
ABSTRACT 

TILAK, AMEY SUDHIR. Modeling Groundwater Hydrology and Nitrate-Nitrogen  
(NO3-N) Dynamics of Two Riparian Buffers in Eastern North Carolina Using Riparian 
Ecosystem Management Model (REMM). (Under the direction of Michael R. Burchell II  
and Mohamed A. Youssef). 
 

      A series of environmental events degraded the water quality of streams, lakes, and rivers 

during the early 1980’s and 1990’s in North Carolina. This lead to excessive growth of algal 

blooms and fish kills in watersheds such as the Neuse River Basin and Tar-Pamlico Basin. 

This was attributed in part to excessive nitrate-nitrogen (NO3-N) loading from agricultural 

fields. Several Best Management Practices (BMP’s) were adopted in North Carolina such as 

riparian buffers, controlled drainage, and wetlands to attenuate NO3-N. 

      Riparian buffers are stream side vegetated corridors known to attenuate groundwater  

NO3-N loading from agricultural fields. Numerous field studies have shown two major 

processes of microbial denitrification and plant nitrogen uptake responsible for NO3-N 

attenuation. The primary determinant affecting these processes is the local groundwater 

hydrology. Several studies have found NO3-N removal to be inconsistent and dependent 

upon the local groundwater hydrology. 

      Two riparian buffers enrolled in the NC Conservation Reserve Enhancement Program  

(NC-CREP) in the Upper Coastal Plain of North Carolina were field monitored to study the 

hydrology and groundwater NO3-N from 2005-2009. Results indicated two riparian buffers 

acting as groundwater NO3-N sinks. Simulations tools are being increasingly used to quantify 

local groundwater hydrology and NO3-N attenuation through denitrification. Once calibrated 

and validated with field measured data they can be used to determine long term buffer 

performance for NO3-N attenuation (30-35 years).  



     A computer simulation tool known as Riparian Ecosystem Management Model (REMM) 

which is process based field scale and daily time step model was used to quantify the long 

term groundwater hydrology and NO3-N dynamics of two riparian buffers in Upper Coastal 

Plain of North Carolina. Despite its ability to successfully simulate riparian buffers from a 

water quality stand-point, very few quantitative studies have extensively field tested REMM 

hydrologic and nutrient components (soil carbon and nitrogen dynamics). There is a greater 

need to test REMM using site specific field data to quantify groundwater hydrology, 

denitrification and plant nitrogen uptake. Also there are very few modeling studies that have 

predicted the long term buffer performance with regards to groundwater hydrology and  

NO3-N attenuation through denitrification and plant nitrogen uptake. 

    To achieve the above objectives, REMM was calibrated for local groundwater hydrology 

and NO3-N attenuation using 3 years of field data (2005-2007) and then validated using the 

final 2 years of field data (2008-2009). Field measured water table depths (WTDs) were the 

primary metric for hydrologic calibration. Results showed good agreement between 

simulated and observed WTDs for calibration and the validation period (2005-2009). The 

simulated NO3-N concentrations followed the seasonal trends of the measured data and were 

also in good agreement for calibration and the validation period.  

      REMM simulated denitrification and plant nitrogen uptake were comparable to the field 

measured values published in the literature. Calibrated REMM at two sites predicted the 33 

year long term buffer performance with regards to groundwater hydrology and NO3-N with 

emphasis on denitrification. Results showed that site 1 buffer (43 and 60 m wide) and site 2 

buffer (46 m wide) reduced NO3-N loading from field edge zone 3 to stream edge zone 1 by 

82 %, 85 %, and 81 % respectively over the 33 year period (2010-2042).  



    Most of the previous riparian buffer field studies were evaluated for NO3-N attenuation 

without comparing to no-buffer (control). Calibrated REMM simulated no-buffer (control) 

and varying treatment buffer widths at sites 1 and 2 over 33 year period (2010-2042). REMM 

simulated no-buffer (control) at sites 1 and 2 attenuated 34 % and 32 % of total incoming 

NO3-N loading from agricultural field over 33 year period. The treatment buffers 5 m to 60 

m in width at sites 1 and 2 attenuated 58 % to 91 % and 63 % to 94 % of the total incoming 

NO3-N loading from the agricultural field. However the net NO3-N removal by treatment 

buffers 5 m to 60 m at sites 1 and 2 ranged from 24-57 % and 31-62 % respectively. These 

net removals are very important to water quality in NC and emphasize the importance of 

riparian buffers for improving water quality.   

      REMM sensitivity analysis highlighted field needed critical inputs affecting groundwater 

hydrology and NO3-N attenuation through denitrification and plant nitrogen uptake. The 

critical field inputs affecting hydrology were field capacity, soil porosity, hydraulic 

conductivity, zone slopes, soil layer depths, upland area, buffer length, litter transmission 

factor, stream depth, and deep seepage. Model simulated denitrification, simulated NO3-N 

concentrations and loadings in 3 zones were critically affected by soil denitrification rate 

constant (Kd). Plant nitrogen uptake in REMM was critically affected by vegetation inputs 

such as maximum and minimum nutrient concentrations in plant organs, maximum rooting 

depths, specific leaf area, relative growth rate of leaves, and minimum and maximum air 

temperatures. Maximum resources should be allocated for critical inputs, while non-critical 

inputs can be obtained from literature or model default values. More rigorous field testing of 

REMM hydrologic and nutrient component is needed. REMM is a useful tool for quantifying 



potential benefits achieved by riparian buffers and also useful for formulating different 

postulates.   
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CHAPTER 1.  I�TRODUCTIO� A�D BACKGROU�D OF RIPARIA� 

BUFFERS    

      After a series of algal blooms and fish kills in the Neuse and Tar-Pamlico River Basins in 

North Carolina during the early 1980’s and 1990’s, efforts were intensified to protect water 

quality (Bowen and Hieronymus, 2000; NCDWQ, 2002). These events were attributed in 

part to non-point source pollutants, many of which originated from agricultural fields (Neary 

et al., 1988). Nutrients and sediment were found to be two major non-point source pollutants 

responsible for overall water quality degradation (NCDENR, 1993). 

     Non-point source nutrients, particularly nitrogen and phosphorus, were indentified to be 

responsible for eutrophication problems in surface waters (Osmond et al., 2002). This led to 

the Environmental Protection Agency (USEPA) to consider nitrogen as one of the primary 

stressors in aquatic ecosystems (USEPA, 2002a). Nitrogen is an important nutrient for plants; 

however excess quantities can lead to eutrophication in surface waters and can contaminate 

groundwater (Mishra et al., 2006). 

     Nitrogen has been found to be a limiting nutrient to net primary production in terrestrial 

and aquatic ecosystems (Vitousek and Howarth, 1991). Common sources of nitrogen to 

surface waters are due to the over application of in-organic fertilizers in agricultural fields, 

swine waste, silviculture, mining, and urban storm water runoff (McMahon and Lloyd 1995; 

Neary et al., 1988). Most of the nitrogen entering streams and rivers is transported with 

surface and groundwater flow (Osmond et al., 2002). The organic nitrogen can be 

mineralized to ammonium (NH4-N) which is often nitrified by soil microbes in presence of 
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 aerobic conditions to nitrate-nitrogen (NO3-N), but ammonium (NH4-N) in inorganic 

fertilizers is the major source of NO3-N (Knowles, 1982). The NO3-N is a highly soluble 

anion and does not adsorb to soils due to the net negative charge, and is readily transported 

with groundwater where it can be discharged into streams, and increase the potential for 

growth of algal blooms (Starr and Gilliam, 1993; Hill, 1996; Gold et al., 1998; Martin et al., 

1999).  Excessive oxygen demand can occur as the algae respire at night and are decomposed 

by the bacteria, particularly in warm summer months, resulting in low dissolved oxygen 

conditions that can stress or kill fish and other aquatic animals. In addition, excessive NO3-N 

in drinking water wells may also cause methemoglobinemia in infants and stomach cancer in 

adults (Follet and Follett, 2001).  

     The USEPA has established a maximum drinking water NO3-N contaminant level of 10 

mg/L (USEPA, 2000), but much lower levels (~1 mg/L) can lead to eutrophication in streams 

and rivers (Osmond et al., 1995a). To mitigate the problems caused by excessive NO3-N 

from non-point sources, nutrient management techniques and various types of best 

management practices (BMP’s) have been devised and implemented through several NC 

watersheds to achieve a 30 % nitrogen reduction from base line values in 1991 (Gilliam, 

1994; NCDWQ, 2009). A few of the structural BMP’s implemented consisted of controlled 

drainage, wetlands, and riparian buffers (Gilliam et al., 1997). One particular BMP that was 

identified as being applicable on many sites were riparian buffers.    
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Riparian Buffers And Their Functions  

      Riparian buffers are “A complex assemblage of plants and other organisms in the 

environment adjacent to water. Without definitive boundaries it may include stream banks, 

floodplains and wetlands, as well as sub-irrigated sites forming a transitional zone between 

upland and aquatic habitat. Mainly linear in shape and extent, they are characterized by 

laterally flowing water that rises and falls at-least once within a growing season” as defined 

by leading buffer experts (Lowrance, Leonard and Sheridan, 1985) as given in Osmond et al. 

(2002).  These stream side vegetated corridors can provide water quality improvement along 

with other ecosystem services (Peterjohn and Correll, 1984; Jacobs and Gilliam, 1985a, b; 

Lowrance et al, 2000a,; Osmond et al., 2002). 

     Field studies have found riparian buffers to improve surface and groundwater quality by 

acting as nitrogen sinks (Gilliam et al., 1986). The vegetation in the buffers, particularly the 

herbaceous grasses, help to disperse the surface runoff by lowering its velocity allowing 

sediment, and sediment bound nutrients to be captured. Surface runoff nitrogen 

concentrations are generally low compared to groundwater (Osmond et al., 2002). The 

nitrogen in groundwater is attenuated depending upon its form and species. For example, 

inorganic nitrogen such as NH4-N can be adsorbed onto the soils, available for plant uptake, 

immobilized, or nitrified to NO3-N, where it can later be denitrified under anaerobic 

conditions where it is completely removed from the system (Lowrance, 1992). Numerous 

studies in United States and particularly in U.S. Southeastern Coastal plain have 

demonstrated the role of riparian ecosystems in improving water quality in agricultural
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 landscapes through groundwater NO3-N attenuation (Peterjohn and Correll, 1984; Jacobs 

and Gilliam, 1985a, b; Gilliam et al., 1986; Gregory et al., 1991; Fennessy and Cronk, 1997; 

Lowrance et al., 1997). Riparian buffers also provide several other ecosystem services 

besides improving water quality (Soman, 2007). They provide food and shade to birds and 

other animals, enhance landscapes aesthetically and provide recreational opportunities. They 

also provide stream bank stability and regulate stream temperatures essential to life of certain 

native species of fish (Poole, et al., 2001; Moore et al., 2005; Langendoen et al., 2009). Most 

of the stream evaluation protocols in United States have thus emphasized the importance of 

healthy riparian vegetation (USDA, 1998).       

     Based on the numerous buffer studies in the U.S. Southeastern Coastal Plain and rest of 

United States, the United States Department of Agriculture (USDA) has recommended a 

three zone riparian buffer design, each of which provides specific function (Vellidis and 

Lowrance, 2004). The three zone buffer design was based on guidelines developed by 

Welsch (1991) and NRCS (1995) and is shown in Figure 1.  

        Zone 1 of the buffer should consist of undisturbed forest adjacent to the stream channel, 

mostly consisting of native hardwoods tolerant to wet conditions. Its function is to prevent 

stream bank erosion, serve as habitat for birds and regulate temperature of streams (Vellidis 

and Lowrance, 2004). Zone 1 is important for water quality reasons because it is generally 

characterized by shallow water table conditions favoring denitrification. The recommended 

minimum width of zone 1 is 4.5 m (15 ft) from the stream bank.  

      Zone 2 or the mid-buffer is generally managed forest mostly consisting of fast growing 

trees such as pines. The important function is the removal of nutrients from subsurface and 
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surface inflows from upslope (Vellidis and Lowrance, 2004). The minimum width of zone 2 

should be 6 m (20 ft). 

     Zone 3 is located adjacent to the agricultural field, and generally is a grass filter strip. The 

main function is to disperse surface runoff by decreasing its velocity and allowing sediment 

and sediment bound pollutants such as phosphorus to be captured (Vellidis and Lowrance, 

2004). The minimum width of zone 3 should be 6 m (20 ft) from the edge of agricultural 

field. 

 

Figure 1. USDA Riparian Forest Buffer Zones (Adapted from USDA-NRCS, 1997a, b). 

Mechanisms Of �O3-� Removal In Riparian Buffers  

       Riparian buffers have played an important role in reducing nitrogen and improving water 

quality because of the biogeochemical processes that occur in these areas (Peterjohn and 

Correll, 1984; Groffman et al., 1992; Jacinthe et al., 2003). Most of the buffer studies have 

focused on NO3-N due to its mobility and rapid transport with groundwater (Starr and 

Gilliam, 1993). Researchers in the U.S. Southeastern Coastal Plain have observed that 70-90 

% of total nitrogen entering the riparian forests was via subsurface NO3-N (Lowrance et al., 

1984; Peterjohn and Correll, 1984; Jacobs and Gilliam, 1985b; Lowrance et al., 1985; 

Lowrance, 1992).  
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          Subsurface NO3-N can be removed from riparian buffers through three mechanisms; 

the microbial process of denitrification, plant uptake, and microbial immobilization 

(Groffman et al., 1991). However, most of the buffer studies have focused on microbial 

denitrification, since it is the major pathway by which the subsurface NO3-N is completely 

eliminated, while plant uptake and microbial immobilization are considered as temporary 

storage of nitrogen (Peterjohn and Correll, 1984; Hill, 1996; Mikha et al., 2005; Watts et al., 

2007).  

      Denitrification involves a series of reactions that convert NO3-N to nitrous oxide (N2O) 

or di-nitrogen (N2) gas depending upon soil environmental conditions (Knowles, 1982). 

Micro-organisms reducing NO3-N through denitrification are generally ubiquitous in the 

subsurface soils (Beauchamp et al., 1989). They are mostly facultative anaerobic 

heterotrophs who use the NO3-N as the terminal electron acceptor and derive the energy for 

growth from oxidation of organic carbon (Rivett et al., 2008).  

     The nitrate reduction reaction as a half equation illustrates role of electron transfer 

(Tesoriero et al., 2000); 

2NO3
- + 12H+ 10e- = N2 + 6H2O 

For denitrification to occur at a high rate within the buffers, the following conditions must be 

present in the subsurface: 1) a source of NO3-N 2) denitrifying bacteria 3) anaerobic 

conditions with soil redox values less than 350 mV 4) a labile carbon source for microbial 

energy and biomass production, 4) moderate soil temperatures (15-20°C) and 5) suitable pH 

from 5.5 to 8 (Knowles, 1982; Postma et al., 1991; Korom, 1992; Rivett et al., 2008).  
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Factors Impacting �O3-� Removal In The Riparian Buffer 

      According to many researchers the ideal riparian buffer will have following set of 

conditions to be an effective groundwater NO3-N sink: 1) shallower groundwater flow 

through a carbon rich root zone governed by the presence of a restrictive soil layer,  2) a 

labile organic carbon source, 3) frequently saturated soils resulting in low soil redox (Eh),  

4) a near neutral pH and 5) available NO3-N as substrate for soil microbes (Peterjohn and 

Correll, 1984; Jacobs and Gilliam 1985b; Peterjohn and Correll, 1986; Correll and Weller, 

1989; Lowrance and Pionke, 1989 and Jordan et al., 1993). Most of the buffers which had 

these ideal conditions resulted in NO3-N removal rates greater than 90 % from agricultural 

fields to streams (Peterjohn and Correll, 1984; Sprent, 1987; Lowrance, 1992; Gold et al., 

2001).  

        However riparian buffers do not always have the above mentioned ideal conditions, 

resulting in variable NO3-N removal rates. The two most important factors governing NO3-N 

attenuation in riparian buffers are the groundwater hydrology and labile carbon availability, 

(Hill, 1996), and numerous studies have demonstrated the impact it has on removal via 

denitrification (Lowrance, 1992; McCarty and Angier, 2001; Puckett, 2004; Vidon and Hill, 

2004; Angier et al., 2005).  

       The effects of variations in groundwater hydrology, especially the water table depths 

(WTDs) on subsurface denitrification were analyzed at 8 buffer sites by Vidon and Hill 

(2004). Buffers having a shallow restrictive layer had lateral groundwater flow passing 

through a carbon rich zone which resulted in greater soil denitrification and NO3-N removal 

rates of more than 90 %. Buffers having deeper depth to the restrictive layer and highly
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 permeable sediments resulted in groundwater flow passing below the carbon rich root zone, 

which significantly reduced denitrification and resulted in lower NO3-N removal rates due to 

lower residence time (Vidon and Hill, 2004). Soil physical properties such as saturated 

hydraulic conductivities and buffer slopes also affected residence time of NO3-N in the soil 

affecting denitrification. Rosenblatt et al. (2001) and Gold et al. (2001) found that riparian 

sites with steep slopes and high hydraulic conductivities had deeper WTDs and lower 

residence time which resulted in less anaerobic conditions and significantly lower 

denitrification rates. Buffer sites that had flat slopes and lower hydraulic conductivities had 

shallower WTDs and resulted in greater residence time, increased anaerobic conditions, and 

higher denitrification.  

       The soil drainage class also affected WTDs and labile carbon sources, which in turn 

affected denitrification rates in the buffer. Groffman et al. (1992), Nelson et al. (1995) and 

Addy et al. (1999) analyzed the variations in WTDs and denitrification enzyme activity 

(DEA) in moderately well drained, somewhat poorly drained and very poorly drained soils. 

