
ABSTRACT 

SHIFFLETT, SHAWN DAYSON. Using ecohydrology and bioenergy to assess ecosystem 

services on multifunctional landscapes (Under the direction of Dr. Elizabeth Guthrie Nichols). 

 

Growing global populations and climate change will place unprecedented challenges on land use, 

water availability, water quality, and ecological integrity. Establishing phytotechnologies to 

develop multifunctional landscapes is one method that can improve ecosystem resiliency in the 

context of these challenges and can enhance provision, regulating, and supportive ecosystem 

services. Highly productive forest plantations are phytotechnologies that can manage high 

hydraulic loading, improve water quality, provision woody biomass, improve carbon 

sequestration, and improve groundwater and surface water regulating services; these qualities 

make them ideal candidates for improving the ecosystem services on lands managed to meet 

multiple objectives. An aim of this research was to explore how to improve the provision of 

woody biomass when grown in intensively managed short rotation woody crop (SRWC) 

plantations on agricultural lands and in forest water reuse systems (FWR). A second aim of this 

research was to assess the provisioning and regulating services of FWR systems using water 

quality and hydrometric assessments. A third and final aim was to identify other ecosystem 

services that could be enhanced or improved by managing lands to meet multiple objectives. 

This research demonstrated that Populus spp. genotypes can be highly productive when grown in 

SRWC and may be strong candidates for improving the provisioning ecosystem services like 

woody biomass on agricultural lands and forest water reuse systems. In addition, SRWC can be 

integral to achieving natural resource resiliency on lands if they are managed to meet multiple 

objectives. Coupling a managed forest plantation with a freshwater aquaculture operation 

improved groundwater infiltration of extracted water resources, reduced nutrient loading from 

land applied pond water, and improved provision and regulating ecosystem services. Similarly, 



managed forest water reuse systems that land apply municipal wastewater can improve 

ecosystem services by selecting highly productive tree species. This research will inform future 

management of agricultural and forest reuse systems and indicates that SRWC will be critical to 

improving ecosystem services on multifunctional landscapes.   
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INTRODUCTION 

Growing global populations and climate change will place unprecedented challenges on 

land use, water availability, and water quality. By the year 2050, it is estimated that the world’s 

population will reach 9.7 billion people (United Nations Department of Economic and Social 

Affairs, UNDESA, 2015). More than half of this population (66%) will live in urban areas and 

place immense pressure on sustainable management of food, energy, and water resources 

(UNDESA, 2014). Managers of agricultural lands will be challenged to improve yields by 70% 

for food production (Food and Agriculture Organization of the United Nations, FAO, 2014).  

Simultaneously, international and domestic energy policies will mandate increased reliance on 

forest resources and bioenergy to decrease greenhouse gas emissions and global dependence on 

fossil fuels. Likewise, water resources will also be subjected to greater pressures as demand for 

water is projected to exceed supply by 40% in two decades (World Economic Forum Water 

Initiative, 2011). Alongside all of these development obstacles is the challenge to maintain or 

enhance ecosystem services in the natural and built environment (Bolund & Hunhammar 1999; 

Costanza et al., 2007). Research addressing methods of improving water and land resource 

management is needed to begin assessing how these challenges can be met.  

 

Past approaches to meeting the demands of an expanding population have resulted in 

transformations of natural ecosystems into agriculture and urban areas. These land covers can 

have immense environmental footprints, with negative impacts including soil erosion, surface 

water and groundwater pollution, ecosystem degradation, and wasteful water consumption. 

Currently, agricultural irrigation is the largest consumer of water resources in the United States, 

accounting for approximately 70% of surface water withdrawals and groundwater extractions 

(USGS 2011). Urban water consumption accounts for less of these water withdrawals and 
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extraction, but urban areas are tasked with reducing runoff from storm water and treating 

municipal wastewater before it is discharged to local surface waters in accordance with the 

National Pollutant Discharge Elimination System permit program. This program was 

implemented as part of the Clean Water Act of 1972 to begin mitigating the impact that urban 

and agricultural lands have on surface water and groundwater quality.  Future efforts to reduce 

the impact of urban and agricultural areas will require adaptive approaches to account for climate 

change. Frequent and intense rainfall from hurricanes and tropical storms will likely increase the 

volume of runoff from agriculture and urban areas (Sun et al., 2013).  Thus, future approaches to 

dealing with population expansion will have to improve management strategies for sustainable 

water production, and likewise develop methods for low impact food and energy production.  

One potential method is developing integrated or multi-functional landscapes. In concept, 

the term “multifunctional” is used to characterize the primary productivity and land use 

reflecting the various demands set by growing populations while improving ecological integrity 

(Vejre et al., 2001; Fry 2001; O’Farrel et al. 2010). Such landscapes are essential if the decline 

and loss of critical ecosystems and ecosystem services is to be achieved.  Similarly, utilizing 

marginal and degraded lands may provide critical improvements to land resource management 

(Dixon et al., 1994; Campbell et al., 2008; Gibbs & Salmon, 2008; Edisiri & Abhilash, 2016). 

Marginal lands are areas where soils have naturally lower crop productivities that may be more 

suitable for tree growth. In contrast, degraded lands are generally described as lands with a 

reduction in productivity due to anthropogenic activity.  Examples of multifunctional landscapes 

as well as examples where marginal and degraded lands can improve ecosystem services are 

needed. 
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Phytotechnologies are an important tool for creating multifunctional landscapes. 

Phytotechnology refers to plant-based technologies to clean water, soil, air, and provide 

ecosystem services. Because communities can often integrate plant-based technologies with 

minimal cost and with low infrastructure needs, the use of these technologies can be applied 

broadly to mitigating environmental and human health impacts, and to improve ecosystem 

services (Henry et al., 2013). Therefore, exploring the use of phytotechnologies in creating 

multifunctional landscapes is critical to developing food, energy, and water resource resiliency in 

the context of growing global population, urbanization, and climate change.  

