Studio to address wastewater needs in rural Alabama, we plan to install a 

wastewater treatment unit on their property. This wastewater treatment unit will receive 

municipal wastewater from the Auburn-owned buildings and eventually from other homes, 

churches, and businesses in and around Newbern. The planned wastewater collection system will 

be a liquids-only sewer, wherein each building connected to the system will have a septic tank on 
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the property to handle solids, and liquids will be conveyed to the central wastewater treatment 

unit; these systems are referred to as Septic Tank Effluent Pump (STEP) (Siegrist, 2017). Treated 

effluent will be discharged under a permit from the Alabama Department of Environmental 

Management (ADEM). ADEM allows spray irrigation of non-consumable agricultural crops, 

including timber, under their National Pollutant Discharge Elimination System (NPDES) 

permitting program.   

 In this study, we propose to examine the possible benefits of irrigation with nutrient-rich 

treated wastewater effluent on the growth of loblolly pine. Although many studies have shown 

the benefits of both irrigation and fertilization on the growth of loblolly pine, our review revealed 

that no model was available that could address the benefits of both fertilization and irrigation for 

loblolly pine. Because fertilization showed greater benefits to growth than irrigation in published 

studies on loblolly pine (Zhang, 1993), and the benefits of irrigation are unambiguous, especially 

during dry periods, we focused on the possibly benefits of the nutrients delivered during 

irrigation with nutrient-rich treated wastewater effluent. First of all, as a solution to the 

increasing resource scarcity and sustainable environment concerns around the world, and then 

aiming at the development of forestry, which is an essential economic resource for Alabama. The 

effects of nutrients in wastewater on the Pinus taeda growth were analyzed to improve 

wastewater management, improve environmental health, improve the forestry sector, increase 

land productivity, create self-sufficient lands, and support rural welfare. Therefore, we used 

FASTLOB to test how nitrogen and phosphorus in treated wastewater would affect growth 

during recent five-year periods of normal local precipitation, and also five-year periods much 

wetter and drier than average. 
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2. METHODOLOGY 

 

 In this section, we describe the study area, the models considered for evaluating the 

benefits of irrigation of loblolly pine with nutrient-rich treated wastewater effluent, the method 

used to estimate water and nutrient deficits of loblolly pine in our study area, and the methods 

used to determine the nutrient content of treated wastewater effluent from various treatment 

technologies.    

2.1 Study Area 

 The study area is Auburn Rural Studio, an off-campus design-build program in the 

School of Architecture, Planning, and Landscape Architecture at Auburn University; it is based 

in. Hale County, AL, over 100 miles from the Auburn University campus. The Rural Studio 

(Figure 2) is located approximately 500 m south of Newbern town center, 1340m east of the 

Whitsitt Creek, 1225m west of Big Praire Creek, and 1530m north of the State Route 611 bridge 

over Big Praire Creek. The Rural Studio campus is 1.39 acres, within the Newbern city limits, 

and the adjacent properties to the north and west are loblolly pine timberlands, covering over 60 

acres. The property directly to the north is a loblolly pine stand with total area is 1.39 acres, and 

there are 1210 Pinus taeda in the land. ADEM NPDES permits for spray irrigation to 

timberlands will typically also have a permitted discharge to a nearby stream or creek to be used 

during the times of the year when the timberland has excess water; in Alabama, this is typically 

December through February when precipitation is generally higher, and evapotranspiration is 

minimal.  
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 The Auburn University Rural Studio is headquartered in Newbern, and they own (and 

use) a centrally located property that could be used to implement a decentralized wastewater 

treatment system for use by the Rural Studio and to connect nearby clusters of homes currently 

without functioning wastewater management of any kind. The Rural Studio is also the only 

property in southern Hale County with high-speed internet, enabling optimal data collection, 

monitoring, and remote control of the treatment system.  It is thus an ideal location for the initial 

demonstration.  Additionally, the Rural Studio is actively engaged rural housing initiatives for 

which wastewater management continues to be a challenge.  
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Figure 2 Study Area Location 
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Figure 3  Lobllolly (P.taeda) Stand in Auburn Rural Studio Land 

 

2.2. Model Selection 

 Numerous models from the literature on tree growth, irrigation, and fertilization were 

evaluated for use in this project. Each of these models is described below, with a very brief 

description of how and why it was determined to be appropriate or not appropriate for our 

specific application. 
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 2.2.1. A growth-irrigation scheduling model (GISM) 

 The growth-irrigation scheduling model (GISM) model was first published in 2002 (Al-

Jamal et al., 2002) and is used to predict a daily GISM for Eucalyptus tree plantations based on 

the trees water needs. GISM can be used to calculate the evapotranspiration (Et) from the volume 

balance soil water model and a tree biomass sub-model, based on a water use efficiency (WUE) 

(biomass/Et) that partitions biomass determined from Et into the component parts of leaves and 

stems plus branches. The water balance portion of the model computes the Et for grass growing 

between the trees until a closed canopy system is reached. Weather data and a soil water stress 

function were used to calculate Et based on calculated reference Et and crop coefficients (Kcs) 

for both the trees and grass scaled to nonstressed Et. As reported by the researchers the GISM 

model was successful in predicting height and diameter growth within a 95% confidence level of 

the measured height and diameter of the trees under all irrigation treatments.  (Al-Jamal et al. 

2002) 

 When we examine these publications, we see that the basis of the working principles of 

the model is evapotranspiration. Evapotranspiration is the process by which water is transferred 

from the land to the atmosphere by evaporation from the soil and other surfaces and by 

transpiration from plants. The model determines the amount of water that the plant needs by 

understanding the water lost from its leaves. 
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Figure 4 Evapotranspiration principles (Dieter et al., 2018) 

  Equation 1 

 Eq.1= Calculating the Evapotranspiration using Samani and Pessarakli (1986) method. 

Where Eto is potential Et for grass; Ra is extraterrestrial radiation; TD is temperature difference 

between maximum and minimum daily temperature; Kt is calibration coefficient; Tc is average 

temperature. 

Equation 2 

 GDD is growth degree-days. Tree can only growth when weather is suitable. Calculating 

growth degree day to decide which days growth will occurs. 
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Equation 3 

 Kc is crop coefficient factor; Eteuc is Et of Eucalyptus; Ks is soil moisture stress function; 

Etgrass is Et of grass. Calculating Et for tree and grass in same field to understand how much of 

the total water the tree uses in the field. 

Equation 4 

 Rd is root depth; Kr is root depth growth function. The purpose of calculating the root 

depth is to understand how much water the tree will draw from the soil. 

Equation 5 

 Sm is available soil moisture; i is day counter; I is irrigation amount; R is rainfall amount; 

D is drainage amount; Rgsm is amount of water added due to root growth. 

Equation 6 

Awc is the available water capacity; a and b are linear regression constants. Ks is soil moisture 

stress which is one of the key factors of the model. 
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Equation 7 

Making an irrigation decision. MAD is an input of management allow depletion %. 

 

 The GISM model has been shown to yield consistent and accurate predictions of the 

benefit of irrigation. However, it is not evaluating any fertilizer or nutrients. Additionally, the 

GISM model requires the values for many constants that are specific for each tree species and 

require long-term experiments. The values for these constants were not available for loblolly 

pine (P. taeda) and thus we were unable to use the GISM model. 

2.2.2. CROPWAT 8.0 

 CROPWAT is a decision support tool developed by the Land and Water Development 

Division of Food and Agriculture Organization (FAO) of the United Nations. All calculation 

procedures used in CROPWAT 8.0 are based on the two FAO publications of the Irrigation and 

Drainage Series, namely, No. 56 "Crop Evapotranspiration - Guidelines for computing crop 

water requirements” (Allan et al, 1998)  and No. 33 titled "Yield response to water".  (Steduto 

and Food and Agriculture Organization of the United Nations, 2012)  

 The method used for evapotranspiration calculation is Penman–Monteith.  Daily ETo was 

calculated for both stations by means of the FAO56 Penman-Monteith equation (Allan et al., 

1998): 



16 

 

Equation 8 

 Where ET0 is the reference evapotranspiration (mm day−1); Rn is the net radiation at the 

crop surface (MJ m−2 day−1), which was estimated according to the procedures outlined by Allan 

et al (1998); G is the soil heat-flux density (MJ m−2 day−1), which can be assumed as zero for 

daily calculations according to Allan et al (1998); T is the mean daily air temperature (°C) at a 

height of 2 m; u2 is the wind speed at a height of 2 m (m s−1); es is the saturation vapor pressure 

(kPa); ea is the actual vapor pressure (kPa), which is based on relative humidity measurements; 

(es – ea) is the saturation vapor pressure deficit (VPD) (kPa); Δ is the slope of the vapor pressure 

curve (kPa °C−1); and γ is the psychrometric constant (kPa °C−1). (Córdova et al., 2015) 

 Equation 9 

where Ra is the extraterrestrial radiation (MJ m−2 day−1), Tmax is the maximum air temperature 

(°C), Tmin is the minimum air temperature (°C), and KRs is the adjustment coefficient (°C−0.5). 