They found that WTDs were closer to the soil surface in very poorly and poorly drained soils 

compared to moderately well drained soils. Longer groundwater residence time and greater 

anaerobic conditions in very poorly and poorly drained soils led to higher denitrification rates 

compared to moderately well drained soils. Soil drainage class was also found to control 

mobility and availability of dissolved organic carbon (DOC) concentrations in poorly drained 

and well drained soils. Researchers found shallow WTDs and greater biological activity in 

poorly drained soils which stimulated denitrification compared to well-drained soils (Jacinthe 

et al., 2003). The oxic environment in well drained soils offered greater adsorption sites for 
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DOC; while poorly drained soils had fewer surface adsorption sites for DOC resulting in its 

increased availability to soil microbes (Jacinthe et al., 2003).      

       Some researchers found that denitrification can occur within deeper permeable 

sediments in the absence of a restrictive layer, if the dissolved organic carbon concentrations 

are present at that depth (Hill et al., 2000).  Other researchers have observed incised streams 

adjacent to buffers lowered the WTDs and reduced denitrification (Angier et al., 2001; 

Schilling et al., 2004; 2006). The lowered WTDs reduced soil anaerobic conditions resulting 

in reduced denitrification rates near the stream edge. 

       It can be concluded that soil physical properties, soil drainage class, and buffer slopes 

influence depth to water tables and availability of DOC which has profound influence on soil 

denitrification (Rivett et al., 2008). Riparian buffers are installed in various landscape 

settings having different soils, topographic conditions, different vegetation types, and local 

groundwater hydrology, so predicting the performance of buffers is difficult, but extremely 

important.  

 Computer Models To Simulate Riparian Buffers 

       Many riparian buffer field studies have been short term studies typically ranging 

between 2-5 years. Such short term field studies coupled with highly variable hydrology have 

made it difficult to predict the NO3-N attenuation capacity of riparian buffers. Once 

calibrated with short-term field data, computer models can be used as tools to simulate a 

wide range of climatic, soils, and vegetation conditions. They can be used to quantify 

groundwater hydrology and NO3-N attenuation processes such as denitrification and plant 

uptake (Boyer et al., 2006).  
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Computer simulation models can enhance our understanding of processes that occur in a 

riparian buffer system and can be used to explore and analyze inter-relationships of different 

components used in creating the model (Allison et al., 2006). Only a few models exclusively 

simulate riparian buffers and NO3-N attenuation processes of plant uptake and denitrification. 

        There are many examples of hydrologic models, but few of the more popular ones do 

not exclusively model riparian buffer processes. For example, the Soil and Water Assessment 

Tool (SWAT) developed by Arnold et al. (1998) is a process based continuous simulation 

model used to evaluate the impact of land management practices on water quality in 

agricultural watersheds. SWAT can be used to predict the long term impacts of non point 

source pollutants such as sediment, nutrients, and pesticides on water quality (Arnold et al., 

1998). The SWAT model operates on a daily time scale and the hydrologic simulations are 

based on land use, soil type, and topographic features. Based on soil and land characteristics, 

SWAT divides the basins into sub-basins, which are then further divided into Hydrologic 

Response Units (HRUs) to route water, nutrients, and sediments to the stream. The HRUs in 

SWAT are not hydrologically interconnected, so it cannot trace the surface runoff, 

groundwater flow, and sediments into a riparian buffer from the contributing areas, a 

limitation in the simulation of riparian buffer performance (Arnold et al., 1998).           

       Two models, the Riparian Nitrogen Model (RNM) and the Riparian Particulate Model 

(RPM), were developed, calibrated, and validated with limited field data from riparian 

buffers in Australia (Newham et al., 2005b; Rassam et al., 2005a). Both of these models lack 

plant growth, development and nutrient uptake components critical to buffer simulations. In 

addition, since they were developed and tested in Australia, these models may not be 
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applicable for use in the U.S. Southeastern Coastal Plain due to differences in precipitation 

patterns.  

       The Riparian Ecosystem Management Model (REMM) was developed specifically to 

quantify water quality benefits provided by riparian buffers (Lowrance et al., 2000a; Altier et 

al., 2002). The model provides hydrologic interconnection between the upland/agricultural 

areas and the riparian buffers, and quantifies NO3-N attenuation processes such as 

denitrification and plant nitrogen uptake (Lowrance et al., 2000a; Altier et al., 2002). REMM 

was developed, calibrated, and validated using 5 years of field measured data from Tifton, 

GA by the USDA-ARS (Inamdar et al., 1999a, b; Lowrance et al., 2000a).  

       REMM was conceptually based on the three zone buffer systems recommended by 

NRCS (1995) and Welsch (1991). REMM is a process based field scale and a daily time step 

model which simulates interactions between four components of the riparian buffer system 

including hydrology, vegetation growth and development, sediment transport, and nutrient 

dynamics (Lowrance et al., 2000a; Altier et al., 2002). REMM is essentially a two 

dimensional model that takes upland inputs provided by the user and computes the loads of 

water, sediments, nutrients, and carbon into the buffer (Lowrance et al., 2000a). 

       Water movement processes simulated by REMM include infiltration, interception of 

rainfall by plants and litter, and the upper soil layer, vertical drainage, surface runoff, 

subsurface flow, and upward flux from the shallow water table in response to 

evapotranspiration (ET) (Inamdar et al., 1999a; Altier et al., 2002). REMM is parameterized 

to work zone by zone and through 3 soil layers. For example the surface and subsurface 

outputs from the agricultural field are inputs to field edge zone 3, while outputs from field 
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edge zone 3 are inputs to mid-buffer zone 2, etc. Finally outputs from the stream edge zone 1 

are inputs to the stream (Lowrance et al., 2000a; Altier et al., 2002). 

       The nutrient transformation processes of C, N, and P in water, soil, and vegetation in the 

riparian buffer are based on residue (structural and metabolic) and humus pools (active, 

passive, and slow) (Inamdar et al., 1999b). Simulation of residue and humus pools dynamics 

are derived from the Century Model (Parton et al., 1987). Each carbon pool is associated with 

a mineralization rate, carbon transformation efficiencies, and C: N and C: P ratios (Inamdar 

et al., 1999b; Altier et al., 2002).  

      REMM quantifies denitrification based on maximum denitrification potential adjusted by 

scalars of carbon, NO3-N availability, soil moisture, and temperature conditions (Altier et al., 

2002). The maximum denitrification rate in REMM is estimated by soil denitrification 

enzyme activity (DEA) measured in the laboratory from field collected samples (Ambus and 

Lowrance, 1991). REMM simulated denitrification is based on interaction of factors 

mentioned above, with each factor described by an empirical equation described in detail in 

Altier et al. (2002).  

       REMM simulates up to 12 types of vegetation consisting of woody species (evergreen 

and deciduous) and herbaceous species (annual and perennial). REMM simulates growth of 

perennial herbaceous vegetation using fixed carbon allocations dependent upon phenological 

growth stages (Altier et al., 2002). The growth of woody vegetation is based on a sink 

oriented approach which allows plant growth to be responsive to changing soil environmental 

conditions. The strength of sinks rather than the availability of assimilates are primary 

determinants of growth. For example, roots have first priority for water and nutrients, but 
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root growth under nutrient deficient conditions will increase relative to shoot growth (Altier 

et al., 2002). 

       Despite its ability to successfully simulate riparian buffers from a water quality stand-

point, very few quantitative studies have been completed using REMM, since it requires the 

user to provide over 250 inputs for daily weather, buffer and upland geometry and 

topography, soil physical and chemical properties, and vegetation inputs. In two buffer 

studies in the North Carolina and Georgia coastal plain REMM was calibrated and validated 

using 3 and 5 years of field measured data (Inamdar et al., 1999a, b; Dukes and Evans, 2003). 

Results showed that REMM simulated WTDs and NO3-N concentrations were in good 

agreement with field measured. REMM simulated plant nitrogen uptake and denitrification 

were very comparable to other field buffer studies (Inamdar et al., 1999b).     

Research Statement And Justification  

       As described earlier, most of the riparian buffer studies were short term field studies 

ranging from 2-5 years. These field studies either quantified denitrification or plant uptake, 

but very few studies quantified both (Lowrance, et al., 1984; Hefting et al., 2005). There is 

lack of information about modeling riparian buffer hydrology (WTDs) and NO3-N 

attenuation processes such as denitrification and plant uptake.  

        For this research project, REMM was selected as a tool to simulate buffers due to the 

models hydrologic interconnection characteristics and its ability to simulate denitrification 

and plant uptake. A calibrated REMM could be a useful tool in designing buffers. It can 

quantify NO3-N attenuation process of denitrification and plant uptake.  
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REMM can be used to forecast long term (30-40 years) buffer performance for NO3-N 

attenuation. Long term simulations can be used to determine if a riparian buffer acts as a 

groundwater NO3-N sink or source to streams. Such long term studies are lacking in the 

riparian buffer literature.  

        In this research, REMM was tested for its applicability to simulate two buffers enrolled 

in the North Carolina Conservation Reserve Enhancement Program (NC-CREP). REMM was 

then calibrated and validated against 5 years of field measured data and then used to predict 

NO3-N removal over the next several decades. Long term performance of buffers as 

groundwater NO3-N sink or source can be useful information for agencies such as NC-CREP 

whose goal is to increase buffer acreage to improve water quality at the watershed level. 

        Width is major criteria considered when enrolling buffers into the NC-CREP.  Help with 

refining ideal width requirements for buffers could save the agency money in the long run, 

since current enrollments include buffers that are >50 m which may be wider than needed for  

water quality protection. Numerous studies showed that variability in buffer widths is one of 

the factors responsible for NO3-N efficiency of treatment buffers (Mayer et al., 2007). 

However studies have shown that not all treatment buffers are effective in reducing NO3-N. 

Treatment buffer studies have reported NO3-N removal rates of 16-84 % (Synder et al., 1998; 

Dukes et al., 2002). The calibrated REMM was used as a tool to determine maximum buffer 

width beyond which there are diminishing returns for NO3-N removal. Such information 

could be valuable for agencies such as NC-CREP to maximize the number of stream miles 

protected in the Neuse and Tar-Pamlico River Basins in North Carolina.  
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      In addition, most of the field monitored treatment buffer studies evaluated NO3-N 

attenuation without comparing to a control (no buffer). Only a few field studies by Clausen et 

al. (2000) and King et al. (2006) have compared NO3-N attenuated by treatment buffer to a 

control (no buffer). Results show some NO3-N removal in these control sections; therefore 

the net impact to water quality improvement by some buffers may actually be less than 

shown by field studies. The calibrated REMM was again used as a tool to simulate a control 

condition (no buffer) to determine net NO3-N removals achieved by treatment buffers of 

various widths. Net NO3-N removals by treatment buffers were then compared to nitrogen 

credits given to buffers as a function of width by the Nitrogen Loss Estimation Worksheet 

(NLEW) (Osmond et al., 2001). These comparisons were made to determine if past and 

current nutrient credits were reasonable.  

        In an effort to improve REMM, a sensitivity analysis was performed to determine field 

critical inputs affecting WTDs and NO3-N attenuation through denitrification and plant 

uptake. Determination of field critical inputs will allow allocation of resources to be directed 

towards its collection, while the non-critical inputs can be obtained from literature or model 

default values.  

A summary of the objectives of this research included in this dissertation are as follows: 

1) Calibrate and validate REMM using 5 years of field measured data from two NC-CREP 

buffer sites in North Carolina to quantify groundwater hydrology (WTDs) and NO3-N 

attenuation process of denitrification and plant uptake (Chapters 2 and 3).  

2) Use the calibrated REMM to simulate long term buffer performance of two CREP buffers 

for NO3-N attenuation, to determine whether two buffers act as a groundwater NO3-N sink or 

source (Chapters 2 and 3). 
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3) Using the calibrated REMM, simulate the NO3-N attenuation capacity of varying 

treatment buffer widths and a control (no buffer) at the two CREP sites. Then compute the 

net NO3-N attenuation capacity of each treatment buffer width with respect to the control 

(no-buffer) (Chapter 4).  

4) Perform a sensitivity analysis to determine REMM critical field inputs affecting WTDs, 

NO3-N attenuation through denitrification and plant nitrogen uptake in hope that REMM can 

be utilized more frequently as an assessment tool for NO3-N attenuation in future buffers 

(Chapter 5).  
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CHAPTER 2. FIELD TESTI�G OF THE RIPARIA� ECOSYSTEM 

MA�AGEME�T MODEL (REMM) USI�G A DATA SET FROM A 

RIPARIA� BUFFER I� EASTER� �ORTH CAROLI�A HAVI�G 

TWO DISTI�CT BUFFER WIDTHS 

Abstract 

      Riparian buffers are known to attenuate NO3-N loading from agricultural fields to 

streams. Research has shown that riparian buffer hydrology and their positions in landscape 

are governing factors for NO3-N removal. Computer simulation models can be used to 

evaluate the performance of riparian buffers as affected by hydrological and biogeochemical 

factors. The Riparian Ecosystem Management Model (REMM) was tested using 5 years 

(2005-2009) of measured hydrologic and water quality data of a riparian buffer, enrolled in 

North Carolina Conservation Reserve Enhancement Program (NC-CREP) and located in the 

Tar-Pamlico River Basin. The buffer site received NO3-N loading from agricultural fields 

receiving inorganic fertilizer. Field results showed the narrow (43 m) and wide buffers (60 

m) acted as groundwater NO3-N sinks for 5 year period (2005-2009). Field measured water 

table depths (WTDs) were the primary metric for hydrologic calibration.     

    Mean absolute error (MAE) between simulated and observed WTDs for narrow and wide 

buffers were comparable, varying from 13 cm to 45 cm for the narrow buffer and 16 cm to 

46 cm for the wide buffer. The MAE values obtained in this field testing of the model were 

comparable to the MAE values (14 cm to 27 cm) obtained in the first field testing of the 

model using five years of data from a buffer site in Tifton Georgia. The Willmott’s index of 
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agreement (d) for narrow and wide buffer ranged from 0.74 to 0.92 and 0.71 to 0.94, 

respectively. Overall, simulated WTDs captured the observed seasonal trends of water table 

fluctuation during the 5 year simulation period (2005-2009).  

       Simulated NO3-N concentrations captured the seasonal trends of measured NO3-N 

concentrations over 5 year period (2005-2009). Root mean square error (RMSE) ranged from 

1.1 mg/L to 5.9 mg/L for the narrow buffer and 0.5 mg/L to 2.9 mg/L for the wide buffer. 

The Willmott’s index of agreement between measured and simulated NO3-N concentrations 

ranged from 0.10 to 0.68 for the narrow buffer and 0.15 to 0.81 for the wide buffer. REMM 

over-estimated NO3-N concentrations in the dry years of 2007 and 2009. 

    REMM predictions of NO3-N attenuation processes of plant nitrogen uptake and 

denitrification were within ranges reported in other riparian buffer studies. The calibrated and 

validated REMM was used to simulate the long term (33 years) performance of the buffer 

site for NO3-N attenuation (2010-2042). Results of the long term simulations showed that 

narrow buffer reduced NO3-N concentrations from 12 mg/L at the field edge to 0.7 mg/L at 

the stream edge. Similarly the wide buffer reduced NO3-N concentrations from 5.5 mg/L at 

the field edge to 0.4 mg/L at the stream edge. Simulated trends in long term NO3-N 

concentrations were in close agreement with measured NO3-N concentrations over  

5 year period (2005-2009). The narrow and wide buffers acted as a long term groundwater 

NO3-N sinks over the 33 year simulation period (2010-2042). These 33 year long term results 

show that narrow and wide buffers will continue to reduce NO3-N concentrations to safe 

levels (less than 1 mg/L) at the stream edge.  
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Introduction 

          Agriculture is the major contributor of nitrogen (N) and phosphorus (P), the two most 

important non-point source pollutants (NPSP) of surface and groundwater in the United 

States (Altman and Parizek, 1995; USEPA, 1996).  Excessive N and P loadings to surface 

water cause eutrophication, leading to depletion of dissolved oxygen in aquatic systems 

resulting in fish kills (Osmond et al., 2002).      

       Riparian buffers, stream side vegetated corridors, are known to reduce non point source 

(NPS) pollutants such as NO3-N derived from agricultural fields to streams (Peterjohn and 

Correll, 1984; Jacobs and Gilliam, 1985a, b; Lowrance et al, 2000a, b; Osmond et al., 2002). 

Riparian buffers constitute an important part of NPS pollution control program adopted by 

the USDA (Lowrance et al., 2001) and the North Carolina Conservation Reserve 

Enhancement Program (NC-CREP, 2008). Numerous studies have shown that buffer 

effectiveness for NO3-N removal is dependent upon the local groundwater hydrology, slope 

and width, type of soil and degree of wetness (saturation) (Hill, 1996; Gilliam et al., 1997).  

      The two major NO3-N attenuation processes in riparian buffers are plant nitrogen uptake 

and microbial denitrification (Peterjohn and Correll, 1984; Lowrance et al., 1985; Haycock and 

Burt, 1993; Mayer et al., 2007). Plants store nitrogen in the woody biomass, but their ability to 

store nutrients decreases over time as plants mature. Plant nitrogen uptake is influenced by 

seasonality, as it declines in winter for temperate deciduous species (Palone and Todd, 1997). 