The goal of this research was to evaluate the establishment and early growth of 

phytotechnologies to create multi-functional landscapes and assess the subsequent provisioning, 

regulating, and supporting ecosystem services. The research was carried out through three 

separate but intertwined studies outline here as Chapters 1-3. Chapter 1 explored the ecohdrology 

and bioenergy potential for growing a managed plantation forest on a permitted municipal 

wastewater land application facility over 1 year. This study appraised the ecosystem services of 

this land using stable isotope tracer assessments, hydrometric assessments of catchment 

hydrology, and forest bioenergy inventories.  Chapter 2 was a two year study that coupled 

managed forest plantations with a freshwater aquaculture operation for food, energy, and water 

resources resiliency. This study evaluated the productivity of a hybrid striped bass operation, 

assessed the impacts of land applying operational pond water to twelve Populus spp. genotypes, 

and quantified the ecosystem services provided using water quality and hydrometric assessments. 

Lastly, Chapter 3 explores methods for improving the provision of woody biomass in Populus 

spp. plantations. This study used a split-plot experimental design to test site preparation 

techniques that can improve two year productivity.    These phytotechnologies are likely to play 
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an important role in developing multi-functional landscapes for food, energy, and water resource 

resiliency.    More research is needed on these topics to understand broader impacts, pathways to 

implementation, and methods for improving public understanding in the context of growing 

population size, urbanization, and global climate change. 
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Abstract 

Forest water reuse systems (FWR) land apply municipal wastewater to natural and 

managed forests.  These lands have the potential to offer important ecosystem services although 

they will see increasing pressure from urbanization, population growth, and global climate change. 

This study evaluated the provisioning and regulating ecosystem services of a FWR facility 

containing different forest hardwood species in a 106 hectare catchment and utilized hydrometric 

and stable water isotope modeling to determine the fraction of wastewater released to surface water 

and groundwater. A provisioning ecosystem services appraisal determined mean woody biomass 

production was estimated to be 5.2 ± 6.9 Mg ha-1 yr-1, storing 2.5 ± 3.3 Mg carbon (C) ha-1 yr-1. 

Of the eight tree species evaluated, Populus spp. productivity was the highest with 14 – 22 Mg ha-

1 yr-1 of woody biomass and 6.8 – 11 Mg C ha-1 yr-1 of carbon storage. Regulating ecosystem 

services were evidenced by a tracer analysis using δ18O, δ2H, chloride ([Cl-]). This result showed 

wastewater effluent contributed between 6.9% and 7.7% to catchment discharge composition, 

although higher fractions (33.9% to 50.4%) were observed during winter months. Comparing the 

volume of wastewater land applied by municipal wastewater facilities in North Carolina to the 

volume of water withdrawn for public supply revealed that some wastewater facilities can treat a 

substantial percentage of public water supply; this results suggested that FWR facilities may be 

net rechargers for groundwater.  More research is needed to identify other ecosystem services 

offered by FWR as these systems can play an important role in sustainable water resource 

management.   
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Graphical Abstract 

 

Key words 

water balance, stable isotopes, woody biomass, ecohydrology, forest plantations 

Highlights 

 Species selection affects provisioning ecosystem services carbon storage and woody biomass 

yield when grown under land applied municipal wastewater. 

 Regulating services are evidenced in forest water reuse systems by the small fraction of 

wastewater in catchment discharge composition.  

 Forest water reuse systems offer essential ecosystem services when managed to meet multiple 

objectives.  
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1. Introduction 

Growing global populations and climate change will place unprecedented challenges on 

land use, water availability, and water quality. By the year 2050, it is estimated that the world’s 

population will reach 9.7 billion people (United Nations Department of Economic and Social 

Affairs, UNDESA, 2015). More than half of this population (66%) will live in urban areas and 

place immense pressure on sustainable management of water resources (UNDESA, 2014). More 

specifically, these rapidly expanding urban and sub-urban areas will have to rapidly adapt to 

unprecedented demand for clean drinking water and subsequently manage large volumes of 

wastewater at publicly owned treatment works (POTW). Implementation and advances in 

wastewater management will be necessary to sustainably manage these water resources as human 

populations continue to grow (Daigger 2007; Teklehaimanot et al., 2015). Common wastewater 

treatment technologies include: primary and secondary treatment using sedimentation, aeration, 

and disinfection; slow rate infiltration; constructed wetlands; and land application systems (United 

States Environmental Protection Agency, USEPA, 2004; Crites 2014).  FWR systems are a unique 

sub-category of POTW land application system that grow forest plantations with land applied 

municipal wastewater.  

FWR systems have been utilized in the U.S. since the 1970’s; they have demonstrated a 

strong potential for treating wastewater, and have manipulated local hydrology to favor 

groundwater recharge (Sopper & Kerr, 1979; USEPA 2004; Crites 2014; Birch et al., 2016). These 

systems are engineered with reservoirs to manage and treat wastewater by oxidation before they 

are land applied to forest plantations based on precipitation and soil moisture conditions. Facilities 

are federally regulated by the US Environmental Protection Agency under the Clean Water Act 

and are regularly evaluated for their wastewater chemical composition and treatment efficiency 
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(United States Environmental Protection Agency, USEPA, 1987; USEPA 2004). Nevertheless, 

these evaluations are rarely conducted at the catchment scale, do not account for the FWR system’s 

ecohydrology, and do not recognize the system’s ecosystem services. These factors are critical to 

understanding what role FWR may have in improving water resource management for growing 

populations and to identify provisioning, regulating, and supportive ecosystem services (Bolund 

& Hunhammar 1999; Costanza et al., 2007).   

Isotopic and chemical mixing models using conservative tracer studies are one potential 

method to evaluate regulating ecosystem services in FWR systems. These models can estimate the 

hydrological fate of land applied wastewater and determine what impact land applied municipal 

wastewater effluents have on groundwater and surface water resources’ composition (Genereux & 

Hopper, 1998; McGlynn et al., 1999; Burns et al., 2001; Katz & Griffin, 2008; Birch et al., 2016). 