For this study researchers used KRs  =  0.16 because the study area is in an interior region where 

air masses are not influenced by large water bodies (Allen et al 1998). 

Equation 10 

where e°(Tmin) is the function described on the right side, Tmin is the minimum temperature, 

and e is the exponential function. 

Equation 11 

https://bioone.org/journals/mountain-research-and-development/volume-35/issue-3/MRD-JOURNAL-D-14-0024.1/Evaluation-of-the-Penman-Monteith-FAO-56-PM-Method-for/10.1659/MRD-JOURNAL-D-14-0024.1.full#i0276-4741-35-3-230-Allen3
https://bioone.org/journals/mountain-research-and-development/volume-35/issue-3/MRD-JOURNAL-D-14-0024.1/Evaluation-of-the-Penman-Monteith-FAO-56-PM-Method-for/10.1659/MRD-JOURNAL-D-14-0024.1.full#i0276-4741-35-3-230-Allen3
https://bioone.org/journals/mountain-research-and-development/volume-35/issue-3/MRD-JOURNAL-D-14-0024.1/Evaluation-of-the-Penman-Monteith-FAO-56-PM-Method-for/10.1659/MRD-JOURNAL-D-14-0024.1.full#i0276-4741-35-3-230-Allen3
https://bioone.org/journals/mountain-research-and-development/volume-35/issue-3/MRD-JOURNAL-D-14-0024.1/Evaluation-of-the-Penman-Monteith-FAO-56-PM-Method-for/10.1659/MRD-JOURNAL-D-14-0024.1.full#i0276-4741-35-3-230-Allen3
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where Tmean is the mean of Tmax and Tmin, Ra is extraterrestrial radiation, and the 0.408 coefficient 

is the conversion factor for MJ m−2 day−1 to mm day−1. 

 The CROPWAT 8.0 is a powerful model that has been calibrated with big datasets and 

has been developed and used for over 20 years. However, the CROPWAT is meant to be used 

with seasonal plants. Loblolly pine is a perennial plant, and to analyze this plant, a model 

capable of perennial analysis is needed. 

2.2.3. TAUYIELD 3.0 

 TAUYIELD 3.0 is a computer program which can be used to predict the growth and yield 

of thinned and unthinned loblolly pine plantations on cutover, site-prepared lands and do 

financial analyses based on those predictions. The model was constructed around three dynamic 

equations which reflect height-age, survival and basal area development in thinned and 

unthinned plantations. 

 Site index is a term used in forestry to describe the potential for forest trees to grow at a 

particular location or "site". 
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Table 1  Loblolly site index curves (index age 25); plantations on cutover sites. (Popham et al., 1979) 

 

 The first dynamic component of TAUYIELD is height-age/ site index equation 

Equation 12 
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 Where X0 generalized algebraic difference approach, Y0 and t0 in the following 

expression represent the predictor height (ft) and age (yrs), respectively. Y is the predicted height 

at age t. 

Equation 13 

 To estimate the dominant height (Y) of a stand for some desired age (t), given site index 

(S) and its associated base age (ts), substitute S for Y0 and ts for t0. Similarly, to estimate site 

index at some chosen base age, given stand height and age, substitute S for Y and S t for t. 

 The second dynamic component of TAUYIELD is survival equation. 

Equation 14 

Where: N1 = number of trees per acre at age A2, N2 = number of trees per acre at age A2 

(N2N1), S = site index, base age 25 years, in feet, Iba = The ratio of basal area after thinning to 

basal area before thinning ( BAa /BAb ). For unthinned stands Iba is set to 1.0. 

 The third dynamic component of TAUYIELD is basal area equation.  

 In order to develop an appropriate basal area projection equation, the relationship 

between basal area growth and certain stand characteristics must be evaluated. Segregation of the 

unthinned plots in the region-wide thinning study data into site classes indicated that stands 

established on better sites produced more basal area at a faster rate than stands on poorer sites. 

For their base model they selected the growth function derived by McDill and Amateis (1992): 
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Equation 15 

 Where: Z1, Z2 = size attribute, A1, A2 = age at time 1 and time 2, M = asymptotic 

maximum size parameter, a = dimensionless rate parameter. 

 The final basal area projection equation is: 

Equation 16 

 Where: G1, G2 = basal area (sq.ft/ac) at A1 , A2 , respectively, N1, N2 = number trees/ac at 

A1, A2, respectively,   

 The general form of the thinning response function is: 

Equation 17 

 Where: T = thinning response Ga, Gb= stand basal area after and before thinning, Ga, Gb  

= basal area after and before thinning, respectively, S = site index (ft at age 25), TA = thinning 

age, b b1-b3,r,k = parameters to be estimated respectively  

A = stand age TA = age of thinning r, k = parameters to be estimated. 
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 This software is a powerful model that analyzes the growth trend of the loblolly pine 

plant exactly. However, the model only assesses the tree's response to thinning. There is no 

parameter on fertilization by irrigation, which is the primary purpose of our study. For this 

reason, it is not usable for the project we are working on. 

 2.2.4. Loblolly pine (P. taeda) growth model based on physiographic region and 

geographic location 

  For this study, the unnamed model was assigned the name “Loblolly pine (P. 

taeda) growth model based on physiographic region and geographic location.”  The original 

article is titled The Effect of Physiographic Region and Geographic Locale on Predicting the 

Dominant Height and Basal Area of Loblolly Pine Plantations (Amateis, 2006). The purpose of 

the study by Amateis and colleagues was to examine a large regionwide set of loblolly pine data 

spanning nearly 30 years and encompassing two generations of plantations to test the following 

null hypotheses:  

1- H0: that variation in dominant height and basal area across the natural range of loblolly 

pine is not related to physiographic region and geographic locale.  

2- H0: that intensive management practices have not substantially altered the relationship of 

latitude and longitude to dominant height and basal area over the range. (Amateis et al., 

2006) 

 In this study Amateis and colleagues examine the effect of physiographic region and 

geographic location on dominant height, the data from each study were fitted to the baseline 

model (Avery and Burkhart, 2002). 

Equation 18 
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 Where HD average height (m) of dominant and codominant trees; A-1 =reciprocal of 

stand age (years); ε =error term; bi= coefficient. 

Equation 19 

 Where LA= Latitude, LO= Longitude, X1= 1 if Atlantic Coastal Plain, 0 otherwise, X2= 1 

if Piedmont, 0 otherwise. 

 To examine the effect of physiographic region and geographic location on basal area 

Schumacher (1939) yield model was used: 

Equation 20 

 Where BA is stand basal area (m2 /ha); N is stand density (trees/ha); and PHDWD is the 

proportion of total basal area in hardwoods and nonplanted pines. To develop Eq. 20 Amateis 

and colleagues create the following formula: 

 Equation 21 

 Where all variables defined before.  

 To create the last formula, researchers analyzed a plethora of data. For this reason, we 

can say that this model is solid and reliable to analyze Basal Area changes according to tree 

morphology and the location of the field. However, this model is proprietary, and the coefficient 
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values needed to populate and run the model. Therefore, we were unable to use this model from 

Amateis and colleagues (2006). 