Plant releases nitrogen back into the soil through litter fall (leaves) and senescence of stem, 

branches, and roots (Lowrance et al., 1984; Naiman and Decamps, 1997; Hefting et al., 2005). 
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       Most of the riparian buffer studies have focused on microbial denitrification, as it 

permanently removes NO3-N. Denitrification involves heterotrophic bacteria that use  

NO3-N in absence of oxygen as electron acceptor with final product being N2O or N2 gas 

(Davidson and Schimel, 1995). Factors regulating denitrification are readily decomposable 

organic carbon, anaerobic conditions, NO3-N source, and environmental conditions favorable 

to microbial activity (Cosandey et al., 2003; Pinay et al., 1995; Lowrance, 1992; Weller et 

al., 1994). However most of the above mentioned conditions are not simultaneously present 

in the buffers, making it difficult to predict denitrification. The two most important factors 

affecting denitrification in riparian buffers are the groundwater hydrology and the labile 

carbon availability (Lowrance, 1992; Hill, 1996; McCarty and Angier, 2001; Puckett, 2004; 

Vidon and Hill, 2004; Angier et al., 2005). These two factors are spatially and temporally 

variable leading to high variability in denitrification rates and formation of hot spots and hot 

moments (McClain et al., 2003; Boyer et al., 2006). Computer simulation models provide a 

framework to extrapolate spatial and temporal patterns, effects of different climatic 

conditions, soils and vegetation on denitrification (Boyer et al., 2006). 

Riparian Ecosystem Management Model (REMM) 

        The Riparian Ecosystem Management Model (REMM) was developed to quantify water 

quality benefits of riparian buffers (Lowrance et al., 2000a; Altier et al., 2002). REMM is 

conceptually based on the three-zone buffer system recommended by NRCS (1995) and 

Welsch (1991). It is a field scale process-based and daily time step model, which simulates 

interactions between hydrology, vegetation growth and development, sediment transport, and 

nutrient dynamics (Lowrance et al., 2000a; Altier et al., 2002;). REMM is a two dimensional 
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model that takes upland inputs and computes loading of water, sediments, nutrients and 

carbon into the buffer (Lowrance et al., 2000a). REMM simulates three soil layers in three 

zones which are user defined and a litter layer which includes plant residue and fixed 1 cm 

soil layer associated with the plant residue.  

      Hydrologic processes simulated by REMM are interception of rainfall by plants and then 

by the litter before reaching the soil surface, infiltration, vertical drainage between soil 

layers, surface runoff, subsurface flow from the upland and within the buffer zones; and 

upward flux from shallow water table in response to ET (Inamdar et al., 1999a; Altier et al., 

2002). The nutrient transformation processes of C, N, and P in water, soil and vegetation in 

riparian zones are based on residue (structural and metabolic) and humus pools (active, 

passive, and slow) (Inamdar et al., 1999b). Simulation of residue and humus pools dynamics 

are derived from the Century Model (Parton et al., 1987). Each carbon pool is associated with 

a mineralization rate, carbon transformation efficiencies and C:N and C:P ratios (Inamdar et 

al., 1999b; Altier et al., 2002). REMM quantifies denitrification based on maximum 

denitrification potential, adjusted by coefficients for carbon, NO3-N, soil moisture, and 

temperature (Altier et al., 2002). The maximum denitrification potential in REMM is 

estimated by denitrification enzyme activity (DEA) measured in the laboratory on field 

collected soil samples (Smith and Tiedje, 1979). REMM simulated denitrification equation is 

described in detail in Altier et al. (2002).  

     REMM simulates up to 12 types of vegetation consisting of woody species (ever-green 

and deciduous) and herbaceous species (annual and perennial). REMM simulates growth of 

perennial herbaceous vegetation using fixed carbon allocations dependent upon phenological  
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growth stages (Altier et al., 2002). REMM simulates growth of trees based on sink oriented 

approach, where demand of carbon for growth in each plant part is influenced by 

phenological status of plant and effect of environmental conditions such as temperature, 

nutrient and phenological growth factors (Altier et al., 2002).  

    REMM was field tested using 5-year hydrologic and nutrient data collected from an 

experimental riparian buffer site in Tifton, GA (Inamdar et al., 1999a, b). Simulated 

hydrologic and nutrient data were comparable to measured data. REMM predictions of plant 

nitrogen uptake and denitrification were within ranges of the observed (Inamdar et al., 1999a, 

b). However, there are few buffer studies which have extensively field tested REMM 

hydrologic and nutrient components. Dukes and Evans (2003) tested REMM hydrologic 

component using data from a two widths (8 m and 15 m) buffer site in NC coastal plain and 

found that REMM predicted the trends of the field observed water table data. Dukes and 

Evans (2003), however, did not test the nutrient component of REMM. Other studies 

conducted on REMM included sensitivity analysis to identify field critical inputs for 

hydrology and NO3-N attenuation (Lowrance et al., 2000a; Tucker et al., 2000a, b; Graff et 

al., 2005). Presently there are no buffer studies in the literature which have extensively field 

tested REMM hydrologic and nutrient components (soil carbon and nitrogen) with emphasis 

on soil denitrification. There is a need to test REMM using site specific field data to assess 

the model’s ability of simulating key hydrological, biogeochemical, and vegetation growth 

processes that influence the performance of riparian buffers. Also there are very few 

modeling studies that have predicted the long term buffer performance with regards to 

groundwater hydrology and NO3-N attenuation through denitrification and plant nitrogen
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uptake. In this modeling study, five year field collected hydrologic and nutrient data from a 

buffer site located in Eastern NC coastal plain was used to test REMM hydrologic and 

nutrient components. The goals of this modeling study were; 1) Field test the hydrologic and 

nutrient components of REMM using 5 year field measured data (2005-2009) to assess the 

model’s ability to predict groundwater hydrology and NO3-N attenuation processes of 

denitrification and plant nitrogen uptake. 2) Use the calibrated model to predict long term 

riparian buffer performance with regards to groundwater hydrology and NO3-N attenuation 

through denitrification for 33 year period (2010-2042).    

Materials And Methods 

Site Description  

 
        The riparian buffer site is located in Halifax County, NC and was monitored for 

hydrology and water quality since 2005. In 1995, the vegetation was established at the buffer 

site based on the three zone buffer concept by Welsch (1991) and NRCS (1995). The site is 

situated on a first order stream which drains into Fishing Creek, a part of the Tar-Pamlico 

River Basin. This site has two distinct buffer widths shown in Table 1 and Figure 2. 
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Table 1. Site 1 characteristics of narrow (43 m) and wide (60 m) buffers 
 

Site characteristics �arrow buffer (43 m) Wide buffer (60 m) 

Soils of the buffer and 
upland* 

Marlboro, Bonneau, Gritney  
fine sandy loam &  

Marlboro fine sandy loam* 

Lynchburg fine sandy loam  
& Gritney fine sandy loam* 

Upland’s soil drainage 
class* 

Well drained* Somewhat poorly drained  
& moderately well drained* 

Buffer’s soil drainage 
class* 

Well drained to moderately  
well drained* 

Somewhat poorly drained  
& moderately well drained* 

Buffer vegetation Switch grass (zone3), pines  
(zone 2), Hardwoods (zone 1) 

Switch grass (zone3), pines  
(zone 2), Hardwoods (zone 1) 

Upland nutrient sources Inorganic fertilizer Inorganic fertilizer 
Buffer Area (m2) 5160 8400 
Buffer length (m) 120 140 
Upland area (m2) 31460 31380 

Zone widths (3, 2, & 1) 
(m) 

7, 25, 11 7, 41, 12 

Notes *- source (USDA-NRCS, 2008). 

 Field Data Collection And Inputs �eeded By REMM 

     Site measured field data for 5 year period (2005-2009) consisted of depth to water table 

and concentrations of NH4-N, NO3-N, dissolved organic carbon (DOC) in groundwater and 

redox measurements. Water table depths (WTDs) in the three buffer zones were measured 

using Infinities® pressure transducer and data logger USA, Inc., Port Orange, FL. Ground 

water samples for chemical analysis were collected monthly from shallow (1-1.5m) and deep 

wells (2-3.5m). Rainfall was measured on site using a tipping bucket and recorded using 

HOBO data logger (Onset, Bourne, MA). A manual rain gauge was also installed on site to 

verify the accuracy of the HOBO rain gauge. Due to malfunctioning of HOBO data logger 

and manual rain gauge the missed rainfall events were obtained from a weather station 

located 9 miles from the buffer site. More detailed description of site instrumentation, 
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hydrologic and groundwater nutrient data collection can be found in Messer (2010). Buffer 

site layout is shown in Figure 2. 

 

`
`
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Figure 2. Layout of buffer site 1 (60 and 43 m wide) (Messer, 2010). 

 
        In February 2009, soil samples were collected from the three zones of the buffer site and 

the adjacent agricultural field. Soil samples (2 sets) were collected using a bucket auger from 

0-19 cm, 20-45 cm, and 45-80 cm below ground surface using the methods suggested by 

Carter (1993) and Ferguson et al. (2007). First set of  samples were analyzed for soil pH, 

NO3-N, NH4-N, total nitrogen and total carbon at BAE environmental analysis laboratory in 

NC State University using the EPA Method 150.1 (1979); EPA Method 353.2 (1979); EPA 

Method 415.1 (1979) respectively.  

     Second set of samples were analyzed for the denitrification enzyme activity (DEA) at 

USDA-ARS laboratory (Ambus and Lowrance, 1991) and for soil texture using hydrometer 

method (Gee and D. Orr, 2002). The denitrification enzyme activity (DEA) procedure can be 

found in the section A of the appendix. Measured soil physical and chemical properties for 

narrow and wide buffers are shown in Tables 2-5. 
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Table 2. Percent sand, silt, and clay in 3 zones and 3 layers in the narrow buffer  
 

Buffer  

zones: layers 

Sampling 

Depths  

(cm) 

Sand  

(%) 

Silt  

(%) 

Clay  

(%) 

USDA class 

Z1L1 19 33 50 17 silt loam 
Z1L2 57 24 60 16 silt loam 
Z1L3 75 9 67 25 silt loam 
Z2L1 16 60 33 8 sandy loam 
Z2L2 48 65 26 8 sandy loam 
Z2L3 80 63 23 13 sandy loam 
Z3L1 18 57 35 8 sandy loam 
Z3L2 52 67 26 7 sandy loam 
Z3L3 68 60 23 17 sandy loam 

 Notes: Z3L1, Z3L2 and Z3L3- field edge zone 3 and soil layers 1, 2, and 3; Z2L1,  
 Z2L2, and Z2L3- mid-buffer zone 2 and its 3 layers; Z1L1, Z1L2 and Z1L3- stream edge   
 zone 1 and its 3 layers. 
 
Table 3. Percent sand, silt, and clay in 3 zones and 3 layers in the wide buffer 
 

Buffer  

zones: layers 

Sampling 

Depths  

(cm) 

Sand 

(%) 

Silt  

(%) 

Clay 

(%) 

USDA class 

Z1L1 29 57 24 19 sandy loam 
Z1L2 51 65 26 9 sandy loam 
Z1L3 71 61 17 22 sandy clay loam 
Z2L1 51 68 25 7 sandy loam 
Z2L2 71 74 16 10 sandy loam 
Z2L3 73 65 15 20 sandy loam 
Z3L1 33 74 20 6 sandy loam 
Z3L2 53 64 17 19 sandy loam 
Z3L3 67 59 11 29 sandy clay loam 

 
            Particle size distribution data (Tables 2 and 3) were used as inputs to REMM 3 zone 

and 3 layers. These samples were obtained from less than 100 cm (1 m) depth. During the 

installation of shallow water quality wells in 3 zones, soil samples obtained at depths of 1-1.5 

m were analyzed for particle size by hydrometer method (Gee and D. Orr, 2002). These data 

were used as input to the third (deepest) layer simulated by the model.  
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Measured soil chemical properties for narrow and wide buffers are shown in Tables 4 and 5.  

Table 4. Measured soil chemical properties for 3 zones and 3 layers of the narrow buffer 
 

Buffer  

zones: layers 

Sampling 

depth 

(cm) 

Soil 

�H3-� 

(µg/g) 

Soil 

�O3-� 

(µg/g) 

pH Bulk 

density 

(g/cm
3
) 

Soil 

carbon  

(%) 

Soil 

nitrogen  

(%) 

Z1L1 19 0.64 1.59 5.1 1.44 0.37 0.03 
Z1L2 57 0.52 2.49 5.2 1.45 0.67 0.05 
Z1L3 75 1.42 0.95 5.1 1.44 0.86 0.05 
Z2L1 16 2.14 1.47 4.9 1.45 0.69 0.04 
Z2L2 48 1.14 1.08 4.9 1.46 0.23 0.02 
Z2L3 80 1.09 1.09 4.9 1.46 0.20 0.02 
Z3L1 18 0.93 2.95 5.1 1.45 0.12 0.01 
Z3L2 52 1.32 3.44 4.9 1.46 0.14 0.02 
Z3L3 68 1.57 4.30 4.8 1.46 0.15 0.02 

Notes:  Z3L1, Z3L2 and Z3L3- field edge zone 3 and soil layer 1, 2, and 3; Z2L1, Z2L2  
and Z2L3- mid-buffer zone 2 and its 3 layers; Z1L1, Z1L2 and Z1L3- stream edge  
zone 1 and its 3 layers.  
 
Table 5. Measured soil chemical properties for 3 zones and 3 layers of the wide buffer  
 

Buffer  

zones: layers 

Sampling 

depth 

(cm) 

Soil 

�H3-� 

(µg/g) 

Soil 

�O3-� 

(µg/g) 

pH Bulk 

density 

(g/cm
3
) 

Soil 

carbon 

(%) 

Soil 

nitrogen 

(%) 

Z1L1 29 3.44 1.78 5.3 1.48 0.87 0.06 
Z1L2 51 1.75 0.87 5.5 1.40 0.73 0.04 
Z1L3 71 1.28 0.43 5.3 1.36 0.37 0.03 
Z2L1 51 1.31 4.52 5.5 1.40 0.76 0.04 
Z2L2 71 0.87 1.35 5.8 1.38 0.29 0.02 
Z2L3 73 1.18 0.60 5.3 1.36 0.20 0.02 
Z3L1 33 1.48 5.11 5.2 1.39 0.44 0.04 
Z3L2 53 2.16 2.03 5.6 1.37 0.28 0.03 
Z3L3 67 2.13 0.79 5.4 1.32 0.22 0.02 

  
        Percentages of soil carbon and nitrogen were scaled to units of kilogram per hectare 

using soil bulk density and soil layer depths (cm). The above-ground plant litter collected 

from narrower and wider buffers was analyzed for chemical properties (Table 6).  
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Table 6. Measured aboveground plant litter in 3 buffer zones at the 43 m and 60 m wide  
buffers  
 

Buffer 

zones 

Litter 

�H3-� 

(µg/g) 

Litter 

�O3-� 

(µg/g) 

pH Bulk density  

(g/cm
3
) 

Litter C 

(%) 

Litter � 

(%) 

narrow buffer (43 m) 
Z3 195 24.5 5.71 1.39 33.39 1.12 
Z2 27 1.83 4.37 1.40 42.73 0.56 
Z1 13 0.81 4.93 1.48 40.08 1.04 

wide buffer (60 m) 
Z3 505 0.40 6.00 1.44 29.39 1.07 
Z2 21 1.39 4.50 1.44 41.10 0.53 
Z1 0.5 0.45 4.84 1.41 35.79 0.88 

   Notes: Z3- field edge zone 3, Z2- mid-buffer zone 2; Z1-stream edge zone 1 

 
     The aboveground plant litter was collected from 3 buffer zones using a 4 inch square steel 

plate which was positioned on the top of the litter. The litter was carefully removed from the 

steel plate and placed in a plastic bag and taken to lab for analysis on the same day. This litter 

sampling procedure was suggested by Ottmar and Andreu (2007). The soil samples collected 

from narrow and wide buffers were analyzed for denitrification enzyme activity (DEA) at the 

USDA-ARS laboratory in Tifton, GA. The DEA is the potential denitrification measured in 

the laboratory on field collected soil samples. A detailed description of the DEA analysis is 

described in section A of the Appendix. The measured soil DEA (ug N2O-N/kg dry soil/day) 

was converted into rate constant (Kd), the only user input in REMM for simulating 

denitrification in the 3 zones and 3 layers of the buffer. The DEA was converted to Kd using 

the soil bulk density and soil layer depth (Tables 7 and 8).   
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Table 7. Denitrification enzyme activity (DEA) and rate constant (Kd) in the narrow buffer  
 

Buffer  

zones: layers 

Sampling 

depths  

(cm) 

Average DEA  

(µg �2O-� /kg dry 

soil/day) 

Bulk 

density 

(g/cm
3
) 

Measured 

denitrification  

rate constant (Kd) 

(kg/cm.ha) 

Z1L1 19 744 1.44 0.1072 
Z1L2 57 81 1.45 0.0118 
Z1L3 75 84 1.44 0.0122 
Z2L1 16 769 1.45 0.1107 
Z2L2 48 67 1.46 0.0097 
Z2L3 80 23 1.46 0.0033 
Z3L1 17 636 1.45 0.0922 
Z3L2 52 45 1.46 0.0065 
Z3L3 68 17 1.46 0.0025 

  Notes: Z3L1, Z3L2 and Z3L3- field edge zone 3 and soil layer 1,2 and 3; Z2L1, Z2L2 and  
 Z2L3- mid-buffer zone 2 and its 3 layers; Z1L1, Z1L2 and Z1L3- stream edge zone 1  
 and its 3 layers. 
  