Furthermore, mixing models provide a unique lens for evaluating the regulating ecosystem 

services of FWR systems as they can estimate percent contribution of each input water resource. 

Therefore, assessments are needed to demonstrate how ecosystem services can be detected using 

tracer mixing models and characterize conditions that enhance regulatory services. Furthermore, 

these assessments need to be paired with forest inventories to estimate provisioning services of 

woody biomass and regulating services of carbon sequestration. 

The aim of this study was to identify and evaluate the provisioning and regulating 

ecosystem services when municipal wastewater was land applied in a FWR system. Specifically, 

the study sought: (1) to determine woody biomass productivity and carbon storage of the managed 

forest plantation and to identify factors critical to improving yield; (2) to characterize the fate of 

land applied municipal wastewater using tracer analysis; and (3) to evaluate the hydrometric effect 

of municipal wastewater land application at the catchment scale. A post hoc computation was 
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completed to provide further context for how land application systems in states like North Carolina 

manage water resources that are extracted and withdrawn for public use.   

2. Material and Methods 

2.1 Catchment description 

The Gibson Municipal Wastewater Land Application Facility (34.77° N, 79.60° W) land 

applied chlorinated primary treated municipal wastewater from two onsite oxidation lagoons 

(Figure 1). The first lagoon was installed unlined in 1981 and was used as the community’s primary 

wastewater treatment system. In 2001, the wastewater treatment operation was renovated and an 

additional lined-lagoon was installed. Wastewater was held in each lagoon for 30 days before it 

was land applied to 7.2 ha of an adjacent forest plantations (Figure 1). A characterization of the 

land applied effluent’s water quality are provided in Supplementary Materials (S.1). Seventy two 

percent (5.2 ha) of the land application forest plantation was a managed 15-year old Platanus 

occidentalis, American sycamore (L.) stand. The remaining 28% (2.0 ha) of the forest land 

application area was a short rotation woody crop species trial established in 2012 as described by 

Shifflett et al. (2014). In brief, the stand consisted of 42 Populus spp. genotypes; Chamaecyparis 

thyoides, Atlantic  white cedar; Fraxinus pennsylvanica, green ash (Marshall); Liquidambar 

styraciflua, American sweetgum (L.); Pinus taeda, loblolly pine (L.); Quercus pagoda, cherrybark 

oak (Raf.); Quercus phellos, willow oak (L.); Quercus nigra, water oak (L.) ; and Taxodium 

distichum, bald cypress (L.). These land application areas accounted for 6.8% of a 106.4 hectare 

catchment located in Scotland County, North Carolina (Figure 1). 

Soils in the catchment are dominated by loamy sand types, are well drained, and have 

hydraulic conductivities ranging between 24.3 and 84.5 m week-1 (see Supplementary Material S.2 

for a characterization of all soil types). During the experimental period, soil samples were collected 
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Figure 1: Study catchment showing oxidation lagoons, forest land application areas, monitoring wells, and surface water 

sampling locations. Flow direction of surface water is noted with arrows. GW, incoming groundwater monitoring well. 
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 using the first 5 to 15 cm of soil from multiple locations within the catchment and composited to 

create aggregated sample. Soils were submitted to Waters Agricultural Laboratories (Warsaw, NC, 

U.S.A.) Soils possessed a pH of 5.8 ± 0.19, a cation exchange capacity of 4.28 ± 0.56 meq 100 

grams-1, 4.79 ± 1.37 kg ha−1 nitrate, 123 ± 30.8  kg·ha−1 of phosphorous, and 79.0 ± 27.5 kg·ha−1 

of potassium. The soils are 90% sand, 7% silt and 3% clay. The catchment topography is 

dominated by 2% to 6% slopes. Mean elevation above sea level ranges from 58.5 m to 90.0 m. 

Average annual precipitation is 1300 mm. Catchment surface waters flow into Joe’s Creek, a 

tributary of the Little Pee Dee River basin (Figure 1). 

2.2 Assessing provisioning services from the forest plantation   

 Trees described in section 2.1 were inventoried in 2015 for height, diameter at breast height 

(DBH), and volume. One exception was the American sycamore stand which was inventoried in 

2016.  All tree growth was normalized by area (ha) and age (yrs). Subsequently, tree productivity 

values were multiplied by published values for the species’ specific gravity and percent carbon 

(see Supplementary Material S.3; United States Department of Agriculture, USDA, 2016; Thomas 

& Martin, 2012).  

2.3 Assessing regulating ecosystem services  

 Thirteen monitoring wells were installed in the catchment to characterize groundwater 

quality (see Shifflett et al., 2014). Wells 1 through 9 were installed in 2012 to assess water quality 

impacts of wastewater application during the establishment of a short rotation woody crop species 

trial (Shifflett et al., 2014). Wells WQ3, WQ5, and WQ7 were installed by North Carolina 

Department of Environmental Quality in 2001. One well (Reference GW) characterize the 

system’s incoming groundwater (Figure 1). Daily rates of precipitation and land application were 
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provided by the land application facility and cumulative rates of hydraulic loading for the 

catchment and land application areas are available in Supplementary Material (S.4).  

 The catchment was gauged at the SW4 sampling location (Figure 1) to collect stage height 

at 10-minute intervals using Odyssey Capacitance Water Level Recorders (Dataflow Systems, 

Christchurch, New Zealand). Hydrometric measurements of discharge were collected monthly 

using YSI ProPlus Multiparameter Sonde (YSI, Yellow Springs, OH, USA) by dilution gauging 

(Rantz 1982; United State Geological Survey, USGS, 2013a). Measurement of the stream cross-

section and slope were collected to model discharge using Manning’s Equation (Chow, 1959, see 

Supplementary Material S.5 – S.6).  Dilution gauging measurements were compared to modeled 

discharge and were found to have an acceptable coefficient of determination (R2 = 0.68, see 

Supplementary Material S.7).  