 2.2.5. Loblolly pine (P. taeda) growth model based on physiographic region and 

geographic location and precipitation 

 For this study, the unnamed model assigned the name “Loblolly pine (P. taeda) growth 

model based on physiographic region, geographic location and precipitation.”  The original 

article is titled Estimating annual growth losses from drought in Loblolly Pine (P. 

taeda) plantations. (Amateis et al., 2013) The approach taken by Amateis and colleagues (2013) 

was to use regression methods to develop baseline prediction equations for estimating annual 

dominant height (GHD) growth (feet per year) and basal area (GBA) growth (square feet per acre 

per year) from stand and site variables typically used in growthand-yield models. Then, annual 

precipitation was added to the base model to determine if precipitation was a significant 

regressor in the presence of the other variables. (Amateis et al., 2013) 

Base model equation is: 

 Equation 22 

 Where: A = stand age, HD = average height of dominant and codominant trees, S = site 

index (feet, base 25), BA = basal area (square feet per acre), LAT = latitude (decimal degrees) 

The next step equation with precipitation: 

Equation 23 
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Where: PPT= precipitation. 

 This model analyzes the tree's morphology, location information and, amount of 

precipitation to understand how Dominant height and Basal area are changed for loblolly pine 

(P. taeda). This model might be helpful to understand the effect of location and precipitation on 

loblolly pine (P. taeda) growth. However, as with the model described in section 2.2.4 be 

Amateis and colleagues (2006), the complete model by Amateis et al. (2013) is proprietary and 

there is no way to find the coefficient values required to run the model. 

 2.2.6. FASTLOB 

 FASTLOB was developed as a dynamically linked library for loblolly pine`s (P. taeda) 

growth and yield model. The primary purpose of FASTLOB is to predict the effect of two of the 

most important mid-rotation tolls available to managers to increase tree growth: fertilization and 

thinning. To predict total volume change of forest, FASTLOB use basal area which is the 

common term used to describe the average amount of an area occupied by tree stems. (Lefsky et 

al., 1999) Parameters of the model: Site Index, Number of trees per acre, Stand Age, Dominant 

Height at the initial condition.   

 2.2.6.1. Stand-level survival for young stands 

 FASTLOB developed by Amateis and colleagues (Amateis et al., 1997) for young 

loblolly pine plantations and based on the functional form presented by Pienaar and Shiver 

(Pienaar and Shiver, 1981): 

Equation 24 
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 Where A1, A2 = stand age (years) at time 1 and 2, respectively N1, N2 = number of trees 

per acre at A1, A2, respectively b1, b2 = parameters to be estimated. 

 FASTLOB assumes that relative mortality is density-independent and not affected by site 

index. It has been parameterized for two drainage/site preparation regimes: 

Equation 25 

Where D= Drainage, 1 if site is poorly drained and not bedded; 0 otherwise 

 2.2.6.2. Stand-level survival for older stands 

A stand-level survival equation similar to Amateis et al. (1997) was developed to reflect survival 

patterns for a wide range of site and stand conditions in thinned and unthinned plantations: 

Equation 26 

 Where: b1 = aS(Ga/Gb), S = site index (base age 25), Gb = Basal area before thinning, 

 Ga = Basal area after thinning, b2, a, Nmin=parameters, A1, A2 = stand age at time one and two, 

respectively, N1, N2 = number of trees per acre at A1, A2, respectively. 

 2.2.6.3. Basal area 

 A basal area projection equation for thinned and unthinned stands was developed for use 

as a baseline model by applying the projection equation of Hasenauer. (Hasenauer et al., 2011)  

Equation 27 

 Where ; Hd1, Hd2 = dominant stand height (ft.) at age 1 and age 2, respectively, G1, G2 = 

loblolly pine basal area (sq. ft./ac) at Hd1 and Hd2, respectively, S = site index (ft., base 25), Gt = 

total basal area including hardwoods (sq. ft./ac) at Hd1 
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 2.2.6.4. Dominant height / site index 

 Because many stand dynamic relationships are influenced by site quality, an appropriate 

dominant height/site index equation is a central component equation of most growth and yield 

models. As a base model, Amateis and colleagues (2013) examined several candidate models 

and found the following model form presented by McDill and Amateis (McDill and Amateis, 

1992) to be most suitable: 

Equation 28 

 Where: A1, A2 = age (years), H1, H2 = average height of dominant and codominant trees 

(ft.) at A1 and A2, M, γ = parameters to be estimated. By substituting a site index value, S, for H1 

at A1 and solving for S, Equation (28) can be used to estimate site index from dominant height: 

Equation 29 

 Where S = site index (base age 25), H = dominant stand height at A. 

 2.2.6.5. Basal area prediction 

 When the basal area for an existing stand is not available or when initiating a plantation 

from young ages 

before crown closure, FASTLOB generates an estimated basal area from: 

Equation 30 

 When the percent hardwood basal area is not specified, and 
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Equation 31 

 Where: PHDWD = percent of total basal area in hardwoods and all other variables are as 

previously defined, when the percent hardwood basal area is specified. Although our specific 

study area does not include hardwoods, this parameter is relevant for many other study sites. 

2.2.6.6. Total and merchantable yield prediction 

 While fertilization can affect stem volume and taper. The form of the total yield equation 

in FASTOLOB is: 

Equation 32 

 Where Y = total ib (inside bark) or ob (outside bark) volume (ft3 /ac), b1, - b5 = 

parameters to be estimated and, all other variables are as previously defined. 

For estimating merchantable yields to any diameter class threshold or top diameter limit, a stand-

level volume ratio equation was formulated by researchers: 

 Equation 33 

 Where Ym = merchantable cubic foot volume (ob or ib to top ob), t = top diameter limit 

(in.) ob., d = threshold diameter limit (in.), D = quadratic mean dbh (in.), b1 – b5 = parameters to 

be estimated and,  all other variables are as previously defined. 

 2.2.6.7. Fertilizer response functions for dominant height and basal area 

The following dominant height response model for stands where either nitrogen (N) only 

ornirogen plus phosphorus (N plus P) has been applied was developed and parameterized by 

Amateis and colleagues (2013) using the nitrogen alone and nitrogen plus phosphorus: 
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Equation 34 

 Where: R = response above the control, N = nitrogen (lbs/ac), S = site index (ft at age 

25), Z = years since fertilization, D1 = 1 if phosphorus applied, 0 otherwise, D2 = 1 if nitrogen 

applied, 0 otherwise,  tanh = hyperbolic tangent function, b0 – b3 = parameters. 

 The following dominant height response model for stands where P alone has been applied 

was developed 

and parameterized using the phosphorus only treated: 

Equation 35 

 Where: b0 = parameter and all other variables are as previously defined. 

 The following model estimates the basal area response to fertilizer treatments: 

Equation 36 

 Where: R = response above the control, N = nitrogen (lbs/ac), B = stand basal area at 

time of application (ft2/ac), S = site index (ft at age 25)Z = years since fertilization, D1 = 1 if 

phosphorus applied, 0 otherwise, D2 = 1 if only phosphorus applied (no nitrogen), 0 otherwise, b0 

– b7 = parameters. 

 FASTLOB developers are a team that has worked on loblolly pine models for years and 

updated the FASTLOB. FASTLOB has been influential and widely used, with many citations to 

the articles written on FASTLOB.  

 The main focus of our research is to analyze the potential benefits of irrigation with 

nutrient-rich treated wastewater effluent for the growth of loblolly pine. Our literature search and 

conversations with forestry researchers revealed that there are no publicly available models that 
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directly model the benefits of irrigation with nutrient-rich water sources on loblolly pine or any 

other perennial crops. Therefore, our analysis aims to use the nitrogen and phosphorus amounts 

in the treated wastewater for the fertilization inputs of the FASTLOB model, in context of the 

precipitation deficits present in years with both normal precipitation and drought conditions. 

 

2.3. Water use of Loblolly Pine (P. taeda) 

 Our study area is in a geographic region with high precipitation, with an average annual 

precipitation of 53.71 inches (136.43 cm) (“Climate at a Glance | National Centers for 

Environmental Information (NCEI),” 2021) per year annual evaporation of 56.97 inches (144.7 

cm) (Farnsworth and Thompson, 1982). However, the transpiration rates of loblolly pine trees 

reported in the literature indicate that loblolly pine in our study area transpires over 60 inches per 

year (Gonzalez-Benecke and Martin, 2010). We used these published transpiration rates, data on 

evaporation from NOAA Technical Report NWS 3;4 Mean Monthly, Seasonal, and Annual Pan 

Evaporation for the United States, and precipitation data from the National Oceanic and 

Atmospheric Administration (NOAA) National Centers for Environmental Information to 

determine whether and how much additional irrigation would be used by loblolly pine in our 

study area.  