 Table 8. Denitrification enzyme activity (DEA) and rate constant (Kd) in the wide buffer 

 
Buffer  

zones: layers 

Sampling 

depths  

(cm) 

Average DEA  

(µg �2O-� /kg dry 

soil/day) 

Bulk 

density 

(g/cm
3
) 

Measured 

denitrification  

rate constant (Kd) 

(kg/cm.ha) 

Z1L1 29 506 1.48 0.0749 
Z1L2 51 94 1.40 0.0132 
Z1L3 71 121 1.36 0.0165 
Z2L1 51 1016 1.40 0.1422 
Z2L2 71 186 1.38 0.0256 
Z2L3 73 105 1.36 0.0142 
Z3L1 33 263 1.39 0.0366 
Z3L2 53 59 1.37 0.0081 
Z3L3 67 48 1.32 0.0063 
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Hydrologic And �utrient Inputs To REMM 

 
         Weather inputs to REMM include daily rainfall, maximum and minimum temperatures, 

solar radiation, wind velocity, and dew point temperature. As previously mentioned, rainfall 

was measured on site and other weather parameters were obtained from a nearby weather 

station. REMM also requires daily subsurface and surface flows and daily loadings of NH4-N 

and NO3-N, dissolved organic carbon from the contributing agricultural field. Other 

important REMM inputs are topographic data such as zone slopes and stream depth, soils 

physical and chemical properties and vegetation data. Soil physical properties include 

saturated hydraulic conductivity, porosity, field capacity, and wilting point. Soil chemical 

properties include soil denitrification enzyme activity (DEA), carbon and nitrogen, NO3-N 

and NH4-N and pH. Main vegetation inputs include rooting depths, specific leaf area (SLA) 

and leaf area index (LAI).  

         The surface and subsurface flows and nutrient loadings of the upland area adjacent to 

the buffer are key inputs to the model. Daily subsurface flow into the buffer was computed 

using Darcy’s law (Equation 1). 

Q= -Ks* At* (dH/dL) EQ (1) 

Where  

Q = daily subsurface flow (m3/day),  

Ks= field effective saturated soil hydraulic conductivity of the upland contributing area 

(m/day),  

At = the saturated cross sectional area of the soil horizon extending down to the bottom of the 

third layer of zone 3 (m2),  
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 dH/dL= the hydraulic gradient between the upland area and zone 3 of the buffer, 

 dH= the difference in water surface elevation between the upland and zone 3 of the buffer,    

 dL= the horizontal flow distance between centers of two adjacent zones, in this case the 

distance between upland and zone 3.  

   Ideally dH is computed based on the difference between the average water table elevation 

in the upland contributing area and the water table elevation at zone 3 of the buffer. But due 

to the absence of groundwater monitoring wells in the upland area, it was not possible to 

obtain the water table elevation difference. Alternatively, dH is approximated as the 

difference between the average ground surface elevation of the contributing area and the 

ground surface at zone 3 of the buffer. This approximate approach is based on the assumption 

that the water table surface is parallel to the ground surface. These measurements were based 

on site survey performed in March 2009. The length (dL) was measured in the field. The 

hydraulic conductivity (Ks) was estimated as function of measured soil texture using the 

SPAW hydrology model (Saxton et al., 2006). The area (At) was computed as the product of 

the length (approximately parallel to stream) at the field/buffer interface and the, saturated 

thickness. 

    Surface runoff was not measured at the site, so REMM was used to generate estimates of 

surface runoff from the upland area. The upland area was divided into three equal zones and 

parameterized using measured soil properties for the upland area. The vegetation was 

assumed herbaceous perennial to simulate ET from crops. The REMM simulation of the 

upland area was conducted assuming rainfall is the only water source to the area. This 

assumption ignores any lateral flow (surface and subsurface) into the area.  
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    Predicted daily surface runoff from the upland was used as surface runoff into the buffer.    

Daily subsurface flow into buffer zone 3 was multiplied by monthly shallow groundwater 

concentrations (NO3-N, NH4-N, carbon and phosphorus) to obtain daily loads using the 

interpolation method given in Fox et al. (2005). The subsurface nutrient concentrations were 

obtained from water quality wells installed at the agricultural field/riparian buffer interface. 

The surface runoff nutrients were not measured at the site. They were obtained using the 

surface flow volumes and nutrients from Gibbs farm site in Tifton, GA (see Inamdar et al. 

(1999b) and proportioned with site surface runoff estimates to obtain nutrient concentrations. 

The nutrient concentrations were then multiplied by flow volumes to obtain nutrient 

loadings. Atmospheric loadings of N and P in the rainfall were obtained from weather station 

at Raleigh, NC which was closest to the buffer site (NADP, 2009). 

         The measured silt, sand, and clay percentages were used to compute porosity; field 

capacity, bulk density, and wilting point using SPAW hydrology model (Saxton et al., 2006). 

The bubbling pressure head and the pore size distribution index were obtained from REMM 

user’s manual (Altier et al., 2002). Hydraulic conductivity was measured using the auger hole 

method (van Beers, 1958) and SPAW hydrology model (Saxton and Rawls, 2006). Buffer 

geometry inputs such as length and width of the buffer were measured at the field site. 

Stream depth was obtained using the detailed survey conducted at the site. 

     Soil nitrogen, NO3-N, NH4-N, total carbon, pH (see Tables 4 and 5) were measured using 

standard laboratory techniques described above. Measured soil C and N were converted to 

kilogram per hectare basis as inputs into REMM 3 zones and 3 layers. Soil organic carbon 

was measured down to a depth of 100 cm from the soil surface, but the total depth of the 3  
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soil layers of REMM simulation was 170 cm for narrow buffer and 125 cm for wide buffer. 

Total soil organic carbon for depths deeper than 100 cm down to 170 cm and 125 cm was 

obtained by fitting measured data (0-100 cm) to an exponential relationship (Brevé, 1994). 

Y=e-az   EQ (2) 

Where Y is the soil carbon at a given depth and z is the depth below ground surface and “a” 

is an empirical constant. The exponential relationship was used since it is known that soil 

carbon exponentially declines with depth from the soil surface (Nakane, 1976, O’Brien and 

Stout, 1978). Soil organic carbon obtained using EQ (2) for 3 zones and 3 layers were 

converted into kilogram per hectare basis (Table 9). 

Table 9.Total soil organic carbon and nitrogen (kg/ha) in REMM 3 zones and 3 layers  
 

Buffer  

zones: layers 

Total soil 

carbon  

(kg/ha)  

Total soil 

nitrogen  

(kg/ha)  

Total soil 

carbon  

(kg/ha)  

Total soil 

nitrogen 

(kg/ha)  

(43 m buffer) (60 m buffer) 
Z1L1 39233 3596 39801 3648 
Z1L2 37808 3465 3661 336 
Z1L3 16438 1507 7536 691 
Z2L1 45004 4125 23260 2132 
Z2L2 34495 3162 3936 361 
Z2L3 7334 672 925 85 
Z3L1 19211 1761 8091 742 
Z3L2 13723 1258 1553 142 
Z3L3 2805 257 359 33 

  Notes: Z3 L1, L2 and L3- field edge zone 3 and soil layers 1, 2, and 3; Z2 L1,  
  L2 and L3- mid buffer zone 2 and soil layers 1, 2, and 3; Z1 L1, L2 and L3- stream edge     
  zone 1 and soil layers 1, 2, and 3. 
 
        The total soil carbon given in Table 9 was divided into active, passive, and slow soil 

organic matter pools based on percentages reported by Kelly et al. (1997) (Table 10). The 

soil nitrogen was obtained by dividing the total soil carbon in each zone and each layer by 
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C: N ratio of each carbon pool. The C: N ratios of the structural and metabolic residue pools 

are 150 and 15, respectively. The C: N ratios of the active, passive, and slow humus pools are 

8, 11, and 11, respectively (Parton et al., 1987; Altier et al., 2002).   

Table 10. Average, minimum and maximum allocations of total soil organic carbon (SOC) to  
active, passive and slow pools from Kelly et al. (1997) 

Soil carbon pool Active SOC  

(%) 

Passive SOC  

(%) 

Slow SOC  

(%) 

Average 3 39.8 57.2 
Minimum 1.1 17.7 32.1 
Maximum 5.2 66.0 77.8 

 

    The initial and final percentages of active, passive, and slow pools used in the simulation 

were within the minimum and maximum ranges given in the Table 10. The above-ground 

and below-ground plant residue pools (structural and metabolic) are also inputs to REMM. 

Samples of the above-ground plant residues were collected from three vegetation zones and 

analyzed for total carbon and nitrogen (see Table 6). The residue pools were divided into 

structural and metabolic based on the lignin to nitrogen ratio of the residue according to the 

formula given in Parton et al. (1987) 

Fm= 0.85-0.018*LNR   EQ (3) 

Where Fm is the fraction of litter which is metabolic and LNR is the lignin to nitrogen ratio. 

      The metabolic fraction of litter was multiplied by the measured total litter carbon to 

compute the metabolic portion of the litter (kg/ha). The structural component was obtained 

by subtracting the metabolic component from the total litter carbon (kg/ha). The structural 

and metabolic components (kg/ha) were used as inputs to REMM. The litter nitrogen was 

computed as function of litter carbon and fixed C: N ratios of 150 and 15 for the structural  
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and metabolic residue, respectively (Diggs, 2004).  

      The below-ground plant residues were not measured in 3 zones at the buffer site. They 

were estimated using the measured above-ground residue and an assumed ratio between 

above-ground and below-ground residues derived from the literature (Gholz et al., 2000). 

The below-ground biomass was then divided into structural and metabolic residues based on 

lignin root concentrations (Gholz et al., 2000). The rate coefficients of carbon turnover in the 

3 layers of each of the 3 buffer zones were obtained from REMM’s manual (Altier et al., 

2002), except for the active portion, which was estimated as a function of percent silt and 

clay in each soil layer. The rate constants suggested in REMM’s manual for structural, 

metabolic, active, passive, and slow humus pools were slightly adjusted during model 

calibration as described in the following section.        

    The denitrification rate constant (Kd) calculated using measured DEA (Tables 7 and 8) was 

representative of the top 100 cm soil layer. But REMM simulations of the hydrology and 

NO3-N dynamics for the narrow and wide buffers included soil depths of 170 cm and 125 

cm, respectively. Soil DEA data measured for 0-100 cm depth was fitted to an exponential 

equation (see EQ (2)) and the exponent “a” was obtained. The exponential equation that best 

fitted the measured DEA was then used to estimate the DEA values for soil depth deeper than 

100 cm. The DEA values were converted to rate constants (Kd) using the thickness of 

individual soil layers of each zone and their bulk densities (Table 11).  
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Table 11. Computed denitrification rate constant (Kd) for layer depths used for hydrologic 
and NO3-N calibration 
 

Buffer  

zones: layers 

Layer 

depths 

(cm) 

Computed  (Kd) for 

narrow (43 m) buffer  

(kg/cm.ha) 

Layer 

depths  

(cm) 

Computed (Kd) for  

wide (60 m) buffer  

(kg/cm.ha) 

Z1L1 53 0.1072 54 0.0749 
Z1L2 95 0.0088 54 0.0094 
Z1L3 130 0.0077 90 0.0090 
Z2L1 35 0.1107 48 0.1422 
Z2L2 93 0.0089 56 0.01078 
Z2L3 140 0.0077 113 0.01075 
Z3L1 45 0.0922 60 0.0366 
Z3L2 100 0.0083 90 0.0079 
Z3L3 170 0.0066 125 0.0071 

 

    The computed denitrification rate constants (Kd) shown in Table 11 were inputs to the 

model, which requires a denitrification rate coefficient for each layer of the three zones of the 

buffer. These rate constants (Kd) were adjusted during model calibration to improve model 

predictions of NO3-N concentrations. The vegetation at the buffer site consisted of perennial 

herbaceous in zone 3, pines in zone 2 and hardwoods in zone 1. Estimates for above-ground 

and below-ground vegetation were derived from model development site, since similar 

vegetation was simulated at both sites (Inamdar et al., 1999b).  

REMM Calibration And Validation  

    REMM was calibrated using three year (2005-2007) field measured hydrologic and NO3-N 

data and validated using two year field data (2008-2009). To evaluate model performance for 

hydrology, measured hourly WTDs were averaged and converted to daily WTDs and 

considered as the primary metric for hydrologic calibration. Soil physical inputs of the 

upland were first calibrated, while buffer inputs were kept constant. In REMM, subsurface
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water entering the buffer is based on the upland area (Lowrance et al., 2000a). Upland area 

was computed using survey measurements and used in darcian subsurface flow computation. 

The parameter of highest uncertainty in darcian subsurface flow was the upland hydraulic 

conductivity. This was estimated using the SPAW hydrology model and was adjusted within 

a certain range (2-10 cm/hr), so that simulated and measured WTDs, especially in zone 3, 

were visually and statistically comparable. The calibrated upland hydraulic conductivity was 

used to compute subsurface inflow into the buffer.  

     Upland area was varied between (2.9-3.2 ha) and used with calibrated upland hydraulic 

conductivity, buffer width, length, and saturated thickness to compute daily subsurface 

darcian flow. This was done so that simulated WTDs were in good agreement with field 

measured WTDs. Surface runoff input to the buffer, estimated by applying REMM to the 

upland area, was further adjusted during model calibration. The estimated surface runoff into 

the buffer was normalized to measured stream flow at the site in absence of measured buffer 

surface runoff. This normalization was done by comparing the percentages of REMM 

generated surface runoff and measured stream flow to three year rainfall during the 

calibration period. This resulted in the buffer outflow to stream averaging 25% and 18% of 

the 3 year rainfall period for narrow and wide buffers, respectively. The measured stream 

flow at the site averaged 24% and 15% of the 3 year rainfall for narrow and wide buffers, 

respectively.  

     After fine tuning inputs of the upland area, REMM buffer inputs were calibrated. 

Calibration began by keeping particle size (sand, silt, and clay contents) and bulk density 

constant. The soil porosity, field capacity, and wilting point were varied within certain ranges  
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(0.33-0.40), (0.16-0.32), and (0.075-0.12), respectively, consistent with the soil type to 

minimize the error between measured and simulated WTDs. Initial soil layer depths in each 

buffer zone for the narrow and the wide buffer are given in Tables 2 and 3 respectively. They 

were fine tuned to minimize the error between simulated and field measured WTDs and also 

to normalize simulated surface runoff in the buffer compared to measured stream flow. The 

calibrated soil layer depths in each buffer zone for the narrow and wide buffer are shown in 

Tables 13 and 14 respectively. The bubbling pressure head and pore size distribution index, 

obtained from the particle size distribution, were not changed significantly.  

     The important parameters affecting simulated WTDs were the hydraulic conductivities of 

the 3 soil layers of each zone. They significantly affected horizontal water movement 

between zones and the vertical gravity drainage between soil layers (Altier et al., 2002). The 

simulated WTDs were also sensitive to deep seepage from the bottom of the third layer, 

especially when the simulated water table was within layer 3. The deep seepage rates from 

the 3 zones were calibrated to improve model predictions of WTDs. Simulated WTDs in  

stream edge zone 1 were sensitive to changes in the stream depth (Altier et al., 2002). 

REMM simulates water losses from the buffer to the stream using Darcy’s law. The potential 

gradient for subsurface losses to stream is assumed to be equal to smaller of either two; 

surface slope of zone 1 or the gradient from the water table elevation at mid-point of zone 1 

to stream thalweg (Altier et al., 2002). Stream depth was measured at several cross-sections 

during the site survey in March 2009 and average stream depth value was used as an input to 

the model. It was then fine tuned to have close agreement between simulated and field 

measured WTDs.  
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    REMM hydrology was also affected by presence of vegetation and maximum rooting 

depths. In REMM plant water uptake from different soil layers is a function of root 

distribution. Water uptake from the bottom-most soil layer proceeds at a maximum rate 

limited by soil hydraulic conductivity and soil moisture conditions on previous day 

(Lowrance et al., 2000a; Altier et al., 2002). The initial maximum rooting depths were based 

on literature values for each plant species (Canadell et al., 1996; Inamdar et al., 1999a; 

Schenk and Jackson, 2002). Maximum rooting depths affected water uptake and plant 

transpiration which influenced total ET and simulated WTDs. They were calibrated such that 

REMM simulated WTDs were in close agreement with field measured.   

        After the hydrologic calibration, the litter and soil carbon pools were stabilized. As 

described earlier, the total soil organic carbon was divided into active, slow, and passive 

pools based on Kelly et al. (1997) (Table 10). The percent soil humus pools (active, passive, 

and slow) and decomposition rates for both soil humus and plant residue pools were varied 

within a certain range (Kelly et al., 1997; Altier et al., 2002) to stabilize the carbon pools (see 

Figures in the appendix C for more details). The decomposition rates of structural and 

metabolic plant residue and humus pools (active, passive, and slow) were derived from the 

Century model and can be found in Altier et al (2002).  

    Several 33-year simulations were performed by varying percent active, slow, and passive 

pools and decomposition rates. Using the initial residue and humus pools, simulations were 

run for 33 year period. The carbon and nitrogen pools at the end of the 33 year period were 

then used as initial values and the model was again re-run for another 33 year period which 

resulted in stabilizing the carbon and nitrogen pools. After stabilizing the carbon pools, the
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denitrification rate constant (Kd) (see Table 11) was calibrated for 3 zones and 3 layers in 

order to improve the goodness-of-fit between measured and simulated NO3-N concentrations. 

Model validation (2008-2009) was performed by using calibrated inputs/parameters.  

Calibrated And Validated Inputs/Parameters 

Calibrated inputs/parameters are shown in Tables 12 to 15 for narrow and wide buffer. 