 Biweekly water samples were collected from the land applied effluent, precipitation, 

monitoring wells, and surface water sampling locations from March 2014 until March 2015. 

Samples were collected for δ18O, δ2H, chloride ([Cl-]) and in field assessments were completed for 

specific conductance using aYSI ProPlus Multiparameter Sonde. δ18O and δ2H samples were 

collected in 20-mL disposable scintillation vials, capped without air bubbles, and were analyzed 

the same day.  [Cl-] samples were collected in 1-L Nalgene ® bottles, preserved on ice, and 

analyzed using a digital titration with silver nitrate following standard method 4500-Cl B (National 

Environmental Methods Index 1995). 

A two component, three end-member mixing model (wastewater, reference groundwater, 

and aggregated precipitation from the previous 2 weeks) was applied to estimate the contributing 

fraction of land applied municipal wastewater to seasonal means and annual means for 

groundwater and catchment discharge samples collected during the study period. Individual events 
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proved to be inappropriate for the model, most likely due to an inadequate characterization through 

biweekly sampling events. A mixing model was developed with two combinations of tracer 

components: δ18O and [Cl-], and δ18O and δ2H. The two component, three-end-member mixing 

model was based on the following assumptions (Burns et al., 2001): 

1 = fWW + fPCP + fGW 

Asample = fWWAWW + fPCPAPCP + fGWAGW 

Bsample = fWWBWW + fPCPBPCP + fGWBGW 

Csample = fWWCWW + fPCPCPCP + fGWCGW , 

where fWW is the fraction of land applied municipal wastewater in the sample, fPCP is the fraction 

of precipitation in the sample, and fGW is the fraction of land applied municipal wastewater in the 

sample. Ai, Bi, and Ci are measured values of tracer A, B, and C for water source i. Equations 

applied to the tracer data are available in Supplementary Material (S.8).  

2.4 Comparing public water withdrawals and extraction to wastewater treated by POTW land 

application systems 

 To provide further context for the water resource management of land application systems 

and potential ecosystem services, data were downloaded from the United States Geological Survey 

for groundwater extractions and surface water withdrawals for all counties in North Carolina with 

POTW land application systems. These POTW include FWR land covers, hay, turf, sod, and feed 

grains. These data were normalized to the population size of each municipality. Data collected by 

Nielsen et al. (2013) were used to estimate the volume of water processed by each POTW land 

application facility in North Carolina. These values were compared to assess the volume of water 

extracted and/or withdrawn for public water use to the volume treated by municipal POTW land 

application facility.  



 

18 

3. Results and discussion 

3.1 Provisioning woody biomass and regulating carbon sequestration 

 Trees grown in the land application area produced 5.2 ± 6.9 Mg ha-1 yr-1 of woody biomass 

which stored 2.5 ± 3.3 Mg Carbon (C) ha-1 yr-1. Tree species was critical to achieving higher 

productivity rates (Figure 2).  Populus spp. produced 14 – 22 Mg ha-1 yr-1 of woody biomass which 

stored 6.8 – 11 Mg C ha-1 yr-1. American sycamore also possessed moderate productivity rates at 

12 Mg ha-1 yr-1 of woody biomass and 5.8 Mg C ha-1 yr-1 (Figure 2). The least productive tree 

species for woody biomass growth under land applied municipal wastewater were Atlantic white 

cedar, bald cypress, and Quercus spp. (Figure 2). This result showed that forested land application 

systems can provide essential ecosystem services like the provision of woody biomass and carbon 

sequestration when managed for productivity. These services are enhanced when the appropriate 

tree species is matched to site conditions. 

   Populus spp. productivities documented in this study were within the ranges documented 

by other research efforts on forested municipal wastewater land application systems as well as with 

other marginal and degraded lands (Grünewald et al., 2009; Stolarski et al., 2014; Ghezehei et al., 

2015; Shifflett et al., 2016). Grünewald et al. (2009) reported Populus spp. yields between 2.6 and 

9.5 dry Mg ha-1 yr-1 when they were grown with fertilization on post mining sites in Germany. 

Stolarski et al. (2014) reported yield between 5.9 and 11.5 dry Mg ha-1 yr-1 when grown on soils 

classified as marginal and provided various forms of fertilizer. Ghezehei et al. (2015) reported 

lower productivities (2.40 – 5.30 Mg ha-1 yr-1 of living biomass) when Populus spp. were grown 

without irrigation on marginal lands. These findings suggest that Populus spp. may be an ideal 

candidate for achieving high yields on marginal and degraded lands. However, Populus spp. 

genotype trials should be conducted first to identify genotypes best adapted for site conditions  
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Figure 2: Above-ground green biomass (Mg ha-1 yr-1) and net primary productivity (Mg 

Carbon ha-1 yr-1) for eight tree species and genera grown under land applied municipal 

wastewater. Computed values are provided above each bar. 
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(Zalesny et al. 2007; Shifflett et al., 2014; Shifflett et al., 2016). 

Fewer studies have documented the productivity of the other tree species like American 

sycamore, bald cypress, green ash, loblolly pine and sweetgum on marginal and degraded lands 

(Shifflett et al., 2014; Ghezehei et al., 2015). The results of this study suggest that those 

productivities may be variable (Figure 2). For example, Ghezehei et al. (2015) reported 

productivities of 2.5-7.6 Mg ha-1 yr-1 for American sycamore which are below the 12 Mg ha-1 yr-1 

found in this study. In contrast, Ghezehei et al. (2015) reported loblolly pine productivities (5.1 – 

12 Mg ha-1 yr-1) on a swine nutrient remediation site that were well above those documented in 

this study (Figure 2). Similarly, bald cypress and green ash productivities in this study were below 

those reported by Ghezehei et al. (2015).  This result may be attributed to the short period of growth 

between planting and final inventory, and suggests that these tree species are not ideal for high 

woody biomass production or regulation of carbon when grown under land applied municipal 

wastewater. 