 We used data from NOAA to determine the water deficit for loblolly pine in our study 

area over the last 50 years. data last 20 years average precipitation amount is 54.05 in/year. On 

the other hand, the last 50 years' average precipitation amount is 55.15 in/year.  Moreover, there 

are some anomalies in precipitation, like drought. In 2016 annual precipitation was 42.28 in/year; 

in 2011, it was 49.09 in/year; in 2010, it was 48.08 in/year; in 2007, it was 34.29 in/year. 
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Considering the numbers, it can be thought that precipitation may be sufficient for loblolly pine 

in a year without drought.  

 Dry periods usually occur during the months when the temperature and solar radiation are 

high. This means that it is the most favorable time for photosynthesis, which is the most essential 

factor in growing. However, the lack of water and fertilizer may cause the tree not to grow but 

also die during this period. Our project intends to increase the growth rate by fertilizing with the 

nutrients found in the purified wastewater while preventing the trees from dying by irrigation in 

the dry season and ensuring the continuation of the growth trends. 

2.4 Wastewater, Nutrients, and Effect of Treatment Processes on Nutrient Concentrations 

 Untreated municipal wastewater (i.e., raw sewage) is rich in nitrogen and phosphorus, 

major nutrients required by all life on earth, including trees. These nutrients primarily come from 

the urine and feces in human waste. The typical range of nutrient concentrations in municipal 

wastewater in the U.S. are included in Table 1 (Tchobonaglous et al., 1991).  

 

Parameter High Medium Low 

COD total 1200 750 500 

COD soluble 480 300 200 

COD suspended 720 450 300 

BOD 560 350 230 

VFA (as acetate) 80 30 10 

N total 100 60 30 

Ammonia-N 75 45 20 



31 

 

P total 25 15 6 

Ortho-P 15 10 4 

TSS 600 400 250 

VSS 480 320 200 

  

 Table 2 Typical composition of raw municipal wastewater with minor contributions of industrial 

wastewater (Tchobonaglous et al., 1991) 

 

           Municipal wastewater treatment was implemented primarily for the protection of surface 

water bodies, with additional benefits to the protection of public health through the removal and 

inactivation of pathogens. Removing nitrogen and phosphorous is essential to protecting surface 

water quality; therefore, wastewater treatment processes will substantially reduce the 

concentration and/or change the form of these constituents. We evaluate the typical nitrogen and 

phosphorus removal performance of both conventional and emerging wastewater treatment 

technologies. 

 According to NOAA Technical Report NWS 34 (Shroba and Peter, 1982), our study 

area's 10-year average monthly pan evaporation averages are as follows: 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2.39 3.02 4.54 5.58 6.50 7.06 7.01 6.67 5.16 4.10 2.73 2.21 

Table 3 MEAN MONTHLY, SEASONAL, AND ANNUAL CLASS A PAN EVAPORATION (INCHES) 

(Shroba and Peter, 1982) 

 The following calculations were made to determine the net water requirement with the 

available data.: 

Total Water Need = Water Need of Forest + Surface Evaporation 

Water Need of Forest is 5.15 inches/Month (Gonzalez-Benecke and Martin, 2010) 
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Surface Evaporation= Pan Evaporation * 0.25 (Working assumption) 

Net Water Need= Total Water Need- Precipitation 

 

 

2.5. Nutrient Addition through Irrigation with Treated Municipal Wastewater Effluent 

 Reuse of treated wastewater for irrigation has appeared to be an effective strategy to 

recycle an enormous amount of essential plant nutrients such as N, P, and other elements, thus 

enhancing soil fertility (Weber et al. 1996) and reducing the use of commercial fertilizers, which 

contributes to the partial improvement in farmers’ profits (Jung et al. 2014).  

 Various studies reveal how much nutritional value can be gained by using treated 

wastewater in irrigation. The exploitation of these nutrient-rich waters has the potential to 

contribute greatly to the environment and economy. Water scarcity and demand for agricultural 

crops are increasing globally, making reuse of treated municipal wastewater essential in many 

places. In addition to taking what is often considered a waste product (treated wastewater) and 

reusing the water, decreasing the use of other sources, reuse of treated wastewater for irrigation 

can also contribute to the growth of crops because of higher nutrient content. However, the 

concentration of nutrients in treated wastewater effluent can vary widely. 

2.6. Treatment Technologies 

 Conventional wastewater treatment for large sewer systems in the developed world 

typically includes physical, chemical, and biological processes to reduce the concentration of 

nutrients, biochemical oxygen demand (BOD), and pathogens.  The most common conventional 

treatment train includes sedimentation to remove solids, followed by a suspended growth or 
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attached growth biological process (e.g., activated sludge or trickling filter) to remove dissolved 

constituents and chemical disinfection to kill pathogens. However, in this study, we are focusing 

on small-scale, decentralized treatment technologies that have emerged more recently. 

 Decentralized wastewater treatment technologies also use physical, chemical, and 

biological processes, but they are more likely to incorporate membrane-based filtration into the 

treatment process. Additionally, decentralized systems often use liquid-only sewer, with the 

solids settled in a septic tank in front of each home and the liquids conveyed to a central 

treatment unit.  In Alabama, the most popular decentralized wastewater treatment technology for 

liquid-only sewer is the modular AdvanTex system, with attached growth-based textile filters, by 

Orenco. Therefore, three different systems/conditions were simulated for this study that have 

been reported to have a range of nutrient reduction performance: Orenco AdvanTex, a well-

operated MBR with anoxic/oxic sequencing for nitrogen removal, and small-scale MBR tested 

under challenging conditions that can undermine system performance. These three scenarios 

should provide a realistic range of wastewater treatment system performance for nutrient 

removal. 

2.6.1. Orenco AdvanTex  

 Orenco AdvanTex is an attached growth system with textile filters. According to Orenco, 

it is a timed-dosed media filter that uses vertically hanging textile sheets that receive recirculated 

flow from a processing tank that also serves as a denitrification reactor. Nitrification occurs in 

the non-submerged textile filter component and denitrification in the processing tank. Removal 

of N occurs as wastewater recirculates several times per day between the textile nitrification zone 

where passive airflow occurs and the denitrification zone. (Brannon et al., 2017) Orenco 
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company employees claim that the AdvanTex treatment system 66% of the Total N from 

municipal wastewater (Brannon et al., 2017). 

2.6.2. MBR Designed for Nitrogen Removal and Performing Well  

 This type of MBR system incorporates both anoxic and oxic zones, explicitly for nitrogen 

removal. The system can be a two-chamber configuration that consists of a clarification tank 

prior to the MBR with or without air supply and internal recycle; or a single chamber 

configuration, in which the clarification step is integrated into a single tank but separated from 

the aeration zone by baffles. Baffles can create alternative aerobic/anoxic conditions in separate 

zones that facilitate nitrogen removal from domestic wastewater. Compared with the 

intermittently aerated MBR, in which the filtration operation is limited to the aeration period, a 

continuous MBR system with a separate anoxic zone for denitrification and a zone for aeration 

makes continuous filtration possible (Mao et al., 2020). These systems are designed for nitrogen 

removal and thus tend to yield effluent with lower nitrogen concentration, corresponding to 

roughly 90% removal from the influent nitrogen concentration. 

2.6.3. Small-scale MBR under Challenging Conditions 

 Some small MBR systems have been reported to perform poorly under challenging 

conditions and with inconsistent influent. It represents something of a worst-case performance 

and can be used to evaluate the possibility of high nutrient concentrations in the effluent. The 

system used here was a flat-sheet, submerged MBR with PVDF membrane was operated under 

conditions that included long periods of zero influent, high loading with concentrated 
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wastewater, very cold conditions, high pH and concentrated detergent; nitrogen removal 

efficiency in this system was reported to be approximately 33.5%(Matulova, et al, 2010) 

  



36 

 

 

3. RESULTS AND DISCUSSION 

 The benefits of any proposed irrigation regime must be considered in the context of 

historical precipitation in the local area and the water needs of the irrigated species. In this study, 

the benefits of irrigation are considered in the local context based on recent years with actual 

precipitation, all wet years, and all dry years. We consider influent with nitrogen concentrations 

representative of high, medium and low strength municipal wastewater. We consider scenarios in 

which these influent streams are treated with three different wastewater treatment conditions 

relevant for decentralized systems and representative of a range of nitrogen-removal 

performance. The growth of loblolly pine on our study site, modeled in FASTLOB annually for 

volume and mass over five-year intervals, is reported for all of these conditions (precipitation, 

influent wastewater strength, wastewater treatment efficiency) and compared with equivalent 

irrigation practices with pure water containing no nutrients.   