Table 12. Calibrated denitrification rate constants (Kd) for narrow (43 m) and wide (60 m) 
buffers  
 

Soil  

layers 

Zone 3  

(kg/cm.ha) 

Zone 2  

(kg/cm.ha) 

Zone 1  

(kg/cm.ha) 

 43 m 60 m 43 m 60 m 43 m 60 m 

Layer 1 0.0891 0.0489 0.1210 0.1489 0.1027 0.0687 
Layer 2 0.00791 0.0165 0.0107 0.0589 0.00695 0.0411 
Layer 3 0.00717 0.0117 0.00108 0.0100 0.00401 0.01021 
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Table 13. Calibrated and Validated inputs for narrow buffer (43 m)  
 

Parameters Units Zone 3  

( Switch grass) 

Zone 2 

(Loblolly pine) 

Zone  1 

(Hardwoods) 

Upland area (ha)              3.164 

Buffer area (ha)              0.516 

Stream depth (m)               1.2 

Buffer width (m) 7 25 11 

Buffer length (m) 120 120 120 

Buffer slope (%) 3.0 2.8 3.0 

Total SL (m) 3.15 2.68 2.78 

Individual ST (m) 0.45, 1.0, 1.7 0.35, 0.93, 1.4 0.53, 0.95, 1.3 

Saturated HC (cm/hr) 10, 13, 16 4.8, 4.6, 1.25 6.2, 6.2, 3.8 

Soil Porosity (cm/cm) 0.37, 0.39, 0.40 0.37, 0.38, 0.38 0.36, 0.37, 0.40 

Field capacity (cm3/cm3) 0.19, 0.16, 0.23 0.18, 0.17, 0.19 0.29, 0.29, 0.35 

Wilting point (cm3/cm3) 0.07, 0.06, 0.12 0.08, 0.07, 0.098 0.11, 0.10, 0.11 

Deep seepage (mm/day) 0.2 0.2 0.2 

  �otes- Each zone has three horizons, values are from upper to bottom horizon. Individual 
ST- individual soil thickness; Saturated HC- saturated hydraulic conductivity and Deep 
seepage from bottom-most soil layer 3. 
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Table 14. Calibrated and Validated inputs for wide buffer (60 m) 
 

Parameters Units Zone 3  

(Switch grass) 

Zone 2  

(Loblolly pine) 

Zone 1 

(Hardwoods) 

Upland (ha) 3.138 

Buffer area (ha)                                           0.84 

Stream depth (m)          0.4 

Buffer width (m) 7 41 12 

Buffer length (m) 140 140 140 

Buffer slope (%) 3.0 2.4 3.0 

Total ST (m) 2.75 2.17 1.98 

Individual ST (m) 0.6, 0.9, 1.25 0.48, 0.56, 1.13 0.54, 0.54, 0.90 

Saturated HC (cm/hr) 9.56, 8.64, 9.69 8.45, 9.45, 7.8 9.55, 10.4, 11.0 

Porosity (cm/cm) 0.33, 0.36, 0.35 0.39, 0.42, 0.40 0.41,0.38,0.42 

Field capacity (cm3/cm3) 0.2, 0.24, 0.27 0.25, 0.29, 0.26 0.26, 0.25, 0.31 

Wilting point (cm3/cm3) 0.06, 0.13, 0.13 0.07, 0.1, 0.12 0.13, 0.07, 0.15 

Deep seepage (mm/day) 0.32 0.32 0.32 

 
 
Table 15.  Calibrated and validated vegetation inputs used for site 1 simulation (43 and 60 m 
buffer)  
 

Vegetation inputs Units Buffer Zone 3  

(Grass) 

Buffer Zone 2  

(Pines) 

Buffer Zone 1 

(Hardwoods) 

MRD (narrow buffer) (cm) 200 70 200 
MRD (wide buffer) (cm) 100 80 130 

SLA (narrow buffer) (ha/kg C) 0.00138 0.0025 0.0040 
SLA (wide buffer) (ha/kg C) 0.00120 0.0025 0.0045 

   Note: MRD (cm)-43 m- maximum rooting depth (cm) for 43 m wide buffer below soil   
   surface and SLA- specific leaf area in ha/kg C for 43 m wide buffer 
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Statistical Measures Used To Compare Measured Vs. Predicted  

          The simulated and measured WTDs were statistically compared using the mean 

absolute error (MAE) to quantitatively assess the goodness-of-fit between model predictions 

and field observations. The equation (4) was used to determine the MAE. 

MAE= ∑│Ym-Yp│/ n   EQ (4) 

Ym is  the measured water table depth (cm),  Yp is the simulated water table depth (cm), n is 

the number of observations. The Willmott’s index of agreement (d) between measured and 

simulated WTDs was also calculated. The Willmott’s index of agreement is dimensionless 

and varies between 0 and 1 (Willmott, 1982). The index of 1 means perfect agreement 

between measured and simulated data. The equation (5) was used to compute Willmott’s 

index of agreement (d): 

d= 1- [∑ (Oi-Si)2/ (∑ (ǀ (Si-Õ) ǀ + ǀOi-Õǀ)2)]   EQ (5) 

where d= Willmott’s index of agreement, Oi= measured data, Si= simulated data and Õ= 

mean of the observed data. The measured NO3-N concentrations were compared to simulated 

using the root mean square error (RMSE) and Willmott’s index of agreement. The RMSE 

was computed using the equation (6) given below: 

  RMSE= (∑(Oi – Si)2]/n)0.5  EQ (6)  

Where Oi= measured data, Si= simulated data and n is the number of observations. 

Calibrated Model For Long Term Simulations  

          REMM was used to simulate long-term performance of the narrow and wide buffers 

for a 33-year period (2010-2042) with regards to groundwater hydrology and NO3-N 

dynamics. The calibrated parameters (Tables 12-15) were used for the long term simulations.  
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As previously stated, estimated daily surface and subsurface water inflow from the upland 

into the riparian buffer were simulated using the five year site measured rainfall data (2005-

2009). The nutrient loadings were then computed using calibrated daily surface and 

subsurface water.  

     An approximate approach was adopted in order to estimate the surface and subsurface 

inflows to the buffer during the long term simulation. In this approximate method, the 

inflows to the buffer were not directly estimated based on the historic rainfall data for the 33 

year simulation period (1975-2007). Instead, the surface and subsurface inflows to the buffer 

during each of the 33 year period were approximated as the surface and subsurface inflows of 

one the five years used for model testing, which has the closest total annual rainfall amount. 

For example, the annual historic rainfall of 1181 mm in 1977 was closest to the annual site 

measured rainfall in 2005 of 1139 mm. Thus, the surface and subsurface inflows to the buffer 

during 2005 were selected as a best estimate of the inflows during the 1975. This was done 

for all the years, so that annual historic rainfall for each year would best match with the 

annual site measured rainfall from the 5 year data set (2005-2009). It was then projected from 

2010 to 2042 to run long term simulations. Other daily weather parameters such as maximum 

and minimum air temperatures, solar radiation, dew point, and wind velocity were used from 

5 year field measured data set. This approximate approach was followed in order to use the 

same surface and subsurface inflows that were used in the short term model calibration and 

validation, while reasonably representing the year to year variability in rainfall (Figure 3).  
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Figure 3. Graphical layout of annual historic rainfall data vs. annual site measured 
 
           The total sum for the historic rainfall from 1975 to 2007 was 38376 mm (1163 mm/yr) 

and the sum of the 5 year site measured rainfall projected for 33 year period was 37585 mm 

(1139 mm/yr). Although the annual average rainfall for both the 5 and 33 year periods were 

comparable, the 5 year measured rainfall does not include annual rainfall as high as 1642 mm 

and 1655 mm during 1988 and 1999, respectively. In-spite of this large discrepancy in 

rainfall during these two years, the correlation coefficient between historic rainfall and five 

year site measured rainfall was 0.89 which seemed acceptable.  

Results And Discussion  

Water Table Comparisons  

Model calibration for the narrow buffer  

 
      Simulated WTDs were compared with field observed in the 3 zones of the narrow buffer 

for the 3 year calibration period (2005-2007). Simulated and measured WTDs in three buffer 
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 zones for the calibration period are shown in Figures 4, 5, and 6. Simulated and field 

measured WTDs in zones 3, 2, and 1 were compared using mean absolute error (MAE) and 

Willmott’s index of agreement (d) and shown in (Tables 16-18).  
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Figure 4. Field observed and simulated WTDs in zone 3 of the narrower buffer during the 
calibration period 
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Figure 5. Field observed and simulated WTDs in zone 2 of the narrower buffer during the 
calibration period. 
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Figure 6. Field observed and simulated WTDs in zone 1 of the narrower buffer during the 
calibration period 
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Table 16. Statistical comparison between observed and simulated WTDs in zone 3 for the 
calibration period 

 
Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly 

simulated WTDs 

(cm) 

Mean absolute 

error (MAE)  

(cm) 

Willmott’s 

index of 

agreement 

2005 86 69 22 0.87 
2006 86 65 22 0.72 
2007 137 99 45 0.79 

 

Table 17. Statistical comparison between observed and simulated WTDs in zone 2 for the 
calibration period 

 
Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly 

simulated WTDs 

(cm) 

Mean absolute 

error (MAE)  

(cm) 

Willmott’s 

index of 

agreement 

2005 29 29 18 0.92 
2006 33 23 20 0.79 
2007 84 58 33 0.85 

 
Table 18. Statistical comparison between observed and simulated WTDs in zone 1 for the 
calibration period 
 

Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly 

simulated WTDs 

(cm) 

Mean absolute 

error (MAE)  

(cm) 

Willmott’s 

index of 

agreement 

2005 54 50 13 0.92 
2006 55 44 18 0.80 
2007 101 80 25 0.77 

      

      For field edge zone 3, simulated WTDs generally followed the trends of field observed 

WTDs. The model, however, under-estimated WTDs (closer to soil surface) compared to 

field observed. The model predicted closer to the surface water tables in fall 2005, winter, 

early spring and late fall 2006 (Figure 4). In fall 2005, combination of higher REMM 

generated surface runoff of 251 mm (22 % of the rainfall) and low simulated ET in October 

and November most likely led to this under-prediction. In winter and early spring 2006
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 (wettest year), the vertical drainage between soil layers 1 and 2 and deep seepage from layer 

3 might be under-estimated. Subsurface water in REMM is lost with deep seepage based on 

user defined rate (mm/day) and presence of simulated water table in soil layer 3. However 

simulated WTDs were mostly present in soil layers 1 and 2 and the simulated water table 

rarely fell into soil layer 3. The low deep seepage rate of 0.2 mm/day and absence of 

simulated water table in soil layer 3 led to lower loss of water with deep seepage. 

      In mid-buffer zone 2, simulated WTDs were in good agreement with field measured in 

2005, 2006, and 2007 except in fall 2006 (September-November) and July to December 

2007. In stream edge zone 1, simulated WTDs were also in good agreement with field 

measured in 2005, 2006, and 2007 (except from July-October 2007). Larger differences 

between measured and simulated WTD occurred during fall 2006 and 2007 when rainfall 

was not measured onsite but was obtained from a nearby weather station. The spatial 

variability in rainfall could lead to differences between actual and simulated inflows to the 

buffer during this period and as a result could lead to relatively large discrepancy between 

measured and simulated WTDs.         

     Overall the mean absolute error (MAE) for all the zones ranged from 13 cm to 45 cm 

which is comparable to average absolute error of 14 cm to 36 cm obtained in two model 

testing studies using 5 year data from a buffer site in Georgia (Inamdar et al., 1999a) and 3 

year data from a buffer site in North Carolina (Dukes and Evans, 2003). Willmott’s index of 

agreement (d) ranged from 0.72 to 0.92 indicating good agreement with field measured 

WTDs.  
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Model Calibration for the wider buffer  

 
      For the wide buffer, simulated WTDs were compared with field observed in 3 buffer 

zones for 3 year calibration period (2005-2007). Simulated and measured WTDs in 3 buffer 

zones for the calibration period are shown in Figures 7, 8, and 9. Simulated and measured 

WTDs in zones 3, 2, and 1 were statistically compared using mean absolute error (MAE) and 

Willmott’s index of agreement (d) (Tables 19-21). The WTDs were not measured from 18th 

July to 25th August 2005 due to equipment mal-functioning. 
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Figure 7. Field observed and simulated WTDs in zone 3 of the wider buffer during the 
calibration period. 
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Figure 8. Field observed and simulated WTDs in zone 2 of the wider buffer during the 
calibration period. 
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Figure 9. Field observed and simulated WTDs in zone 1 of the wider buffer during the 
calibration period 
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Table 19. Statistical comparison between observed and simulated WTDs in zone 3 for the 
calibration period 

 
Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly 

simulated WTDs 

(cm) 

Mean absolute 

error (MAE) 

(cm) 

Willmott’s 

index of 

agreement 

2005 116 95 28 0.89 
2006 112 90 31 0.82 
2007 175 137 45 0.87 

 

Table 20. Statistical comparison between observed and simulated WTDs in zone 2 for the 
calibration period 

 
Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly 

simulated WTDs 

(cm) 

Mean absolute 

error (MAE) 

(cm) 

Willmott’s 

index of 

agreement 

2005 71 60 16 0.94 
2006 71 57 22 0.86 
2007 127 93 42 0.85 

 

Table 21. Statistical comparison between observed and simulated WTDs in zone 1 for the 
calibration period 
 

Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly 

simulated WTDs 

(cm) 

Mean absolute 

error (MAE)  

(cm) 

Willmott’s 

index of 

agreement 

2005 53 40 16 0.85 
2006 54 37 18 0.71 
2007 101 56 46 0.71 

 

      In zone 3, simulated WTDs followed the trends of the field measured in 2005, 2006, and 

2007 except in fall 2005 and fall 2006 (September-November) and from July-November 

2007. In fall 2005, field measured WTDs averaged 200 cm below soil surface, while 

simulated WTDs averaged 151 cm. The calibrated maximum rooting depth in zone 3 for 

herbaceous vegetation was 100 cm. In REMM roots cannot grow beyond the user-specified 

maximum rooting depth. Calibrated maximum rooting depth was within soil layers 1 and 2  
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 (total depth 150 cm) and not in layer 3. This meant that roots did not have access to water in 

layer 3 resulting in under-estimation of plant transpiration. This probably led to simulated 

WTDs being closer to soil surface compared to the field observed (Altier et al., 2002).  

     In fall 2006, simulated WTDs were closer to soil surface compared to the field observed, 

most likely due to under-estimation of simulated ET in October and November 2006. The 

non-availability of site measured rainfall from July-November 2007 and its replacement with 

Enfield, NC rainfall led to larger discrepancy between simulated and field observed WTDs. 

Similar to zone 3, simulated and field observed WTD in zone 2 were in good agreement 

except during July-November 2007 due to the same reason mentioned for zone 3.  

     In zone 1, simulated and field observed WTDs were in good agreement except in fall 

2005, fall 2006, and July to December 2007. REMM simulates growth of hardwoods in zone 

1. According to plant phenological growth stages, hardwoods drop their leaves each fall 

resulting in under-estimation of simulated plant transpiration affecting total ET. Simulated 

WTDs were closer to soil surface compared to field observed from July to December 2007 

similar to the reason mentioned for zones 3 and 2.  

    Overall the mean absolute error (MAE) for 3 zones ranged from 16 cm to 46 cm which is 

comparable to mean absolute error values (MAE) of 14 cm to 36 cm obtained in previous 

testing’s of REMM (Inamdar et al.,1999a; Dukes and Evans, 2003). The Willmott’s index of 

agreement (d) ranged from 0.71 to 0.94 indicating good agreement with field measured 

WTDs (see Tables 19, 20, and 21).  
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Model Validation for the narrow buffer 

   Simulated WTDs were compared with field observed in zones 3, 2, and 1 for 2 year period 

(2008 and 2009) (Figures 10-12). The annual rainfall was 1024 mm in 2008 and 931 mm in 

2009. Due to mal-functioning of the site rain gauge, the onsite measurements of rainfall were 

unreliable during most of 2008 and 2009. Daily rainfall data used for the simulations during 

2008 and 2009 were obtained from a weather station 9 miles away from the site. Simulated 

and field measured WTDs were statistically compared using mean absolute error (MAE) and 

Willmott’s index of agreement shown in (Tables 22-24) respectively. 
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Figure 10. Field observed and simulated WTDs in zone 3 of the narrower buffer during the 
validation period 
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Figure 11. Field observed and simulated WTDs in zone 2 of the narrower buffer during the 
validation period 
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Figure 12. Field observed and simulated WTDs in zone 1 of the narrower buffer during the 
validation period 
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Table 22. Statistical comparison between observed and simulated WTDs in zone 3 for the 
validation period 
 

Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly 

simulated WTDs 

(cm) 

Mean absolute 

error (MAE) 

(cm) 

Willmott’s 

index of 

agreement  

2008 139 96 37 0.74 
2009 140 107 41 0.81 

 

Table 23. Statistical comparison between observed and simulated WTDs in zone 2 for the 
validation period 

 
Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly 

simulated WTDs 

(cm) 

Mean absolute 

error (MAE) 

(cm) 

Willmott’s 

index of 

agreement  

2008 89 55 29 0.78 
2009 92 65 33 0.86 

 

Table 24. Statistical comparison between observed and simulated WTDs in zone 1 for the 
validation period 

 
Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly 

simulated WTDs 

(cm) 

Mean absolute 

error (MAE) 

(cm) 

Willmott’s 

index of 

agreement 

2008 106 79 22 0.84 
2009 112 85 27 0.89 

 

     Similar to the calibration period, model consistently predicted WTDs closer to the soil 

surface compared to field observed in 3 buffer zones (see Figures 10, 11, and 12). The poorer 

predictions during the validation period in 3 zones are due to non-availability of site 

measured rainfall data. This can be observed by the time difference between simulated and 

field observed peaks in WTDs and more importantly the completely missed response of field 

observed WTDs to the summer intense thunderstorms (see simulated and field observed 

WTDs in summer 2009 for 3 zones). The observed water table peaks in the simulated data 
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compared to field data were also probably due to higher REMM simulated buffer surface 

runoff compared to the actual runoff at the buffer site.  