 Managed forest plantations are integral to meeting local and national wood product 

demand, improving energy security with bioenergy, and can provide essential ecosystem services 

(Chazdon 2008; Paquette & Messier, 2010; Abt et al., 2010; Zalesny et al., 2016). This study 

demonstrated that Populus spp. grown in FWR systems can have high yields and could sustainably 

meet domestic and international policy mandates for renewable energy from woody biomass. 

Other provisioning and supportive services may exist by treating municipal wastewater with FWR 

systems. Forest plantations have been shown to provide important supportive ecosystem services 

like improved wildlife habitat and nutrient cycling (Chazdon 2008). More research is needed on 

FWR systems to identify ecosystem impacts of growing highly productive tree species and to 

further appraise provisioning and supporting ecosystem services.  
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3.2. Regulating groundwater and surface water composition 

Groundwater samples collected from monitoring wells throughout the catchment revealed 

that municipal wastewater influenced the isotopic composition of groundwater. However, mean 

well composition revealed that lagoon seepage was evident in the monitoring wells hydraulically 

down gradient of the lagoon (Figure 3). Mean δ18O, δ2H, and [Cl-] of well 1 indicated mixing 

between groundwater and municipal wastewater. However, the well was located upgradient of the 

land application area and should have less observable influence from land application. Therefore, 

the composition of well 1 suggests wastewater seeps from the unlined lagoon into shallow 

groundwater. Once this groundwater flowed downgradient into the land application area, it was 

further mixed with municipal wastewater via land application. This mixing of infiltrated lagoon 

water and land applied wastewater resulted in the highest wastewater compositions observed 

(Figure 3).  For wells 2, 3, and 4, municipal wastewater contributed to 61% to 100% of their 

composition as determined by δ18O, δ2H, and [Cl-]. Summary statistics for all sampling points are 

provided in Supplementary Material (S.10).  

As groundwater continued to flow downgradient of the reference groundwater well, the 

groundwater composition appeared to be less influence by municipal wastewater (Figure 3). This 

could be due to the uptake and evapotranspiration of mixed groundwater by the managed forest 

plantation, due to dilution by increased inputs of depleted resources (i.e. precipitation and 

groundwater), or due to some combination of these processes. Similar dilution effects have been 

detected in other catchments with land application systems (Lofton et al., 2007; Ronkanen et al., 

2007; Birch et al., 2016). When groundwater was discharged to surface water in the catchment’s  
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Figure 3: Mean δ18O, mean δ2H, and mean chloride concentrations ([Cl-]) for selected 

monitoring wells and surface water sampling locations plotted against their distance from the 

reference monitoring well. 
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stream, the composition of surface water resembled the incoming reference groundwater 

suggesting little influence from municipal wastewater (Figure 3; further discussion in section 

3.3). For this reason, discharge from the catchment had little impact on the downstream 

composition of surface water (Joe’s Creek) at the catchment’s outlet. This result suggests the 

effective regulation of water resources from the catchment receiving land applied municipal 

wastewater, and highlighted the ecosystem services provided at the catchment scale.  

Furthermore, this result quantified regulatory ecosystem services of land application systems 

may be spatially explicit as groundwater and surface water composition was dependent on the 

flow length of infiltrated wastewater.  

The ecosystem services of municipal wastewater land application systems and other 

municipal wastewater treatment phyotechnologies have not been well described in the literature.  

Graham and Smith (2004) argued that wastewater treatment technologies should evaluate system 

performance through an ecological lens to ensure functionality and resolve treatment issues. Given 

the composition of groundwater and surface water resources in this study, the land application 

facility evaluated was functional and ecological health was integral to that functionality and 

providing regulatory ecosystem services.  Geber and Björklund (2002) evaluated three wastewater 

treatment technologies (conventional three step treatment, conventional mechanical and chemical 

treatment coupled with constructed wetland, and treatment in a natural wetland); the authors noted 

that while non-conventional natural wetland systems may require longer periods to render clean 

water, their effectiveness was most evident where more land was available. This finding is relevant 

to the data presented in this study. The land application area represented 6.8% (7.2 ha) of a 106.4 

ha catchment in a municipality that is 250 ha large. Thus, a relatively substantial portion of land 

in the municipality was required to sustainably treat, dilute, and evapotranspire municipal 
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wastewater in the studied land application system. The amount of land required for effective 

treatment could be pragmatic for urban planners who seek to incorporate land application systems 

into municipality. However, an alternative argument could be made for preserving natural forests 

surrounding urban and developing areas. Forests have been essential in the provisioning of clean 

water and regulating water resources (Sun & Liu 2013; Xie et al. 2014). When utilized for 

wastewater management, these forested systems could be essential to the sustainable development 

and expansion of urban areas while dealing with increasing pressure from population growth. More 

research is needed to understand what role forests can serve in the context of rapid urbanization, 

wastewater treatment, and global climate change.  

3.3 Regulating catchment ecohydrology  

 Land application increased hydraulic loading substantially in managed forest plantation 

areas, but may have had limited influence on catchment discharge (Figure 4). In the managed forest 

plantation, land application contributed 45% of hydraulic loading. In contrast, land application 

represented 4.7% of total hydraulic loading at the catchment scale (Figure 4). Land application 

occurred regularly throughout the experimental period with loading rates ranging from 67.8 to 391 

m3 day-1 and an average loading rate of 227 m3 day-1 (Figure 4). Precipitation was relatively 

irregular, but strongly influenced catchment discharge. This is most notable between late May and 

late August 2014 when baseflow appeared to be higher due to regular and intense rainfall events. 

During prolonged periods without rainfall, baseflow marginally declined (Figure 4).   