3.1 Historical Precipitation in Study Area and Need for Irrigation 

 The effect of water availability on water relations of loblolly pine stands was studied over 

two growing seasons in the material. Increasing soil water availability via irrigation increased 

transpiration rate, and maximum daily transpiration rate on irrigated plots was similar for both 

seasons, reaching values of 4.3 mm day-1. (Gonzalez-Benecke and Martin, 2010) If these 

amounts are converted to annual values, 4.3 
𝑚𝑚

day
∗ 365

day

year
= 1569.5

𝑚𝑚

𝑦𝑒𝑎𝑟
  which is 61.79 

in/year. 

 Data last 20 years' average precipitation amount is 54.05 in/year, and the last 50 years' 

average precipitation amount is 55.15 in/year (NCEI, 2021). Moreover, there are some anomalies 
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in precipitation, like drought. In 2016 annual precipitation was 42.28 in/year; in 2011, it was 

49.09 in/year; in 2010, it was 48.08 in/year; in 2007, it was 34.29 in/year. These substantial 

deficits in annual precipitation result in growth deficits and increased mortality. Additionally, 

when the monthly data are examined, it is seen that the precipitation is insufficient even in the 

wettest year in the hot months. The loblolly pine monthly need 61.79
𝑖𝑛

𝑦𝑒𝑎𝑟
∗

1 𝑦𝑒𝑎𝑟

12 𝑚𝑜𝑛𝑡ℎ
=

5.15
𝑖𝑛

𝑚𝑜𝑛𝑡ℎ
. The average of the last ten years' monthly precipitation is 4.56 in/month. The 

anomalies in the monthly precipitation data are much higher than the annual data. In 09/2020 

monthly precipitation was 1.78 in/month; in 09/2019 precipitation was 0.07 in /month; in 

03/2019 it was 2.48 in/month; in 10/2018 it was 1.12 in/month. 

 

Date Precipitation (inch) Date Precipitation (inch) Date Precipitation (inch) 

2011/01 4.13 2014/05 2.9 2017/09 2.24 

2011/02 2.94 2014/06 4.99 2017/10 2.55 

2011/03 8.73 2014/07 2.52 2017/11 1.68 

2011/04 5.02 2014/08 2.96 2017/12 3.02 

2011/05 1.44 2014/09 1.31 2018/01 2.05 

2011/06 2.03 2014/10 3.29 2018/02 8.46 

2011/07 5.55 2014/11 3.94 2018/03 3.73 

2011/08 0.99 2014/12 7.39 2018/04 7.09 

2011/09 8.13 2015/01 4.46 2018/05 7.4 

2011/10 0.55 2015/02 4.42 2018/06 1.98 

2011/11 3.91 2015/03 4.69 2018/07 4.24 

2011/12 5.67 2015/04 6.12 2018/08 2.69 

2012/01 6.71 2015/05 3.65 2018/09 4.86 

2012/02 4.41 2015/06 2.92 2018/10 1.12 

2012/03 7.58 2015/07 4.72 2018/11 5.61 

2012/04 1.47 2015/08 2.81 2018/12 9.88 

2012/05 4.45 2015/09 1.5 2019/01 4.86 

2012/06 2.14 2015/10 2.15 2019/02 5.89 

2012/07 4.24 2015/11 5.37 2019/03 2.48 

2012/08 6.47 2015/12 8.55 2019/04 6.08 

2012/09 6.03 2016/01 3.27 2019/05 3.12 
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2012/10 1.93 2016/02 6.1 2019/06 4.15 

2012/11 1.54 2016/03 6.31 2019/07 4.1 

2012/12 8.3 2016/04 5.57 2019/08 8.2 

2013/01 6.6 2016/05 2.38 2019/09 0.07 

2013/02 8.34 2016/06 3.08 2019/10 8.18 

201303 4.29 2016/07 3.54 2019/11 3.36 

2013/04 4.66 2016/08 3.87 2019/12 6.07 

2013/05 3.1 2016/09 1.54 2020/01 7.61 

2013/06 6.24 2016/10 0.01 2020/02 12.48 

2013/07 7.01 2016/11 3.47 2020/03 7.38 

2013/08 4.04 2016/12 3.14 2020/04 7.43 

2013/09 1.88 2017/01 7.14 2020/05 3.65 

2013/10 2.44 2017/02 3.91 2020/06 4.23 

2013/11 4.15 2017/03 3.76 2020/07 3.96 

2013/12 8.66 2017/04 4.41 2020/08 6.69 

2014/01 1.94 2017/05 5.04 2020/09 1.78 

2014/02 5.57 2017/06 11.06 2020/10 5 

2014/03 6.6 2017/07 4.43 2020/11 2.74 

2014/04 9.4 2017/08 4.29 2020/12 3.94 
Table 4 Monthly precipitation (inch) data for last 10 years (NCEI, 2021) 

 

Example Calculation to find the net water need of the field: 

Date Precipitation 
(inches) 

Surface 
evaporation(inches) 

Water need 
tree(inches) 

Net 
Deficit(cm) 

Water 
need for 
field(m3) 

2018/01 2.05 0.59 5.15 9.39 528.29 

2018/02 8.46 0.75 5.15 0 0 

2018/03 3.73 1.13 5.15 6.48 365.05 

2018/04 7.09 1.39 5.15 0 0 

2018/05 7.4 1.62 5.15 0 0 

2018/06 1.98 1.76 5.15 12.53 705.10 

2018/07 4.24 1.75 5.15 6.76 380.41 

2018/08 2.69 1.66 5.15 10.48 589.73 

2018/09 4.86 1.29 5.15 4.01 225.74 

2018/10 1.12 1.02 5.15 12.83 722.24 

2018/11 5.61 0.68 5.15 0.56 31.790 

2018/12 9.88 0.55 5.15 0 0  
59.11 14.24 61.8 63.08 3548.38 

Table 5 Calculation to find the net water need of the field 
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3.2. Nitrogen and Phosphorus Concentration in Treated Wastewater Effluent 

 Raw municipal wastewater (mostly homes with some contribution from businesses) can 

vary in concentration of organic matter, nutrients, etc.; this is typically referred to as the 

“strength” of the wastewater, with higher concentration being called “high strength.”. According 

to Tchoganoglous et al. (1991), in the United States if there is high ammonia in the wastewater, 

100 mg/L is moderate, if 60 mg/L, if there is less, 30 mg/L is present. (Table 1) (Metcalf et al., 

1991).  

 Wastewater treatment technology performance for nutrient removal can vary and is 

typically quantified based on the percentage removal of the constituent from influent to effluent. 

As explained in Methods, our study site is adjacent to a planned decentralized wastewater 

system; therefore, we tested three possible scenarios represented by three wastewater 

technologies of varying performance in nitrogen removal. AdvanTex, which is one of the 

possible treatment systems to be used in our study area, was produced by Orenco Systems. 

Reported nitrogen removal from municipal wastewater is reported to average 66 percent of the 

total nitrogen. As described above, we also consider a small-scale MBR that performed poorly 

under challenging conditions (reported 33.5 percent nitrogen removal) and a well-operation 

MBR optimized to remove 90 percent of the total nitrogen. We tested scenarios in which each of 

these wastewater treatment  systems were used in the project with influent nitrogen 

concentrations corresponding to high, medium, and low-strength untreated municipal wastewater 

reported by Tchoganoglous and colleagues(1991). 

 In order to determine the total amount of nitrogen, the water consumption of the land 

must first be determined. When the total amount of water consumed in the field is determined, 



40 

 

the amount of nitrogen to be obtained after treatment is determined depending on the amount of 

nitrogen in the wastewater and the treatment system's treatment capability. 