   In-spite of these large discrepancies the simulated and field measured WTDs were in good 

agreement having a MAE of 22 cm to 41 cm which is comparable to MAE values of 14 cm 

to 36 cm obtained in previous testing’s of REMM (Inamdar et al.,1999a; Dukes and Evans, 

2003). While the Willmott’s index of agreement varied from 0.74 to 0.98 for 2 year period 

indicating good agreement with field observed WTDs (see Tables 22, 23, and 24). 

Model Validation for the wider buffer 

    Simulated WTDs were compared with field observed in zones 3, 2, and 1 for 2 year 

validation period and shown in Figures 13-15. Simulated and field measured WTDs in zones 

3, 2, and 1 were compared using mean absolute error (MAE) and Willmott’s index of 

agreement (d) shown in Tables 25-27. 
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Figure 13. Field observed and simulated WTDs in zone 3 of the wider buffer during the 
validation period 
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Figure 14. Field observed and simulated WTDs in zone 2 of the wider buffer during the 
validation period 
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Figure 15. Field observed and simulated WTDs in zone 1 of the wider buffer during the 
validation period 
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Table 25. Statistical comparison between observed and simulated WTDs in zone 3 for the 
validation period 

 
Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly 

simulated WTDs 

(cm) 

Mean absolute 

error (MAE) 

(cm) 

Willmott’s 

index of 

agreement 

2008 181 130 45 0.74 
2009 176 160 35 0.92 

 
Table 26. Statistical comparison between observed and simulated WTDs in zone 2 for the 
validation period 

 
Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly 

simulated WTDs 

(cm) 

Mean absolute 

error (MAE) 

(cm) 

Willmott’s 

index of 

agreement 

2008 121 90 32 0.77 
2009 147 118 41 0.88 

 

Table 27. Statistical comparison between observed and simulated WTDs in zone 1 for the 
validation period 

 
Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly 

simulated WTDs 

(cm) 

Mean absolute 

error (MAE) 

(cm) 

Willmott’s 

index of 

agreement 

2008 102 55 43 0.72 
2009 116 84 34 0.87 

 

    Similar to the validation period for narrow buffer, model consistently predicted WTDs 

closer to the soil surface compared to field observed in 3 buffer zones (see Figures 13, 14, 

and 15). The poorer predictions during the validation period in 3 zones are due to non-

availability of site measured rainfall data. This can be observed by the time difference 

between simulated and field observed peaks in WTDs and more importantly the completely 

missed response of field observed WTDs to the summer intense thunderstorms. In zone 1, 

simulated WTDs were consistently closer to soil surface compared to field observed. Besides 

the above mentioned reason for poorer prediction, the calibrated stream depth of 0.4 m was 
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 probably under estimated. REMM simulates subsurface water losses from zone 1 to stream 

body using Darcy’s law. The potential gradient is assumed as smaller of two values; surface 

slope of zone 1 or the water table elevation at mid-point of zone 1 to stream thalweg (Altier 

et al., 2002).  

REMM Modeled Surface Runoff for �arrow And Wide Buffer 

(�arrow buffer 43 m) 

 
   Surface runoff was not measured at the study site. Generation of REMM surface runoff in 

the upland and in the buffer has been explained in materials and methods section. REMM 

simulated surface runoff depths (cm) for the narrow buffer are shown in Figure 16.    
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Figure 16. Simulated surface runoff for the 3 zones of the narrow buffer (43 m) 

 
       As shown in Figure 16, two wettest years 2005 (1139 mm rainfall) and 2006 (1366 mm 

rainfall) had highest simulated runoff of 31 cm and 37 cm respectively into the buffer. These 

results were comparable to measured and REMM simulated runoff ranging from 20-32 cm  
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for high rainfall years of 1994 and 1996 (1487 and 1136 mm/yr) at Georgia buffer site 

(Inamdar et al., 1999a). In 2005 and 2006, the surface runoff was reduced by 22 % and 13 % 

respectively due to lower infiltration and simulated WTDs being closer to the soil surface. In 

the dry year 2007 (854 mm) and relatively low rainfall years of 2008 (1024 mm) and 2009 

(931 mm), surface runoff reduction from zone 3 to stream was 62 %, 26 %, and 43 % 

respectively. Overall the surface runoff decreased from zone 3 to zone 1 and finally to stream 

over a 5 year period (2005-2009).  

(Wide Buffer 60 m) 

Simulated surface runoff for wide buffer is shown in Figure 17.  
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Figure 17. Simulated surface runoff for the 3 zones of the 60 m wide buffer 

 
        As shown in Figure 17, simulated surface runoff was highest in 2006 and 2009 and 

lowest in years 2005, 2007, and 2008. The low reduction in the surface runoff from zone 3 to 

stream in 2006 and 2009 was attributed to high annual rainfall, low infiltration rates due to 

simulated WTDs closer to soil surface. In 2005, 2008, and 2009 the low surface runoff was 
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due to relatively low annual rainfall, simulated WTDs being deeper from soil surface 

resulting in higher infiltration rates. Increased infiltration in 2005, 2008, and 2009 resulted in 

higher subsurface flow (data not shown) compared to surface flow. Overall the total surface 

runoff in the wide buffer (212 mm) was 1.5 times lower than the narrow buffer (316 mm). 

This was due to simulated WTDs in the narrow buffer being closer to soil surface compared 

to the wide buffer, resulting in lower infiltration rates.  

Simulated And Measured Groundwater �O3-� Concentrations  

 
Model calibration for the narrower buffer     

      Simulated and measured NO3-N concentrations in groundwater in zones 3, 2, and 1 were 

compared for the 3 year calibration period (2005-2007) (Figures 18, 19, and 20). Simulated 

and measured NO3-N concentrations were statistically evaluated using root mean square 

error (RMSE) and Willmott’s index of agreement (d) and shown in Tables 28, 29, and 30 

respectively.  
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Figure 18. Measured and simulated NO3-N concentrations in zone 3 for the narrower buffer 
during the calibration period   
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Figure 19. Measured and simulated NO3-N concentrations in zone 2 for the narrower buffer 
during the calibration period 
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Figure 20. Measured and simulated NO3-N concentrations in zone 1 for the narrower buffer 
during the calibration period 
 
Table 28. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 3 for the calibration period 

 
Year Average yearly 

measured �O3-� 

concentrations  

(mg/L) 

Average yearly 

simulated  �O3-� 

concentrations  

(mg/L) 

RMSE 

(mg/L) 

Willmott’s index 

of agreement 

2005 10.8 13.7 3.34 0.17 
2006 12.7 8.0 5.92 0.40 
2007 14.6 10.2 4.81 0.10 

 
Table 29. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 2 for the calibration period 

 
Year Average yearly 

measured �O3-� 

concentrations 

(mg/L) 

Average yearly 

simulated  �O3-� 

concentrations 

(mg/L) 

RMSE 

(mg/L) 

Willmott’s index 

of agreement 

2005 6.75 8.00 1.77 0.28 
2006 6.63 6.42 2.26 0.63 
2007 8.42 5.45 3.27 0.28 
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Table 30. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 1 for the calibration period 
 

Year Average yearly 

measured �O3-� 

concentrations in 

(mg/L) 

Average yearly 

simulated �O3-� 

concentrations in 

(mg/L) 

RMSE 

(mg/L) 

Willmott’s index 

of agreement 

2005 2.03 1.86 1.4 0.47 
2006 1.00 2.03 1.5 0.34 
2007 1.18 1.29 1.47 0.54 

 

    In zone 3, simulated NO3-N concentrations followed the trends of the field measured in 

2005 and from January to June 2006. Simulated NO3-N concentrations were lower compared 

to field measured from August to December 2006 and January to July 2007. The 2006 was 

the wettest year of the monitoring period with annual rainfall of 1366 mm and simulated 

WTDs within 65 cm from soil surface (Figure 4 & Table 16). This led to over-estimation of 

simulated denitrification which was 78 kg N/ha/yr from August to December 2006. From 

January to July 2007, model simulated NO3-N concentrations were lower in magnitude 

compared to field measured, due to high simulated denitrification of 67 kg N/ha/yr. Most of 

rainfall in 2007 occurred in winter, spring, and early summer resulting in shallow WTDs 

(high simulated anaerobic conditions) and higher simulated denitrification. 

        In zone 2, simulated NO3-N concentrations followed the monthly and yearly trends of 

the field measured in 2005 and 2006. In 2007 field measured NO3-N concentrations were 

only available for first 6 months. The simulated NO3-N concentrations were lower compared 

to field measured from January to July 2007. This was probably due to high simulated 

denitrification of 49 kg N/ha/yr and plant nitrogen uptake of 80 kg N/ha/yr. Model 

simulations revealed high levels of NO3-N and NH4-N in soil layers 1 and 2. The plant roots 
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calibrated for hydrologic simulations were present in soil layers 1 and 2 leading to luxury 

nitrogen uptake (Altier et al., 2002). 

    In zone 1, simulated NO3-N concentrations followed the field measured trends in 2005, 

2006, and 2007. In March 2005 and April 2007, simulated NO3-N concentrations were 

significantly lower than the field measured. Field measured NO3-N concentrations of 9 mg/L 

and 5 mg/L in March 2005 and April 2007, respectively, were unexplainable based on 

measured data. It should be mentioned that the reported measured NO3-N concentrations 

were the average of measured concentrations for 3 shallow water quality wells. In-depth look 

at field data revealed high NO3-N concentration in 2 of the 3 water quality wells. This 

variability in NO3-N concentrations at each well location was not captured by the model.  

Model Calibration for the wider buffer  

    Simulated and measured NO3-N concentrations in shallow groundwater in zones 3, 2, and 

1 are shown in Figures 21, 22, and 23 respectively. Statistical evaluations using RMSE and 

Willmott’s index of agreement (d) are shown in Tables 31-33. 
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Figure 21. Measured and simulated NO3-N concentrations in zone 3 for the wider buffer 
during the calibration period 
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Figure 22. Measured and simulated NO3-N concentrations in zone 2 for the wider buffer 
during the calibration period 
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Figure 23. Measured and simulated NO3-N concentrations in zone 1 for the wider buffer 
during the calibration period 
 
Table 31. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 3 for the calibration period 
 

Year Average yearly 

measured �O3-� 

concentrations 

(mg/L) 

Average yearly 

simulated  �O3-� 

concentrations 

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2005 3.7 2.9 1.3 0.81 
2006 4.8 3.2 1.76 0.30 
2007 5.7 4.2 2.26 0.20 

 

Table 32. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 2 for the calibration period 

 
Year Average yearly 

measured  �O3-� 

concentrations 

(mg/L) 

Average yearly 

simulated �O3-� 

concentrations  

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2005 2.4 2.4 0.86 0.82 
2006 1.8 1.7 0.50 0.46 
2007 1.9 1.4 0.77 0.31 
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Table 33. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 1 for the calibration period 

 
Year Average yearly 

measured �O3-� 

concentrations 

(mg/L) 

Average yearly 

simulated  �O3-� 

concentrations 

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2005 1.3 0.75 0.91 0.36 
2006 1.61 0.75 1.06 0.15 
2007 1.47 0.30 1.14 0.24 

      

    In zone 3, simulated NO3-N concentrations followed the trends of the field measured in 

2005, 2006, and 2007. However simulated NO3-N concentrations were lower than field 

measured from August to December 2006 and January to March 2007. From August to 

December 2006, lower simulated NO3-N concentrations occurred due to high model 

simulated denitrification of 66 kg N/ha/yr.  

   Recall that 2006 was the wettest year with an annual rainfall of 1366 mm and shallow 

WTDs within 91 cm from soil surface (Table 19). From January to March 2007, simulated 

NO3-N concentrations were lower than field measured due to higher simulated denitrification 

of 39 kg N/ha/yr. Most of rainfall occurred in winter and spring 2007 resulting in shallow 

WTDs and higher simulated anaerobic conditions. The rising trend of simulated NO3-N 

concentrations from September to December 2007 was due to low rainfall, deeper simulated 

WTDs leading to increased simulated nitrification.  

     In zone 2, simulated NO3-N concentrations were in good agreement with field measured 

in 2005, 2006, and in the first 6 months of 2007. No measured data was available for 

comparison during the second half of 2007. Simulated NO3-N concentrations were higher 

compared to the measured from January to March 2005. Low simulated denitrification and
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 higher subsurface NO3-N loading from zone 3 was responsible for high simulated NO3-N 

concentrations. Simulated NO3-N concentrations were lower from January to May 2007 

compared to field measured due to high simulated denitrification of 51 kg N/ha/yr. 

      In zone 1, simulated NO3-N concentrations were in good agreement with field measured 

from January to May 2005 and 2006, but were under-estimated during the rest of the 

calibration period. Simulated and measured NO3-N concentrations in zone 1 varied from  

0.2 mg/L to 1.8 mg/L for the 3 year period. Simulated conditions in the zone 1 buffer were 

ideal for denitrification; shallow WTDs within 56 cm from soil surface (Table 21), higher 

soil organic carbon (Table 9) in the upper soil layer resulted in high simulated denitrification. 

Model Validation for the narrower buffer  

      Simulated and measured NO3-N concentrations in shallow groundwater in zones 3, 2, and 

1 are shown in Figures 24, 25, and 26 respectively. Statistical evaluations using RMSE and 

Willmott’s index of agreement (d) are shown in Tables 34-36. 
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Figure 24.  Measured and simulated NO3-N concentrations in zone 3 for the narrower buffer 
during the validation period 
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Figure 25. Measured and simulated NO3-N concentrations in zone 2 for the narrower buffer 
during the validation period 
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Figure 26. Measured and simulated NO3-N concentrations in zone 1 for the narrower buffer 
during the validation period 
 
Table 34. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 3 for the validation period 

 
Year Average yearly 

measured �O3-� 

concentrations  

(mg/L) 

Average yearly 

simulated �O3-� 

concentrations 

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

 

2008 15.3 11.4 4.48 0.33 
2009 15.2 12.1 3.83 0.38 

 
Table 35. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 2 for the validation period 

 
Year Average yearly 

measured �O3-� 

concentrations 

(mg/L) 

Average yearly 

simulated �O3-� 

concentrations  

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2008 7.64 6.8 1.81 0.86 
2009 10.5 8.0 2.98 0.23 
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Table 36. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 1 for the validation period 

 
Year Average yearly 

measured �O3-� 

concentrations 

(mg/L) 

Average yearly 

simulated �O3-� 

concentrations 

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2008 1.5 1.31 1.05 0.62 
2009 1.9 2.00 1.04 0.68 

 

     In zone 3, simulated NO3-N concentrations were in good agreement with field measured 

for 2 year period except from December 2008 to March 2009 and September to December 

2009. During these periods, simulated NO3-N concentrations were lower than the measured 

due to low simulated NO3-N loadings from the upland. In zone 2, simulated NO3-N 

concentrations were in good agreement with measured from 2008 to 2009 except from April 

to July 2009. During this period, simulated NO3-N concentrations were lower than the 

measured due to high simulated plant nitrogen uptake of 58 kg N/ha/yr. In zone 1, simulated 

and measured NO3-N concentrations were in good agreement for 2 year period. Zone 1 

exhibited the conditions needed for simulated denitrification to occur; shallow WTDs within 

89 cm from the soil surface (Table 24), abundant soil carbon (Table 9) and NO3-N source 

from nitrification and outflow from zone 2.   

 Model Validation for the wider buffer  

      Simulated and measured NO3-N concentrations in shallow groundwater in zones 3, 2, and 

1 are shown in Figures 27, 28, and 29. Statistical evaluations using RMSE and Willmott’s 

index of agreement (d) are shown in Tables 37, 38, and 39 respectively. 
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Figure 27. Measured and simulated NO3-N concentrations in zone 3 for the wider buffer 
during the validation period 
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Figure 28. Measured and simulated NO3-N concentrations in zone 2 for the wider buffer 
during the validation period 
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Figure 29. Measured and simulated NO3-N concentrations in zone 1 for the wider buffer 
during the validation period 
 
Table 37. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 3 for the validation period 
 

Year Average yearly 

measured �O3-� 

concentrations 

(mg/L) 

Average yearly 

simulated �O3-� 

concentrations 

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2008 7.9 10.0 2.97 0.54 
2009 7.0 9.3 2.69 0.81 

  
Table 38. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 2 for the validation period 
 

Year Average yearly 

measured �O3-� 

concentrations  

(mg/L) 

Average yearly 

simulated  �O3-� 

concentrations  

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2008 1.5 3.5 2.08 0.29 
2009 1.3 4.7 2.6 0.18 
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Table 39. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 1 for the validation period 
 

Year Average yearly 

measured �O3-� 

concentrations  

(mg/L) 

Average yearly 

simulated �O3-� 

concentrations  

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2008 1.4 0.74 1.15 0.6 
2009 2.1 1.68 1.56 0.3 

      

     In zone 3, field measured NO3-N concentrations were not available most of time in 2008 

and 2009 making the comparisons inconclusive. But the available measured NO3-N 

concentrations when compared to simulated from March to June 2008 and December to May 

2009 were in good agreement. In zone 2, the simulated NO3-N concentrations were 

consistently higher than field measured over a 2 year period. But the absolute differences 

between them were 2 mg/L. The measured NO3-N concentrations were averaged from 6 

shallow water quality wells in zone 2. The spatial and the temporal variability of NO3-N 

concentrations at each well location were not captured by the model leading to the  

over-estimation.  