The annual fractional contribution of land applied wastewater to catchment discharge over 

the experimental period ranged between 6.9% and 7.7%.  Seasonal variation in this contribution 

was apparent when data were composited by season (Figure 4).  Land applied wastewater 

contributed the least (4.9% to 5.8%) during summer months when high summer temperatures were  
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Figure 4: Daily precipitation (m3), daily land applied municipal wastewater (m3), fraction of 

wastewater in discharge effluent (%), and daily catchment discharge (m3). 
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coupled with high evapotranspiration rates (Figure 4). The highest contribution (33.9% to 50.4%) 

occurred during the winter after two months without rainfall and substantially lower 

evapotranspiration after tree senescence (Figure 4). This result suggests that land application 

system can significantly influence catchment hydrology after periods of drought and during 

periods of low ecosystem productivity. Furthermore, this result suggested that infiltrated land 

applied wastewater was stored as groundwater until precipitation events recurred 

Annually, land applied wastewater contributed 6.9% and 7.7% of catchment discharge.  

Seasonal variation in this contribution was apparent when data were aggregated into three month 

periods (Figure 4).  Land applied wastewater contributed the least (4.9% to 5.8%) during summer 

months when high summer temperatures were coupled with high evapotranspiration rates (Figure 

4). In contrast, higher fractions were detected during winter months (33.9% to 50.4%) after two 

months without rainfall and substantially lower evapotranspiration after tree senescence (Figure 

4). This result could suggest that infiltrated land applied wastewater was stored as groundwater 

until precipitation events recurred, otherwise known as piston displacement (Hewlett & Hibbert, 

1967). This results is relevant to the regulating ecosystem services offered by FWR systems; had 

the system been without the additional hydraulic loading, baseflow would have substantially 

declined and may have mitigated drought conditions. Therefore, FWR systems are critical to 

ecosystem resiliency and demonstrate important regulating ecosystem services for catchment 

hydrology. 

Few studies have evaluated the impact of land application of municipal wastewater on 

catchment ecohydrology, but several authors have shown these systems improve groundwater 

recharge and catchment baseflow (Scheffler & Galeone, 2005; Crites 2014; Birch et al., 2016). 

Schreffler and Galeone (2005) reported that land application to a 15-ha catchment improved 
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groundwater recharge by 30 to 39% and improved baseflow by 50%. Schreffer and Galeone (2005) 

also demonstrated that land application affected groundwater concentrations of nitrate and 

chloride, but did not affect concentrations at the catchments outlet. Shifflett et al. (2014) reported 

on groundwater concentrations of nitrate and ammonia nitrogen in land application areas and found 

that these nutrients did not exceed regulatory limits when new forest land covers were established. 

Birch et al. (2016) evaluated a large catchment (4,351 ha) with 23% of land included in land 

application areas and found 6% to 54% of wastewater in catchment discharge.  Similar to this 

study, land application represented 6.8% of the hydrologic influxes (Birch et al. 2016).  These 

studies show that land application influences catchment hydrology, can improve groundwater 

recharge, and can effectively treat municipal wastewater. Furthermore, these results suggest that 

land application systems may help buffer against inter-annual variability in precipitation expected 

from climate change. Lastly, these studies demonstrate that FWR systems provide important 

regulating and supporting ecosystem services and suggest further assessments are needed.  

3.4 Water budget for municipalities relying on land application systems 

Reuse of groundwater resource extracted for public use will be critical to the sustainable 

managed of water resources for expanding communities (Scanlone et al., 2012; USGS 2013b; 

Shifflett et al., 2016). Municipal groundwater extractions and surface water withdrawals account 

for 0% to 86% of all water withdrawals in North Carolina with a mean of 12% (USGS 2011). 

When scaled to the municipal level, these withdrawn water resources frequently are returned to 

POTW land application systems and can be less than, equal to, or greater than the volume 

withdrawn (Figure 5).  For example, during the study period 0.050 Mgal day were extracted from 

local groundwater aquifer, and 0.048 Mgal day of wastewater were processed by the Gibson 

Wastewater Land Application Facility (USGS 2011). Thus, 92% of the water extracted by the 
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community was land applied by the wastewater process and a portion of that water went into 

recharge. Other municipalities may have the potential to see more water arrive at their POTW if 

their storm water runoff is managed by the same infrastructure as their wastewater infrastructure, 

and can thus become important sinks for groundwater recharge (Figure 5).  

An interesting results of this comparison was the difference between municipalities that 

rely on surface water and those that rely on groundwater (Figure 5). While there are some 

municipalities that do have comparable surface water withdrawals and land applied municipal 

wastewater, most see much lower volumes in the land application facilities. Similarly 

communities that have mixed sources (i.e. both groundwater and surface water) tend to see less 

water treated in their municipal land application facilities (Figure 5). This could be attributed to 

how communities use their water resources. If communities are using their public municipal 

water for irrigation and turf management, less water would be treated by the municipal 

wastewater treatment facility. Conversely, municipalities that rely on household septic tanks may 

similarly see less volume at their POTW. More research is needed to understand water balances 

at the municipal scale and understand the fate of extracted and withdrawn water resources.   

Sustainable wastewater reuse requires the design and use of systems that treat wastewater 

and deliver ecosystem services in natural and built environments (Bolund & Hunhammar 1999; 

Costanza et al., 2007). POTW that eliminate point-source discharges of wastewater by land 

applying wastewater to vegetative covers extend these supporting and regulating ecosystem 

services by relying on ecosystem resilience to remediate contaminants, manage high hydraulic 

loading, and improve groundwater recharge regulation; when POTW utilize FWR systems, this 

list can include the provisioning of woody biomass and carbon sequestration.
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Figure 5:  Comparing North Carolina county-level surface water withdrawals and groundwater 

extractions for public use (ML day-1) to the volume of water treated by their corresponding 

municipal wastewater land application system.  Ratios of public water use to wastewater 

treatment are indicated by a solid line (100 % of public use supply is treated by wastewater 

treatment facility), a dashed line (50% or 200% of public use supply is treated by wastewater 

treatment facility), or a dotted line (25% to 400% of public use supply is treated by wastewater 

treatment facility. Land application volumes were adapted from Nielsen et al. 2013; public water 

supplies and withdrawals were adapted from USGS 2011.  
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4. Conclusions 

  FWR systems can significantly contribute to the regulation of catchment hydrology, the 

regulation of carbon, and the provision of woody biomass. This study evaluated the productivity 

of many tree species receiving land applied wastewater and found that the provision of woody 

biomass and regulation of carbon could be enhanced in these systems by appropriate tree species 

selection. These ecosystem services could be important to improving the economic value of lands 

utilized for treating municipal wastewater. 