To make this calculation: 

Amount of Total N after treatment =Water Need*(1- Nitrogen Removal Efficiency) * Amount of 

Total N before treatment 

3.2.1. Calculation of the total nitrogen remaining after the treatment of the AdvanTex 

treatment system 

Example Calculation of the amount of Total N after treatment: 

Date 

Water 
need for 
field(m3) 

Low 
N(mg/L) 

Normal 
N(mg/L) 

High 
N(mg/L) 

Amount of N 
Low(kg) 

Amount of N 
Normal(kg) 

Amount of N 
High (kg) 

Jan 528.29 10.2 20.4 34 5.38 10.77 17.96 

Feb 0 10.2 20.4 34 0 0 0 

Mar 365.05 10.2 20.4 34 3.72 7.44 12.41 

Apr 0 10.2 20.4 34 0 0 0 

May 0 10.2 20.4 34 0 0 0 

Jun 705.10 10.2 20.4 34 7.19 14.38 23.97 

Jul 380.41 10.2 20.4 34 3.88 7.76 12.93 

Aug 589.73 10.2 20.4 34 6.01 12.03 20.05 

Sep 225.74 10.2 20.4 34 2.30 4.60 7.67 

Oct 722.24 10.2 20.4 34 7.36 14.73 24.55 

Nov 31.790 10.2 20.4 34 0.32 0.64 1.08 

Dec 0 10.2 20.4 34 0 0 0 

Total 3548.38 10.2 20.4 34 36.19 72.38 120.64 

        
Table 6 Calculation of the amount of Total N for AdvanTex 

 

3.2.2. Calculation of the total nitrogen remaining after the treatment of the Small-scale 

MBR under challenging conditions 

Example Calculation of the amount of Total N after treatment: 
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Date  

Water 
need for 
field(m3) 

Low 
N(mg/L) 

Normal 
N(mg/L) 

High 
N(mg/L) 

Amount of N 
Low(kg) 

Amount of N 
Normal(kg) 

Amount of N 
High (kg) 

Jan 183.95 19.95 39.9 66.5 3.66 7.33 12.23 

Feb 212.17 19.95 39.9 66.5 4.23 8.46 14.10 

Mar 227.89 19.95 39.9 66.5 4.54 9.09 15.15 

Arp 60.72 19.95 39.9 66.5 1.21 2.42 4.03 

May 446.49 19.95 39.9 66.5 8.90 17.81 29.69 

Jun 570.79 19.95 39.9 66.5 11.38 22.77 37.95 

Jul 311.83 19.95 39.9 66.5 6.22 12.44 20.73 

Aug 572.58 19.95 39.9 66.5 11.42 22.84 38.07 

Sep 705.81 19.95 39.9 66.5 14.08 28.16 46.93 

Oct 575.08 19.95 39.9 66.5 11.47 22.94 38.24 

Nov 66.081 19.95 39.9 66.5 1.31 2.63 4.39 

Dec 0 19.95 39.9 66.5 0 0 0 

Total 3933.44 10.2 20.4 34 78.47 156.94 261.57 

        
Table 7 Calculation of the amount of Total N for Small-scale MBR under challenging conditions 

3.2.3. Calculation of the total nitrogen remaining after the treatment of the MBR Designed 

for Nitrogen Removal and Performing Well 

Example Calculation of the amount of Total N after treatment: 

Date  

Water 
need for 
field(m3) 

Low 
N(mg/L) 

Normal 
N(mg/L) 

High 
N(mg/L) 

Amount of N 
Low(kg) 

Amount of N 
Normal(kg) 

Amount of N 
High (kg) 

Jan 183.95 3 6 10 0.55 1.10 1.83 

Feb 212.17 3 6 10 0.63 1.27 2.12 

Mar 227.89 3 6 10 0.68 1.36 2.27 

Arp 60.72 3 6 10 0.18 0.36 0.60 

May 446.49 3 6 10 1.33 2.67 4.46 

Jun 570.79 3 6 10 1.71 3.42 5.70 

Jul 311.83 3 6 10 0.93 1.87 3.11 

Aug 572.58 3 6 10 1.71 3.43 5.72 

Sep 705.81 3 6 10 2.11 4.23 7.05 

Oct 575.08 3 6 10 1.72 3.45 5.75 

Nov 66.08 3 6 10 0.19 0.39 0.66 

Dec 0 3 6 10 0 0 0 

Total 3933.44 10.2 20.4 34 11.80 23.60 39.33 

        
Table 8 Calculation of the amount of Total N for MBR Designed for Nitrogen Removal and Performing Well 
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3.3. Benefits to Growth of Loblolly Pine from Irrigation with Treated Wastewater Effluent 

 In order to analyze different scenarios, the model was run by putting the climate 

conditions of 2016-2020, the climate conditions of 2016, the driest year of the last ten years, to 

all years, and the climate conditions of 2020, the wettest year of the last ten years, to all years. 

 Although 2016 was a dry year, the following years were not dry. The average amount of 

precipitation between 2016 and 2020 (55.674 inches) was quite close to the average precipitation 

(54.72 inches) for the last ten years. For this reason, we can accept the irrigation period between 

2016-2020 as a reference to the standard condition, with average annual precipitation but 

including years that were both wetter and drier than average. 

 Many growth scenarios were run in FASTLOB for tree volume and mass, based on the 

precipitation regime (2011-15, 2016-20, simulated wet years, simulated dry years), wastewater 

strength (low, medium, high), and treatment performance (good, average, poor). This generated 

72 distinct outputs (4 × 3 × 3 × 2 = 72), therefore scenarios using low nitrogen influent and 

2011-2015 were moved to the Appendix. 
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3.3.1. AdvanTex Orenco 

 AdvanTex treatment system has the highest nitrogen removal capability with 66%. For 

this reason, it is the system with the moderate fertilization capability in all scenarios. 

3.3.1.1. Loblolly Pine Growth Comparison by Volume of Tree 

3.3.1.1.1. High Nitrogen Effluent 

 

Table 9  AdvanTex High Nitrogen Effluent 2016-2020 
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Table 10 AdvanTex High Nitrogen Effluent Wet Condition 

 

 

Table 11  AdvanTex High Nitrogen Effluent Drought Condition 

 

 In the 2016-2020 period, it is seen that N and N+P contribute gradually to growth when 

modeled using FASTLOB. N growth increased by 14.4%, N+P increased by 26.7%.  In the wet 

period, as the additional water need of the land decreases in that period, irrigation decreases, 

therefore fertilization decreases. Although the amount of fertilization has decreased, it is seen 

that the contribution to growth remains substantial (17.5%). When we examine the tables closely, 

N+P increased the growth by 26.7% in the drought condition. Even in the second year, it is seen 

that it increases the growth by 7.8%.  
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3.3.1.1.2. Medium Nitrogen Effluent 

 

Table 12 AdvanTex Medium Nitrogen Effluent 2016-2020 

 

 

Table 13 AdvanTex Medium Nitrogen Effluent Wet Condition 

12 13 14 15 16

No Fertilization 1569,2 1807,8 2042,2 2270,7 2504,8

N 1569,2 1838,8 2143,7 2483,4 2834,4

N+P 1569,2 1851,3 2198,2 2629,5 3124,7
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Table 14 AdvanTex Medium Nitrogen Effluent Drought Condition 

  

 Since the model does not accept more than 300 lbs of input per acre annually, scenarios 

with high and moderate nitrogen inputs gave the same results. There is even a slight difference, 

such as 48 cubic feet, between the normal condition, 2016-2020, and the drought condition. 

Nevertheless, there is a difference in wet condition, and irrigation caused an increase of 19.4 

percent. 
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3.3.1.2. Weight Comparison 

3.3.1.2.1. High Nitrogen Effluent 

 

Table 15 AdvanTex High Nitrogen Effluent 2016-2020 

 

Table 16 AdvanTex High Nitrogen Effluent Wet Condition 

12 13 14 15 16

No Fertilization 8 12,5 17,6 23,1 29,2

 N 8 13,4 20,8 30,3 41,1

N+P 8 13,6 22,1 34,5 50,2

0

10

20

30

40

50

60

G
re

en
 W

ei
gh

t(
to

n
s)

Age

2016-2020

No Fertilization  N N+P

12 13 14 15 16

No Fertilization 8 12,5 17,6 23,1 29,2

 N 8 13 19,5 27,5 36,5

N+P 8 13,2 20,4 30,1 42,2

0
5

10
15
20
25
30
35
40
45

G
re

en
 W

ei
gh

t(
to

n
s)

Age

Wet Condition

No Fertilization  N N+P



48 

 

 

Table 17 AdvanTex High Nitrogen Effluent Drought Condition 

 

 When comparing weight, the effect of irrigation with nutrient-rich wastewater effluent on 

growth is greater than the effect on height.  The effect of N+P on the growth of the tree in normal 

condition, wet condition, and drought condition were 44.52%, 71.91%, and 71.91%, 

respectively. 
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3.3.1.2.2. Medium Nitrogen Effluent 

 

Table 18 AdvanTex Medium Nitrogen Effluent 2016-2020 

 

 

Table 19 AdvanTex Medium Nitrogen Effluent Wet Condition 
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Table 20 AdvanTex Medium Nitrogen Effluent Drought Condition 

 

 It is seen that the results are more reliable in the simulation with the medium nitrogen 

input because the values of the average and drought conditions differ. The differences between 

simulation results at moderate nitrogen effluent are as follows; The change between 2016 and 

2020 is 36.98% for N and 66.09% for N+P. Growth rates in wet condition differ by 28.08% for 

N and 50.34% for N+P according to the non-fertilized condition. Growth rates in drought 

condition differ by 40.75% for N and 71.91% for N+P according to the non-fertilized condition. 