     In zone 1, simulated NO3-N concentrations followed the trends of measured from March 

to May 2008, December to May 2009 and October to December 2009. During the rest of 

period, simulated NO3-N concentrations were lower than the measured. REMM simulates the 

growth of hardwoods in zone 1. According to plant growth phenological stages from July to 

September each year hardwoods have branch growth; stem growth, coarse and fine root 

growth (Altier et al., 2002). During this period, there is greater NH4-N and NO3-N uptake by 

hardwoods which resulted in lower simulated NO3-N concentrations.  
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 Limitations in Comparing Simulated �O3-� Concentrations to Measured Values 

 
    As described earlier, model simulated daily NO3-N concentration was averaged to obtain a 

single NO3-N concentration value per month (mg/L). Measured NO3-N concentrations 

(mg/L) (average data from 3 shallow wells) were only available in the form of one monthly 

grab sample from the field (both narrow and wide buffers). These simulated monthly NO3-N 

concentrations were compared with one monthly grab sample from the site. In this study, 

comparing these above simulated and measured values was considered a limitation (of 

measured data). To somewhat overcome this limitation, mean and standard deviation of 

simulated NO3-N concentrations were computed for each month for the calibration and 

validation period (at both narrow and wide buffers). The mean ± standard deviation of 

simulated data for each month was computed to have a range. It was then determined 

whether one monthly grab sample was within the above range.  

     Results for the narrower buffer in zones 3 and 2 showed that most of measured NO3-N 

concentrations were very close to the simulated range (mean± standard deviation) but not 

within the simulated range. For example, in zone 3 of narrow buffer in April 2007, average 

measured NO3-N concentration was 10.77 mg/L and the simulated range (mean± standard 

deviation) was 9 mg/L to 10.2 mg/L. While in zone 2 of the narrow buffer in January 2006, 

average measured NO3-N concentration was 7.45 mg/L compared to the simulated range 

(mean± standard deviation) was 7.1 mg/L to 7.4 mg/L. Detailed comparison between 

simulated range and average measured NO3-N concentrations are shown in appendix section 

D (see Table 98 for narrow buffer). However in the stream edge zone 1, approximately 30 % 

to 40 % measured NO3-N concentrations were in the range of simulated (mean± standard  
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deviation) for the calibration and validation period.  

    Results for the wide buffer in zones 3 and 2 show that most of the measured NO3-N 

concentrations are very close to the simulated (mean± standard deviation) range but not 

within the simulated range. For example, in zone 3 of the wider buffer in June 2007, average 

measured NO3-N concentration was 4.10 mg/L compared to the simulated range of 4.2 mg/L 

to 5 mg/L. While in zone 2 of the wider buffer in October 2005, measured NO3-N 

concentration was 2.12 mg/L compared to simulated range varying from 2.2 mg/L to  

2.5 mg/L. Detailed comparison between simulated range and average measured NO3-N 

concentrations are shown in appendix section D (see Table 99 for wider buffer). In the stream 

edge zone 1 of the wider buffer, the measured NO3-N concentrations were close to the 

simulated range (mean± standard deviation) but not within the range. This shows that there is 

a greater need for more frequent field sampling to have a fair comparison between simulated 

and measured NO3-N concentrations. Sampling can be conducted once every 15 days and 

also should be conducted following a high rainfall or storm events.  

�itrogen Loadings Through The �arrow And Wide Buffers  

 
     Bulk of total nitrogen movement at narrow and wide buffer occurred with surface runoff. 

Total simulated nitrogen movement with subsurface flow was relatively lesser due to low 

groundwater hydraulic gradients at the site (Messer, 2010). Total nitrogen in surface flow 

consisted of seep flow and surface runoff. Surface and seep components contained particulate 

and dissolved organic nitrogen, particulate and dissolved NH4-N and NO3-N. The subsurface 

nitrogen contained organic nitrogen, NH4-N and NO3-N. Total nitrogen inflow and outflow 

for the narrow buffer are presented in Table 40. 
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Table 40. REMM simulated total nitrogen inflows/ outflows in the narrow buffer for 5 years  
(2005-2009). 
 

Years Total � out of 

upland into  

zone 3  

Total � out of  

zone 3 into  

zone 2  

Total � out of 

zone 2 into  

zone 1 

Total � out of 

zone 1 into  

stream 

kg � per hectare area above each zone 
2005 25.8  

(18.7, 7.0) 
23.8  

(18.4, 5.4) 
20.2  

(13.7, 6.4) 
16.9  

(13.2, 3.6) 
2006 27.5  

(22.5, 2.9) 
26.6  

(23.3, 3.3) 
23.5 

(17.9, 5.5) 
20.9  

(17.4, 3.4) 
2007 10.6 

(5.89, 4.7) 
7.32 

(3.75, 3.5) 
6.35  

(1.9, 4.4) 
3.8  

(1.7, 2.1) 
2008 15.5  

(10.2, 5.2) 
10.2  

(6.4, 3.7) 
8.2 

(3.3, 4.7) 
5.7  

(3.49, 2.2) 
2009 12.8 

(8.1, 4.7) 
10.0 

(5.7, 4.4) 
7.4  

(2.91, 4.4) 
5.0  

(3.0, 2.0) 
Values in the parenthesis are total nitrogen in surface flow (first value) and subsurface flow 
(second value). 
 
    As shown in Table 40, surface nitrogen loading in 2005 and 2006 was higher compared to 

2007, 2008, and 2009. This was due to high annual rainfall in 2005 and 2006 which 

transported higher total nitrogen to streams. The nitrogen reduction from zone 3 to outflow to 

the stream was 35 % and 24 % in 2005 and 2006 respectively. This meant that only 35 % and  

24 % of incoming nitrogen was reduced by the buffer in 2005 and 2006. Greater transport of 

nitrogen with surface runoff in 2005 and 2006 was due to lower infiltration and shallow 

WTDs. In 2007, lower simulated nitrogen loadings from zone 3 to zone 1 were due to 

drought. The total nitrogen reductions in 2007, 2008, and 2009 from zone 3 to 1 were 64 %, 

63 % and 61 %, respectively. This 3 year period had relatively low rainfall compared to 2005 

and 2006 leading to lower simulated surface runoff from agricultural field.  

 Total N inflow and outflow to stream for wide buffer is shown in Table 41. 
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Table 41. REMM simulated nitrogen inflows/outflows in the wide buffer for 5 years 
 (2005-2009). 
 

Years Total � out of 

upland into  

zone 3  

Total � out of 

zone 3 into  

zone 2  

Total � out of  

zone 2 into  

zone 1 

Total � out of 

zone 1 into  

stream 

kg � per hectare area above each zone 

2005 13.6  
(9.7, 3.8) 

8.5  
(6.1, 2.4) 

16.4  
(8.1, 8.3) 

8.9 
(4.9, 3.9) 

2006 27.1  
(23.2, 3.8) 

25.1  
(22.6, 2.5) 

27.1  
(20, 7.1) 

22.9  
(19.4, 3.5) 

2007 10.3  
(6.8, 3.4) 

7.18  
(5.2, 1.9) 

6.8  
(2.7, 4.1) 

4.1  
(2.1, 1.8) 

2008 8.5  
(2.5, 5.9) 

9.1  
(4.6, 4.5) 

8.5  
(4.1, 4.4) 

6.1  
(4.6, 2.0) 

2009 17.1  
(12.4, 4.7) 

15.7  
(11.0, 4.5) 

12.9  
(9.1, 3.7) 

11.6  
(9.6, 2.0) 

Values in the parenthesis are total nitrogen in surface flow (first value) and subsurface flow 
(second value). 
 
       Most of nitrogen loading in the wider buffer (with surface and subsurface) occurred in 

normal rainfall (2005 and 2009) and wettest rainfall year (2006) which generated frequent 

surface runoff events. In terms of nitrogen loadings, 2006 had highest total nitrogen loading 

followed by 2009 and 2005. The lowest total nitrogen loadings occurred in low rainfall years 

of 2008 and 2007. Overall during the 5 year period, the total nitrogen decrease in surface 

runoff resulted in simultaneous increase of total subsurface nitrogen due to infiltration. The 

total nitrogen reduction in 2005, 2006, 2007, 2008, and 2009 from zone 3 to zone 1 was  

35 %, 16 %, 61 %, 23 %, and 32 % respectively. 

Model Simulated Denitrification   

          REMM simulates denitrification in litter and 3 soil layers in zones 3, 2, and 1, while 

total plant nitrogen uptake is simulated in zones 3, 2, and 1. The simulated denitrification for 
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 narrow and wide buffers (Tables 42 and 43) are averaged values (litter+3 soil layers) for 

zones 3, 2, and 1 and represent rates for soil thickness of 170 cm and 125 cm below the 

surface respectively. For plant nitrogen uptake, the vegetation was perennial herbaceous in 

zone 3, pines in zone 2 and hardwoods in zone 1. REMM predictions of denitrification and 

plant nitrogen uptake are reported in kg N per hectare of a buffer zone per year.  

    Table 42.  Simulated denitrification at narrow buffer (43 m) 
 

Simulated Years 

 

Zone 3  

(kg �/ha/yr) 

Zone 2   

(kg �/ha/yr) 

Zone 1 

 (kg �/ha/yr) 

2005 155 145 190 
2006 130 131 170 
2007 83 65 142 
2008 125 72 159 
2009 90 55 144 

Average 116 94 161 

 
   Table 43. Simulated denitrification at wide buffer (60 m) 
 

Simulated Years 

 

Zone 3  

(kg �/ha/yr) 

Zone 2   

(kg �/ha/yr) 

Zone 1 

 (kg �/ha/yr) 

2005 158 272 195 
2006 131 170 210 
2007 99 127 152 
2008 88 138 156 
2009 61 128 145 

Average 107 167 172 

     

          Simulated denitrification in narrow and wide buffers for the 5 year period were similar 

to rates reported at a buffer site where field measured denitrification ranged from 40 kg 

N/ha/yr to 200 kg N/ha/yr and 198 kg N/ha/yr in hardwood buffer (Hendrickson, 1981; 

Lowrance and Hubbard, 2001). High denitrification was also reported at 2 buffer sites in 

France where the vegetation consisted of willows, poplar, and few ash trees. The measured 
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in-situ denitrification rates at 2 sites were found to be 285 kg N/ha/yr and 94 kg N/ha/yr 

(Pinay et al., 1993). REMM estimates denitrification based on maximum denitrification rate 

constant (Kd) and scalars of soil temperature, mineralizable carbon, available NO3-N in 3 soil 

layers and water filled pore spaces (Altier et al., 2002). The measured and calibrated 

denitrification rate constants (Kd) were found to be very high, especially in mid-buffer (zone 

2) and stream edge (zone 1). The rate constants (Kd) in zones 2 and 1 were high because of 

high measured soil DEA. 

    The simulated denitrification was also greater due to high simulated anaerobic conditions 

because simulated WTDs were closer to soil surface, high soil organic carbon in upper soil 

layers (Table 9) and NO3-N source from the upland. In fact, zone 2 of the narrow buffer was 

classified as riparian wetland in monitoring years of 2005 and 2006 (Messer, 2010). Also at 

the wider buffer, the rate constant (Kd) was high due to measured soil DEA being high in 

zones 2 and 1. This was due to same reasons stated for the narrow buffer mentioned above.  

Model Simulated Plant �itrogen Uptake  

Simulated plant nitrogen uptakes for narrow and wide buffers are shown in Tables 44 and 45. 

Table 44. REMM simulated plant uptake in the narrow buffer (43 m) 
 

Simulated Years Zone 3 

(kg �/ha/yr) 

Zone 2  

(kg �/ha/yr) 

Zone 1  

(kg �/ha/yr) 

2005 20 72 83 
2006 19 16 82 
2007 16 39 81 
2008 5 9 68 
2009 4 21 75 

Average 13 31 79 
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Table 45. Simulated plant uptake in the wide buffer (60 m) 
 

Simulated Years Zone 3 

(kg �/ha/yr) 

Zone 2  

(kg �/ha/yr) 

Zone 1  

(kg �/ha/yr) 

2005 40 93 54 
2006 14 10 74 
2007 11 23 73 
2008 32 39 79 
2009 19 19 71 

Average 23 37 70 

    Notes for table 44 and 45- PU= plant uptake 

      The simulated plant nitrogen uptake are comparable to reported nitrogen uptake rates for 

herbaceous grass and hardwood buffer which varied from 1.6 kg N/ha/yr to 63 kg N/ha/yr 

and 41 kg N/ha/yr to 156 kg N/ha/yr, respectively (Hefting et al., 2005). Meta-data analysis 

by Ducnuigeen et al. (1997) found plant nitrogen uptake rates for different pine species 

(Scotts, Loblolly, Black and Slash pine) to range from 12 kg N/ha/yr to 69 kg N/ha/yr. 

Predicted uptake by pines at narrow and wide buffers are within ranges reported in the 

literature. This meta-data analysis also reported plant nitrogen uptake by deciduous 

hardwood species to range from 41 kg N/ha/yr to 92 kg N/ha/yr.      

    In REMM, plant nitrogen uptake is dependent upon maximum rooting depth, maximum 

nitrogen growth concentrations of plant components, presence/absence of roots in 3 REMM 

soil layers, denitrification rate constant (Kd) and amount of dissolved NH4-N and NO3-N in 

soil layers. The rate constant (Kd) controls the amount of NO3-N available to the plants. 

Higher rate constant (Kd) increases denitrification if other favorable conditions (temperature, 

carbon, shallow WTDs) exists and consequently decreases plant nitrogen uptake.  
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   Total nitrogen uptake depends upon maximum rooting depth of plant species and its 

presence/absence in 3 REMM soil layers. For example, the maximum rooting depths in zone 

2 for narrow and wide buffers were 70 cm and 80 cm respectively from the soil surface; this 

adjustment was done for hydrologic calibration. The soil layer depths in REMM were larger 

than 70 cm and 80 cm, which meant that roots had access to water and nutrients that exists in 

soil layers 1 and 2 only and not layer 3. This might have led to under-estimation of nitrogen 

uptake rates by REMM.  

Long Term Simulations For The �arrow And Wide Buffers  

 
     The calibrated model was used to predict the long term trends in WTDs, NO3-N 

concentrations, denitrification, and plant nitrogen uptake for 33 year period (2010-2042). The 

assumption made in simulating the long term performance of the buffer was that the upland 

land use and management practices including N fertilizer application rates (in-organic 

fertilizers) would be similar to the monitoring period (2005-2009). As previously detailed in 

the methods sections, the 5 year site measured data was best matched with annual historic 

rainfall data to generate the long term weather record (see section on calibrated model for 

long term simulations). Long term rainfall shown in Figure 30 ranged from 854-1366 mm for 

33 year period (2010-2042) and was used in the model. Long term simulated WTDs (cm/yr) 

and NO3-N concentrations for narrow and wide buffers are shown in Figures 31, 32, 33, and 

34 respectively. 
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Figure 30. Long term yearly rainfall used to simulate long term buffer performance 

 

0

20

40

60

80

100

120

140

160

180

200

2010 2015 2020 2025 2030 2035 2040

S
im

u
la

te
d

 m
ea

n
 W

T
D

s 
(c

m
/y

r)

Simulated years

Simulated zone 3 WTDs Simulated WTDs zone 2 

Simulated WTDs zone 1

 

Figure 31. Simulated mean yearly WTDs (cm) in 3 zones in the narrow buffer for 33 year 
period 
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Figure 32. Simulated mean yearly NO3-N concentrations in the narrow buffer for 33 year 
period 
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Figure 33. Simulated mean yearly WTDs (cm) in 3 zones in wide buffer for 33 year period 
 



 
 

 

94 
 

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

2010 2015 2020 2025 2030 2035 2040

S
im

u
la

te
d

 y
ea

rl
y
 �

O
3
-�

 c
o

n
ce

n
tr

a
ti

o
n

s 

(m
g

/L
)

Simulated years

Zone 3 Zone 2 Zone 1

 

Figure 34. Simulated mean yearly NO3-N concentrations in the wide buffer for 33 year 
period 
 
Long term hydrology- In the narrow buffer simulated WTDs in zones 3, 2, and 1 ranged 

from 69-134 cm, 28-91 cm, and 49-105 cm below soil surface, respectively, for 33 year 

period (Figure 31). The WTD in stream edge zone 1 was deeper from soil surface compared 

to WTD in zone 2 due to narrow incised stream (depth=1.2 m) which lowered WTDs in zone 

1 (Altier et al., 2002). In the wide buffer, simulated WTDs in zones 3, 2, and 1 were in the 

ranges of  93-161 cm, 57-127 cm, and 38-93 cm, respectively, for 33 year period (Figure 33).  

      Other hydrologic predictions such as evapotranspiration (ET) at the buffer site averaged 

710 mm/yr and 732 mm/yr for pines at narrow and wide buffers, respectively. These ET 

predictions are comparable to ET ranges reported in the literature for loblolly pine 

plantations in North Carolina: 702-1078 mm/yr (Diggs, 2004), 560-740 mm/yr (Stoy et al., 

2006) and 755-885 mm/yr (Sun et al., 2010). Predicted ET for deciduous hardwoods at 

narrow and wide buffers averaged 565 mm/yr and 538 mm/yr, respectively. These ET
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 predictions are comparable to ET ranges reported in the literature for deciduous forest in 

North Carolina: 460-640 mm/yr (Stoy et al., 2006) and 544-671 mm/yr (Tian et al., 2010). 