The management and design of land application facilities can largely influence the quality 

of ecosystem services. In this study, land applied municipal wastewater was important to 

preventing drought during periods without rainfall. However, these prolonged periods can result 

in significant shifts in catchment discharge composition.  This shift in composition may not be 

pragmatic if ecosystem resilience is good and trees are able to take up nutrients in land applied 

effluents. More research is needed for land application systems to understand how seasonal 

variation and inter-annual variation affect the composition of catchment discharge and water 

quality. 

Municipal wastewater land application facilities are an important sinks for water resources 

extracted and withdrawn for public use. Evaluating the ecosystem services of these facilities shows 

that they can be multi-functional landscapes that treat wastewater and yield woody biomass. These 

ecosystem services may improve sustainable development in urbanizing areas and should be 

prioritized in the context of global climate change and growing populations. 
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Table 1: Water quality characterization of the land applied municipal wastewater based on non-

discharge monitoring reports to North Carolina Department of Environmental Quality. Some water 

quality parameters were tested monthly (i.e. biological oxygen demand, plant available nitrogen, 

ammonia, fecal coliforms, and total suspended solids) whereas the remaining water quality 

parameters were tested quarter annually.  

  
Water Quality Parameter n Mean ± 1SD 

Biological Oxygen Demand (mg L-1) 14 10.0 ± 14.0 

Plant Available Nitrogen (mg L-1) 14 1.7 ± 2.0 

Total Kjeldahl Nitrogen (mg L-1) 5 7.7 ± 5.8 

Nitrate (mg L-1) 5 1.7 ± 3.3 

Ammonia (mg L-1) 14 1.4 ± 2.0 

Total Phosphorous (mg L-1) 5 0.84 ± 0.46 

pH 14 7.8 ± 0.96 

Fecal Coliform (CFU 100 mL-1) 14 47.7 ± 126 

Total Suspended Solids (mg L-1) 14 37.2 ± 35.4 

Cadmium (mg L-1) 5 0.002 ± 0.000 

Calcium (mg L-1) 5 5.11 ± 1.49 

Copper  (mg L-1) 5 0.10 ± 0.17 

Lead (mg L-1) 5 0.010 ± 0.016 

Magnesium (mg L-1) 5 1.86 ± 0.444 

Nickel (mg L-1) 5 0.005 ± 0.000 

Zinc (mg L-1) 5 0.27 ± 0.54 
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Table 2: Soils classification from the Gibson Municipal Wastewater Land Application Facility catchment. Data source: United States 

Department of Agriculture, USDA, Web Soil Survey, 2016.  

Soil Type Hectares in Catchment (% of Catchment) Drainage class Ksat (m week-1) Slope (%) 

Wagram loamy sand 22.2 (21%) Well drained 24.3 – 84.5 0 – 6 

Autryville sand 16.0 (15%) Well drained 24.3 – 84.5 0 – 6 

Norfolk loamy sand 14.6 (14%) Well drained 24.3 – 84.5 0 – 2 

Bibb soils 10.4 (10%) Poorly drained 84.5 – 253 0 – 2 

Ailey loamy sand 9.96 (9.5%) Well drained 2.56 – 8.53 8 - 15 

Pelion loamy sand 7.49 (7.1%) Moderately well drained 0.00 – 24.3 2 – 6 

Blanton sand 5.62 (5.3%) Moderately well drained 8.53 – 84.5 8 – 15 

Rains fine sandy loam 3.44 (3.3%) Poorly drained 24.3 – 84.5 0 – 2 

Duplin sandy loam 3.11 (3.0%) Moderately well drained 8.53 – 24.3  0 – 2 

Dunbar fine sandy loam 2.87 (2.7%) Somewhat poorly drained 8.53 – 24.3 0 – 2  

Pelion loamy sand 2.19 (2.1%) Moderately well drained 0.00 – 24.3 6 – 10  

McColl loam 2.10 (2.0%) Poorly drained 2.56 – 8.53  0 – 1  

Noboco loamy sand  2.10 (2.0%) Well drained 24.3 – 84.5 2 – 6  

Goldsboro loamy sand 1.66 (1.6%) Moderately well drained 24.3 – 84.5 0 – 2  

Norfolk loamy sand 1.42 (1.3%) Moderately well drained 24.3 – 84.5 2 – 6  



 

40 

Table 3:  Table of specific gravities by species for inventoried trees (USDA, 2010) and percent 

carbon by species (Thomas & Martin, 2012). 

Tree species (Common name) Specific gravity (kg m-3) Percent Carbon 

Chamaecyparis thyoides (Atlantic white cedar) 0.31 50.8% 

Fraxinus pennsylvannica (Green ash) 0.64 47.7% 

Liquidambar styraciflua (Sweetgum) 0.46 47.7% 

Pinus taeda (Loblolly pine) 0.47 50.8% 

Platanus occidentalis (American sycamore) 0.46 47.7% 

Populus spp. (Hybrid poplar & Cottonwood) 0.45 47.7% 

Quercus pagoda (Cherrybark oak) 0.61 47.7% 

Quercus spp. (Oak) 0.67 47.7% 

Taxodium distichum (Bald cypress) 0.42 50.8% 

 

 

 

 

 
Figure 6: Comparison of hydraulic loading at the catchment scale (A) and in land application 

areas (B).  
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Figure 7: Cross-section profile of the catchment stream based on four height measurements at 

0.05 m intervals.  