3.3.2. MBR Designed for Nitrogen Removal and Performing Well 

 MBR Designed for Nitrogen Removal and Performing Well treatment system has the 

highest nitrogen removal capability with 90%. For this reason, it is the system with the minor 

fertilization capability in all scenarios. 
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3.3.2.1. Volume Comparison 

3.3.2.1.1. High Nitrogen Effluent 

 

Table 21 MBR Designed for Nitrogen Removal and Performing Well High Nitrogen Effluent 2016-2020 
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Table 23 MBR Designed for Nitrogen Removal and Performing Well High Nitrogen Effluent Drought 

Condition 

 

 The differences between simulation results at high nitrogen effluent are as follows; The 

change between 2016 and 2020 is 11.98% for N and 22.75% for N+P. Growth rates in wet 

condition differ by 9.22% for N and 17.53% for N+P according to the non-fertilized condition. 

Growth rates in drought condition differ by 13.27% for N and 24.67% for N+P according to the 

non-fertilized condition. Since the quantities in this simulation did not push the limits of the 

model, they gave more comparable results. Although there are lower increase rates than the 

previous simulation, the contribution to growth remains substantial. 
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3.3.2.1.2. Medium Nitrogen Effluent 

 

Table 24 MBR Designed for Nitrogen Removal and Performing Well Medium Nitrogen Effluent 2016-2020 

 

 

Table 25 MBR Designed for Nitrogen Removal and Performing Well Medium Nitrogen Wet Condition 
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Table 26 MBR Designed for Nitrogen Removal and Performing Well Medium Nitrogen Drought Condition 

 

 The differences between FASTLOB modeled results at medium nitrogen effluent are as 

follows for N+P; the change between growth rates for the 2016 and 2020 is 16.42%, in wet 

condition differ by 12.53%, in drought condition differ by 18.06% versus the non-fertilized 

condition. 
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3.3.2.2. Weight Comparison 

3.3.2.2.1. High Nitrogen Effluent 

 

Table 27 MBR Designed for Nitrogen Removal and Performing Well High Nitrogen 2016-2020 

 

 

Table 28 MBR Designed for Nitrogen Removal and Performing Well High Nitrogen Wet Condition 
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Table 29 MBR Designed for Nitrogen Removal and Performing Well High Nitrogen Drought Condition 

 

 The differences between FASTLOB modeled results at medium nitrogen effluent are as 

follows for N+P; the change between growth rates for the 2016 and 2020 is 59.93%, in wet 

condition differ by 25%, in drought condition differ by 66.09% versus the non-fertilized 

condition. 
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3.3.2.2.2. Medium Nitrogen Effluent 

 

Table 30 MBR Designed for Nitrogen Removal and Performing Well Medium Nitrogen 2016-2020 

 

 

Table 31 MBR Designed for Nitrogen Removal and Performing Well Medium Nitrogen Wet Condition 
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Table 32 MBR Designed for Nitrogen Removal and Performing Well Medium Nitrogen Drought Condition 

 

 The differences between FASTLOB modeled results at medium nitrogen effluent are as 

follows for N+P; the change between growth rates for the 2016 and 2020 is 41.43%, in wet 

condition differ by 29.79%, in drought condition differ by 46.23% versus the non-fertilized 

condition. 

3.3.3. Small-scale MBR under Challenging Conditions 

 Small-scale MBR under Challenging Conditions treatment system has the lowest nitrogen 

removal capability with 33.5%. For this reason, it is the system with the major fertilization 

capability in all scenarios. However, the application has reached the model's limits, as the model 

cannot analyze a large amount of fertilizer applied to the field, more than 300 lbs per acre per 

year. 
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3.3.3.1. Volume Comparison 

3.3.3.1.1. High Nitrogen Effluent 

 

Table 33 Small-scale MBR under Challenging Conditions High Nitrogen 2016-2020 

 

Table 34 Small-scale MBR under Challenging Conditions High Nitrogen Wet Condition 
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Table 35 Small-scale MBR under Challenging Conditions High Nitrogen Drought Condition 

 

 The differences between FASTLOB modeled results at medium nitrogen effluent are as 

follows for N+P; the change between growth rates for the 2016 and 2020 is 26.66%, in wet 

condition differ by 26.38%, in drought condition differ by 26.66% versus the non-fertilized 

condition. 
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3.3.3.1.2. Medium Nitrogen Effluent 

 

Table 36 Small-scale MBR under Challenging Conditions Medium Nitrogen 2016-2020 

 

 

Table 37 Small-scale MBR under Challenging Conditions Medium Nitrogen Wet Condition 
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Table 38 Small-scale MBR under Challenging Conditions Medium Nitrogen Drought Condition 

 

 The differences between simulation results at medium nitrogen effluent are as follows; 

The change between 2016 and 2020 is 13.15% for N and 24.74% for N+P. Growth rates in wet 

condition differ by 10.28% for N and 19.43% for N+P according to the non-fertilized condition. 

Growth rates in drought condition differ by 14.44% for N and 26.66% for N+P according to the 

non-fertilized condition. 

The differences between FASTLOB modeled results at medium nitrogen effluent are as follows 

for N+P; the change between growth rates for the 2016 and 2020 is 24.74%, in wet condition 

differ by 19.43%, in drought condition differ by 26.66% versus the non-fertilized condition. 
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3.3.3.2. Weight Comparison 

3.3.3.2.1. High Nitrogen Effluent 

 

Table 39 Small-scale MBR under Challenging Conditions High Nitrogen 2016-2020 

 

Table 40 Small-scale MBR under Challenging Conditions High Nitrogen Wet Condition 
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Table 41 Small-scale MBR under Challenging Conditions High Nitrogen Drought Condition 

 

 The differences between FASTLOB modeled results at medium nitrogen effluent are as 

follows for N+P; the change between growth rates for the 2016 and 2020 is 71.91%, in wet 

condition differ by 71.23%, in drought condition differ by 71.91% versus the non-fertilized 

condition. 
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3.3.3.2.2. Medium Nitrogen Effluent 

 

Table 42 Small-scale MBR under Challenging Conditions Medium Nitrogen 2016-2020 

 

 

Table 43 Small-scale MBR under Challenging Conditions Medium Nitrogen Wet Condition 
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Table 44 Small-scale MBR under Challenging Conditions Medium Nitrogen Drought Condition 

 

 The differences between simulation results at high nitrogen effluent are as follows; The 

change between 2016 and 2020 is 36.98% for N and 66.09 for N+P. Growth rates in wet 

condition differ by 28.08% for N and 50.34% for N+P according to the non-fertilized condition. 

Growth rates in drought condition differ by 40.75% for N and 71.91% for N+P according to the 

non-fertilized condition. 

The differences between FASTLOB modeled results at medium nitrogen effluent are as follows 

for N+P; the change between growth rates for the 2016 and 2020 is 66.09%, in wet condition 

differ by 50.34%, in drought condition differ by 71.91% versus the non-fertilized condition. 
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3.4. Limitations 

 Through our review of models, we found that most models included parameters or 

components that were proprietary or otherwise unavailable. The GISM model requires the values 

for many specific constants for each tree species and requires long-term experiments. 

Unfortunately, the values for these constants were not available for loblolly pine (P. taeda), and 

thus we were unable to use the GISM model. the CROPWAT is meant to be used with seasonal 

plants. Loblolly pine is a perennial plant, and to analyze this plant, a model capable of perennial 

analysis is needed. TAUYIELD 3.0. model only assesses the tree's response to thinning. There is 

no parameter on fertilization by irrigation, which is the primary purpose of our study. For this 

reason, it is not usable for the project we are working on. Both Loblolly pine (P. taeda) growth 

model based on physiographic region and geographic location and Loblolly pine (P. taeda) 

growth model based on physiographic region and geographic location and precipitation are 

proprietary, and the coefficient values needed to populate and run the model. Therefore, we were 

unable to use these models from Amateis and colleagues (2006-2013). 

 The FASTLOB model has the same limitations as any model in that it cannot possibly 

account for all relevant variables. However, FASTLOB had some particular limitations for the 

question at hand. FASTLOB simulates the effects of fertilization but does not allow users to 

separate out the benefits of additional water (through irrigation) from the benefits of the nutrients 

contained in the wastewater effluent. There would be substantial benefits of irrigation with 

treated wastewater effluent during periods of drought, where it is likely that tree death may be 

averted simply due to irrigation, in addition to the growth benefits of nutrient addition. The 

inability to analyze FASTLOB model results for more than 300 lbs. of nitrogen per acre rep year 

became a natural limit under scenarios with low precipitation and/or high nitrogen concentration 
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in the effluent. FASTLOB also yields only annual growth results, and limits analysis to a five-

year period, preventing us from investigating the role of irrigation scheduling and analyzing 

throughout the full lifetime of loblolly pine.  

 In the study, we assume the canopy effect on evaporation as 0.25; although it is a reliable 

prediction, it is not an absolute value. According to Gonzalez-Benecke and Martin, 2010, the 

daily water transpiration value of loblolly pine was 4.3 mm; while they reported no difference 

between seasons in their study, it is likely that value would be higher during the growing season. 

Other plants such as grass in the field also have water consumption, but this amount was 

neglected in the study. In addition, it was assumed in the study that all the nutrients supplied to 

the land was consumed by loblolly, but further study is required to determine this consumption 

rate. 

 Limitations on field studies during the COVID pandemic limited our ability to conduct 

between tree height and age (site index) for loblolly pine in central Alabama (Popham, 1979). 
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4. CONCLUSIONS 

 We proposed to investigate the potential benefits of irrigation with nutrient-rich treated 

wastewater effluent on loblolly pine development in this study (Pinus taeda). While many studies 

have demonstrated the benefits of both irrigation and fertilization on loblolly pine growth in field 

studies, our review of the literature indicated that no publicly available model exist that can 

account for the benefits of fertilization and irrigation for loblolly pine. 

 Even in a developed country such as the United States of America, there are problems in 

wastewater treatment. The damage this causes to society and the environment is devastating. For 

this reason, the world needs all kinds of work to be done on these issues in order to have a 

sustainable environment. Our results showed that even when the application was at the minimum 

tested (lowest nitrogen concentration, in the wettest period), there were still substantial benefits 

of irrigation and nutrient addition during periods of extreme drought, for example in preventing 

tree mortality. 

 This research reveals the major benefits to loblolly pine growth with nutrient-rich 

wastewater treatment effluent, even in years with high precipitation. Future work should explore 

models that can disentangle irrigation volume from nutrient addition, possibly through partnering 

with researchers who have access to proprietary models, and models that enable greater temporal 

resolution.   
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APPENDIX   

LOW EFFLUENT ANALYSIS 

AdvanTex Volume of Tree 

 

Table 45 AdvanTex Low Nitrogen Effluent 2016-2020 

 

Table 46 AdvanTex Low Nitrogen Effluent Wet Condition 
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Table 47 AdvanTex Low Nitrogen Effluent Drought Condition 

 

3.4.1.2.3. AdvanTex Green Weight 
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Table 48 AdvanTex Low Nitrogen Effluent 2016-2020 

 

 

Table 49 AdvanTex Low Nitrogen Effluent Wet Condition 

 

 

Table 50 AdvanTex Low Nitrogen Effluent Drought Condition 
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MBR Designed for Nitrogen Removal and Performing Well Volume of Tree 

 

 

Table 51 MBR Designed for Nitrogen Removal and Performing Well Low Nitrogen Effluent 2016-2020 

 

 

Table 52 MBR Designed for Nitrogen Removal and Performing Well Low Nitrogen Effluent Wet  
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Table 53 MBR Designed for Nitrogen Removal and Performing Well Low Nitrogen Effluent Drought  

MBR Designed for Nitrogen Removal and Performing Well Green Weight 
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Table 55 MBR Designed for Nitrogen Removal and Performing Well Low Nitrogen Effluent Wet  

 

 

Table 56 MBR Designed for Nitrogen Removal and Performing Well Low Nitrogen Effluent Drought  
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Small-scale MBR under Challenging Conditions Volume of Tree 

 

Table 57 Small-scale MBR under Challenging Conditions Low Nitrogen Effluent 2016-2020 
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Table 59 Small-scale MBR under Challenging Conditions Low Nitrogen Effluent Drought  

Small-scale MBR under Challenging Conditions Green Weight 

 

Table 60 Small-scale MBR under Challenging Conditions Low Nitrogen Effluent 2016-2020 
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Table 61 Small-scale MBR under Challenging Conditions Low Nitrogen Effluent Wet  

 

 

Table 62 Small-scale MBR under Challenging Conditions Low Nitrogen Effluent Drought  
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2011-2015 Volume 

High 

 

Table 63 AdvanTex High Nitrogen Effluent 2011-2015 

 

 

Table 64 Small-scale MBR under Challenging Conditions High Effluent 2011-2015 
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Table 65 MBR Designed for Nitrogen Removal and Performing Well High Effluent 2011-2015 

 

Medium 

 

Table 66 AdvanTex Medium Nitrogen Effluent 2011-2015 
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Table 67 Small-scale MBR under Challenging Conditions Medium Effluent 2011-2015 

 

Table 68 MBR Designed for Nitrogen Removal and Performing Well Medium Nitrogen Effluent 2011-2015 

12 13 14 15 16

No Fertilization 1569,2 1807,8 2042,2 2270,7 2504,8

N 1569,2 1837,6 2139,3 2472,2 2820,3

N+P 1569,2 1849,8 2192,1 2612,4 3098,8

0
500

1000
1500
2000
2500
3000
3500

V
o

lu
m

e 
(c

u
.f

t.
)

Age

2011-2015

No Fertilization N N+P

12 13 14 15 16

No Fertilization 1569,2 1807,8 2042,2 2270,7 2504,8

N 1569,2 1827 2104,3 2389,1 2705,7

N+P 1569,2 1836,3 2142,3 2496,9 2894,3

0
500

1000
1500
2000
2500
3000
3500

V
o

lu
m

e 
(c

u
.f

t.
)

Age

2011-2015

No Fertilization N N+P



88 

 

2011-2015 Weight 

High 

 

Table 69 AdvanTex High Nitrogen Effluent 2011-2015 

 

Table 70 Small-scale MBR under Challenging Conditions High Effluent 2011-2015 
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Table 71 MBR Designed for Nitrogen Removal and Performing Well High Nitrogen Effluent 2011-2015 

Medium 

 

Table 72 AdvanTex Medium Nitrogen Effluent 2011-2015 

 

12 13 14 15 16

No Fertilization 8 12,5 17,6 23,1 29,2

 N 8 13,3 20,2 28,8 38,4

N+P 8 13,4 21,3 32,2 45,7

0

10

20

30

40

50

G
re

en
 W

ei
gh

t(
cu

.f
t.

)

Age

2011-2015

No Fertilization  N N+P

12 13 14 15 16

No Fertilization 8 12,5 17,6 23,1 29,2

 N 8 13,3 20,5 29,4 39,5

N+P 8 13,5 21,8 33,2 47,6

0

10

20

30

40

50

G
re

en
 W

ei
gh

t(
to

n
s)

Age

2011-2015

No Fertilization  N N+P



90 

 

 

Table 73 Small-scale MBR under Challenging Conditions Medium Nitrogen Effluent 2011-2015 

 

Table 74 MBR Designed for Nitrogen Removal and Performing Well Medium Nitrogen Effluent 2011-2015 
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