 

Supplementary Material S.1: Estimations of Discharge using Manning’s Equation 

 To estimate catchment discharge, the following equation was applied to stage data: 
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where, Q = flow rate (m3 s-1); V = velocity (m3); A = flow area (m2); n = Manning’s roughness 

coefficient; R = hydraulic radius (m); and S = channel slope (m/m). Slope of the stream channel 

was determined to 0.0001 by field measurments. Manning’s roughness coefficient was 

determined to be 0.048 based on the table produced in Chow, 1959. To determine flow area and 

hydraulic radius, channel width had to be estimated based on the measured cross-sectional 

profile and stage height using the following equation: 
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where, west = estimated channel width; wmin = minimum width of the stream channel; h = stage 

height (m); z1 = slope of left stream bank radians; z2 = slope of the right stream bank in radians. 

Flow area was subsequently estimated based on the area of a trapezoid using the following 

equation: 
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where A = flow area (m); h is stage height (m); west = estimated channel width (m); wmin = 

minimum width of the stream channel (m). Finally, hydraulic radius was determined by dividing 

the flow area by the stream channel perimeter using the following equation: 
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where R = hydraulic radius (m); A = flow area (m2); P = perimeter (m); h is stage height (m); 

west = estimated channel width (m); wmin = minimum width of the stream channel (m). 
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Figure 8: Scatterplot of observed catchment discharge by dilution gauging and modeled 

catchment discharge. Coefficient of determination (R2) shown in top left corner. 
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Figure 9: Local meteoric water line (A) and local evaporation line (B) for data collected at 

Gibson Wastewater Land Application Facility.  
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Table 4: Summary statistics for water composition of samples collected at Gibson Wastewater 

Land Application Facility 

 

Source 

δ18O δ2H [Cl-] 

n Mean 1 SD n Mean 1 SD n Mean 1 SD 

Lagoon 25 -2.230 1.729 25 -15.403 7.561 23 29.2 7.75 

Precipitation 20 -4.979 2.146 20 -27.935 15.155  <MDL <MDL 

Groundwater 25 -4.741 0.371 25 -23.789 1.805 22 16.6 2.28 

Well 2 10 -2.848 0.504 10 -14.522 2.930 21 36.4 5.90 

Well 3 22 -3.246 0.161 22 -16.397 1.078 20 29.3 4.14 

Well 4 20 -3.449 1.191 20 -18.381 8.303 20 29.3 3.73 

Well 5 19 -3.876 1.370 19 -21.946 9.035 13 23.3 7.09 

Well 6 22 -4.444 0.952 22 -25.138 4.895 16 18.8 6.43 

Well 7 23 -3.753 0.750 23 -19.606 5.388 23 21.7 1.79 

Well 9 25 -4.191 0.737 25 -23.621 5.913 22 17.6 4.63 

WQ3 13 -4.296 0.371 13 -22.497 1.805 20 15.5 3.04 

WQ5 24 -3.999 0.792 24 -21.497 4.996 20 20.8 4.23 

WQ7 23 -3.928 0.409 23 -22.132 2.000 21 24.6 2.43 

SW 1 20 -4.635 0.219 20 -24.481 1.504 16 16.5 1.94 

SW 2 23 -4.636 0.331 23 -24.828 1.897 23 15.2 2.00 

SW 3 24 -4.599 0.294 24 -24.098 3.612 22 15.3 2.03 

SW 4 23 -4.667 0.290 23 -24.878 1.948 18 15.4 2.23 

SW 5 23 -4.657 0.271 23 -24.991 1.722 22 15.1 2.53 

Upstream 24 -4.694 0.296 24 -25.047 1.836 24 <MDL  

Downstream 24 -4.666 0.295 24 -25.165 1.990 24 <MDL  
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CONCLUSION 

 As global populations expand, land management strategies to improve or to enhance 

ecosystem services will be critical. Establishing and managing multifunctional landscapes with 

phytotechnologies is one approach that could add essential regulating, provisioning, and 

supportive ecosystem services. This dissertation research identified strategies to enhance these 

ecosystem services and explored land management systems that could be coupled for natural 

resource resiliency in the context of climate change. 

 Populus spp. genotype selection and site preparation were critical to improving forest 

plantation productivity. This research has shown that soil preparation by sub-soiling was one 

method for improving Populus genotype productivity when grown on sandy soils. Leaf area 

index and disease resistance are well correlated with highly productive genotypes. More field 

trials are needed to identify other characteristics that identify highly productive Populus 

genotypes.  These field trials will be important to informing land owners which genotypes are 

likely to produce the most biomass, and thereby be critical to a successful woody bioenergy 

market. Furthermore, these trials can be informative when growing hybrid poplars and 

cottonwoods in multifunctional landscapes where biomass production is not the only objective. 

Integrating highly productive forest plantations with freshwater aquaculture operations can 

provide multi-functional landscapes that produce fish protein and wood products, improve 

groundwater infiltration, and reduce contaminant loading to local surface water. These important 

ecosystem services can improve natural resource resiliency for both urban and rural communities 

as global populations expand.  Innovative food, energy, and water resource strategies will require 

improved water and carbon regulation, better woody biomass yields, and improved water 

provisioning to manage aquaculture and forested lands sustainably for the future.   
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Municipal wastewater land application facilities are an important sinks for water resources 

extracted and withdrawn for public use. Evaluating the ecosystem services of these facilities shows 

that they can be multi-functional landscapes that treat wastewater and yield woody biomass. These 

ecosystem services may improve sustainable development in urbanizing areas and should be 

prioritized in the context of global climate change and growing populations. 

More research is needed to appraise the ecosystem services of multifunctional landscapes 

and understand the roles these systems can have to address growing global population size, climate 

change, and urbanization. Future research suggestions include economic evaluations that can 

account for ecosystem service appraisal, regulation and policy assessments that explore obstacles 

to implementing multifunctional landscapes, and lastly human dimension surveys that address the 

strengths and weaknesses of these systems to meet public and stakeholder needs. These future 

research suggestions would continue to advance ecological and societal understanding of 

phytotechnologies and multifunctional landscapes.  

 

 