Differences in the estimated ET’s were probably due to different average annual rainfalls at 

each site.   

     In the narrow and wide buffer simulated WTDs were within 105 cm and 127 cm from soil 

surface in zones 2 and 1 providing favorable conditions for denitrification (Figures 31 and 

33). The wide buffer had greater total soil organic carbon than the narrow buffer (Table 9). 

However in the wide buffer, the denitrification was limited by the low subsurface NO3-N 

loading from the upland. This was due to the elevated position of the upland in the landscape 

(Messer, 2010). This shows that position of the buffer in the landscape governs local 

groundwater hydrology and is critically important for the NO3-N removal processes through 

denitrification.  

Long term �O3-� concentrations- In the narrow buffer simulated yearly NO3-N 

concentrations in zones 3, 2, and 1 ranged from 7.6-17.4 mg/L, 6.1-9.1 mg/L and 0.04-0.21 

mg/L, respectively, over 33 year period (Figure 32). In the wide buffer simulated yearly  

NO3-N concentrations in zones 3, 2, and 1 ranged from 3-9 mg/L, 0.62-3.9 mg/L and 0-1.8 

mg/L, respectively, over a 33 year period (Figure 34). In the narrow and the wide buffer the 

simulated long term trends in NO3-N concentrations in the 3 zones were very much agreeable 

to field measured NO3-N concentrations in 3 zones from 2005 to 2009 (Messer, 2010). 

However the NO3-N concentrations in zone 1 of the wide buffer (Figure 34) was 0 mg/L 

from simulated years 2030 to 2042. This was due to the low external subsurface NO3-N 

loading from the upland/agricultural field. 
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  Over the 33 year period (2010-2042) the narrow and the wide buffers reduced NO3-N 

concentrations from zone 3 to zone 1 by 94 % and 93 % respectively. However, the total 

NO3-N reduction (in terms of loading) from zone 3 to zone 1 was 82 % and 85 % for 33 year 

period. Model simulated process of denitrification and plant nitrogen uptake are summarized 

in Tables 46 and 47. These tables show average yearly simulated denitrification and plant 

nitrogen uptake in 3 buffer zones for narrow and wide buffers respectively from 2010-2042. 
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Table 46. Simulated yearly denitrification and plant nitrogen uptake in narrow buffer 
 

Years D� Z3 D� Z2 D� Z1 PU Z3 PU Z2 PU Z1 

(kg �/ha/yr) of a buffer zone area 

2010 155 145 190 21 72 83 
2011 74 70 163 9 14 80 
2012 129 76 158 17 35 78 
2013 118 81 151 9 11 74 
2014 86 72 136 13 19 76 
2015 105 54 123 4 36 65 
2016 65 42 128 1 13 74 
2017 124 62 139 13 4 60 
2018 92 49 130 9 34 61 
2019 81 58 124 16 1 66 
2020 79 55 107 19 7 33 
2021 69 38 104 7 28 51 
2022 88 49 118 25 7 49 
2023 70 37 102 11 15 39 
2024 88 45 108 27 24 44 
2025 69 35 97 12 9 27 
2026 74 35 107 15 17 47 
2027 91 42 104 29 14 36 
2028 85 41 101 16 8 12 
2029 78 31 101 7 22 46 
2030 85 37 102 24 5 34 
2031 77 35 103 15 5 16 
2032 43 20 101 13 23 44 
2033 93 40 114 13 5 22 
2034 79 36 96 17 25 20 
2035 63 28 96 10 16 34 
2036 101 40 105 19 11 25 
2037 83 33 102 15 9 23 
2038 75 35 93 16 3 3 
2039 76 34 82 13 25 30 
2040 80 33 81 13 7 25 
2041 80 31 79 17 6 30 
2042 61 29 78 49 47 19 

Average 85 47 113 16 17 43 

 DN: simulated yearly average denitrification, PU- simulated yearly average plant uptake   
  and Z3, Z2, and Z1- field edge buffer zone 3, mid-buffer zone 2, and stream edge zone 1   
  buffer respectively. 
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  Table 47. Simulated yearly denitrification and plant nitrogen uptake in wider buffer 

 
Years D� Z3 D� Z2 D� Z1 PU Z3 PU Z2 PU Z1 

(kg �/ha/yr) of a buffer zone area 
2010 158 272 195 40 93 54 
2011 89 133 162 30 10 72 
2012 94 143 180 36 16 70 
2013 91 121 184 21 71 51 
2014 92 149 181 32 21 75 
2015 85 125 139 36 6.2 55 
2016 49 89 129 43 103 74 
2017 69 137 160 38 49 75 
2018 77 110 152 49 25 64 
2019 73 73 135 59 71 72 
2020 68 86 117 60 88 62 
2021 49 95 115 52 30 72 
2022 63 65 112 70 49 45 
2023 46 77 95 58 124 68 
2024 60 99 108 75 17 30 
2025 46 70 82 63 72 44 
2026 36 70 99 70 106 75 
2027 59 90 111 78 5 46 
2028 56 61 94 70 7 12 
2029 41 58 79 75 55 35 
2030 50 81 92 71 24 8.2 
2031 57 64 57 51 19 16 
2032 47 47 48 79 1 12 
2033 41 59 57 57 28 17 
2034 50 59 49 56 16 33 
2035 43 46 39 62 4.5 22 
2036 48 46 53 63 3.2 28 
2037 50 58 44 64 31 31 
2038 53 45 42 48 34 35 
2039 56 40 37 43 62 34 
2040 60 47 38 36 22 40 
2041 64 42 37 49 35 43 
2042 46 36 35 21 44 20 

Average 63 85 99 53 41 45 
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Simulated Yearly Long Term Denitrification And Plant �itrogen Uptake For �arrow 

And Wide Buffer 

      Simulated average denitrification rates in the narrow and wide buffers are very 

comparable to the measured denitrification reported for buffers (Hendrickson, 1981; Pinay et 

al., 1993; Lowrance and Hubbard, 2001; Osmond and Gilliam, 2006). Yearly variations in 

simulated denitrification were due to differences in annual rainfall and simulated WTDs, 

simulated inflows/outflows from upland to zone 3 to zone 2 and so on, available soil NO3-N 

in 3 layers, NH4-N production through mineralization and nitrification of NH4-N to NO3-N, 

and yearly NO3-N loading from upland to the buffer.  

    Simulated plant nitrogen uptake for herbaceous grass in zone 3, pines in zone 2 and 

hardwoods in zone 1 at narrow and wider buffers were within the range reported in literature 

(Cole and Rapp, 1981; Ducnuigeen et al., 1997; Ducey and Allen, 2001; Hefting et al., 2005; 

Albaugh et al., 2008). Yearly variations in simulated plant nitrogen uptake in REMM were 

due to maximum rooting depth in each zone, presence/absence of roots in 3 REMM soil 

layers, available NH4-N and NO3-N in each soil layer, available water in each soil layer 

(above wilting point) for uptake of dissolved NH4-N and NO3-N and denitrification rate 

constant (Kd) which controls the soil NO3-N in each soil layer in each zone (Altier et al., 

2002). Average simulated plant nitrogen uptake estimates at wider buffer were greater than 

the narrow buffer especially in zone 2 (Tables 46 and 47). The wider buffer had greater soil 

organic carbon and nitrogen compared to the narrow buffer (Table 9) which led to luxury 

nitrogen uptake in the wider buffer (Altier et al., 2002).  
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     Overall the simulated denitrification and plant nitrogen uptake for narrow and wide 

buffers gradually declined from 2010 to 2042. Recall that, model simulated denitrification 

uses the available NO3-N in 3 soil layers in each zone and simulated plant nitrogen uptake 

uses the available dissolved NH4-N and NO3-N in 3 soil layers in each zone. The soil NH4-N 

is available through mineralization of organic nitrogen and then resulting NH4-N is divided 

into dissolved and adsorbed phases using Freundlich adsorption isotherm. The dissolved 

NH4-N is taken up by plants and also nitrified to NO3-N. The soil NH4-N and NO3-N are also 

available to the model from upland/agricultural field sources. The stabilization of the soil 

carbon and nitrogen processes in the model (described in detail in materials and method 

section of this chapter) ensured that there is no buildup of carbon and nitrogen in the residue 

pool and hence there is transfer of carbon and nitrogen from residue to humus pool. For both 

narrow and wide buffers, the carbon and nitrogen stabilization process ensured that there is 

NH4-N production through mineralization of residue (see Figure 7.2 in Altier et al., (2002) 

for more details) and consequently there is NO3-N production through nitrification of NH4-N. 

But the long term simulated denitrification and plant nitrogen uptake at narrow and wide 

buffers gradually decreased due to the low NO3-N loading from the upland (see Tables 46 

and 47). At the narrow and wide buffer, estimated shallow groundwater nitrogen loading 

from the upland was 23 kg N/ha/yr and 19 kg N/ha/yr respectively. The nitrogen loadings at 

this site are lower compared to 39 kg N/ha/yr at a buffer site in Georgia (Inamdar et al., 

1999b) and 83 kg N/ha/yr at buffer site in Maryland coastal plain (Peterjohn and Correll, 

1984). The low nitrogen loading from the upland into the buffer was probably due to the 

implementation of nutrient management in the upland. The very low nitrogen loading into the  
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wider buffer was due to the elevated position of the upland which reduced nitrogen loadings 

into the buffer. This was evident from the field observed NO3-N concentrations in zone 3 

(adjacent to the upland) which averaged 5-7 mg/L over 5 years (Messer, 2010).  

Summary And Conclusions 

       Five year field measured hydrologic and nutrient data from a buffer site located in 

Eastern NC having narrow (43 m) and wide widths (60 m) were used to test REMM model. 

Hydrologic testing of REMM showed that it captured seasonal and yearly trends of the 

measured data (WTDs) from 2005-2009. Simulated WTDs were in good agreement with 

field measured in wet years 2005 and 2006 and were under-predicted in dry year (2007) and 

relative low rainfall years of 2008 and 2009 respectively. The mean absolute error (MAE) 

and Willmott’s index of agreement (d) for narrow (43 m) and wide buffers (60 m) ranged 

from 13 cm to 46 cm and 0.71 to 0.94, respectively. Simulated NO3-N concentrations 

followed the seasonal and yearly trends of the field observed. The RMSE and the Willmott’s 

index of agreement (d) values for the narrow and wide buffers ranged from 0.5 mg/L to 5.9 

mg/L and 0.10 to 0.86, respectively for 5 years (2005-2009). Simulated denitrification and 

plant nitrogen uptake were within the range reported in the literature.       

     However there are major limitations in simulating WTDs and NO3-N dynamics in the 

buffer. One major limitation is the estimation of accurate daily upland data. Often, at the 

buffer sites upland data are not available (hydrologic and nutrient). More reliable upland 

inputs should be measured (soil physical and chemical properties, WTDs, and surface 

runoff). These inputs can be obtained through use of models such as GLEAMS and APEX or 

field collected data. These inputs will significantly improve REMM hydrologic and nutrient 

predictions in the buffer.  
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      Other major limitation of using REMM for NO3-N calibration and validation is the low 

frequency of field data collection. In this study, simulated daily NO3-N concentrations were 

averaged for 30 days to obtain a monthly NO3-N concentration and were compared to one 

monthly average NO3-N grab sample from three water quality wells. In this study, comparing 

these simulated and measured values was considered a limitation (of measured data). This 

limitation can be resolved to a certain extent by computing simulated range (mean± standard 

deviation) values and then determining whether measured NO3-N concentrations were within 

the simulated range. In this study for both (narrow and wide buffers) the measured NO3-N 

grab sample per month was close to the simulated range (mean± standard deviation) but not 

within the range. This shows that there is greater need for more frequent field sampling to 

achieve greater accuracy in calibration and validation. Field NO3-N sampling could be 

carried out twice every month and also after major rainfall and storm events. 

   But in spite of these limitations, simulated trends of the calibrated model for long term 

WTDs and NO3-N concentrations were fairly similar to the field observed. Long term 

simulated denitrification and plant nitrogen uptake were within the literature estimates. The 

narrow and wide buffers reduced NO3-N concentrations from zone 3 to zone 1 by 93 % and 

94 % over 33 year period (2010-2042). In terms of the loading, the NO3-N reduction for 

narrow and wide buffer was 82 % and 85 % for 33 year period (2010-2042). These long term 

simulations showed that buffers are critically important to water quality improvement. The 

landscape and topographic position of the narrow buffer is ideal for NO3-N attenuation. If 

riparian buffers having landscape and topographic position similar to narrow buffer are 

installed across the watersheds, they can significantly improve the water quality.  
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CHAPTER 3. FIELD TESTI�G OF RIPARIA� ECOSYSTEM 

MA�AGEME�T MODEL (REMM) USI�G A DATA SET FROM A 

RIPARIA� BUFFER I� EASTER� �ORTH CAROLI�A HAVI�G A 

BUFFER WIDTH OF 46 METER 

Abstract 

      Located between the upland and aquatic ecosystems, riparian buffers are known to 

attenuate non-point source (NPS) pollutants, especially nitrate-nitrogen (NO3-N) derived 

from agricultural fields. Performances of riparian buffers have been found to be inconsistent 

in terms of NO3-N removal due to variable groundwater hydrology. Improvement of the 

prediction of the performance of riparian buffers will require a more thorough understand of 

the process tied to NO3-N attenuation. 

     A riparian buffer enrolled in the North Carolina Conservation Reserve Enhancement 

Program (NC-CREP) located in the Tar-Pamlico Watershed, was monitored for hydrology 

and water quality from 2005 to 2010. This buffer site received nitrogen loading from an 

upland source of poultry litter application, generally in the early spring. Field results showed 

the buffer as significant groundwater NO3-N sink (2005-2010). 

     The Riparian Ecosystem Management Model (REMM) was calibrated and validated using 

5 years field data from the site, with field observed WTDs used as a primary metric for 

hydrologic calibration. Model simulated WTDs were in good agreement with field observed 

during the calibration and validation period (2005-2009). The mean absolute error (MAE) for 

calibration and validation period ranged from 18 cm to 41 cm and was comparable to the 
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MAE obtained at the REMM development site. The Willmott’s index of agreement (d) for 

calibration and validation period ranged from 0.72 to 0.95 indicating good agreement 

between simulated and measured WTDs.  

    REMM simulated NO3-N dynamics captured the seasonal and yearly trends of field 

measured data for the 5 year period (2005-2009). Root mean square error (RSME) between 

model simulated and field measured NO3-N concentrations averaged 1.5 mg/L to 12.8 mg/L, 

while the Willmott’s index of agreement ranged from a low of 0.11 to high of 0.73 for the 

calibration and validation period. REMM did not capture monthly NO3-N trends in the dry 

years of 2007 and 2008, particularly in the field edge zone 3 adjacent to the upland. In spite 

of this, REMM quantified NO3-N attenuation process of plant nitrogen uptake and 

denitrification was comparable to other riparian buffer field studies. The calibrated and 

validated model predicted the long term buffer performance for NO3-N attenuation over 33 

year period (2010-2042). Results showed that the buffer will continue to act as a long term 

groundwater NO3-N sink by reducing NO3-N concentrations from 13 mg/L at field edge zone 

3 to 1 mg/L at the stream edge zone 1.  

Introduction 

    A second riparian buffer enrolled in North Carolina Conservation Reserve Enhancement 

Program (NC-CREP) located in the Tar-Pamlico Watershed, was monitored for hydrology 

and water quality from 2005 to 2010. This buffer site received nitrogen loading from an 

upland field that received poultry litter as a fertilizer source in early spring. Field results 

showed the buffer as a significant groundwater NO3-N sink (Wiseman, 2011). The Riparian 

Ecosystem Management Model (REMM) was calibrated and validated using these data to 
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quantify and understand critical factors influencing NO3-N removal observed in this buffer, 

particularly soil denitrification. As at the previous site, improved knowledge of these critical 

factors will be helpful in making recommendations for NC-CREP to maximize riparian 

buffer enrollment to achieve desired water quality benefit. The goals of this modeling study 

were 1) Calibrate and validate REMM using 5 year field measured data (2005-2009) from a 

second NC-CREP buffer site in North Carolina to quantify groundwater hydrology and  

NO3-N attenuation processes of denitrification and plant nitrogen uptake. 2) Use the 

calibrated model to predict the long term (33 year) buffer performance for NO3-N attenuation 

with emphasis on denitrification. A more detailed description of the REMM can be found in 

chapters 1 and 2 as well as in several other publications (Inamdar et al., 1999a, b; Lowrance 

et al., 2000a; Altier et al., 2002). 

Materials And Methods 

Site Description 

 
        Site 2 was located in Halifax County, NC and monitored for hydrology and water 

quality since 2005. This site was installed in 1999 based on 3 zone buffer concept by Welsch 

(1991) and NRCS (1995). It was situated on a Ruth’s branch, a first order stream which 

drains into Fishing Creek, and is a part of Tar-Pamlico Watershed. Site 2 characteristics are 

summarized in Table 48 and more detailed description can be found in Wiseman (2011). 
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Table 48. Characteristics of site 2 buffer enrolled in NC-CREP (*USDA-NRCS, 2008) 
 

Site characteristics Riparian buffer site 2 

Soils in upland and buffer* Emporia-Wedowee complex, Bonneau loamy 
fine sand and  Goldsboro fine sandy loam* 

Soil drainage class in upland and buffer* Well drained and Moderately Well drained* 
Buffer vegetation Switchgrass (zone 3) pines (zone 2) and 

Hardwoods (zone 1) 
Upland uses Grazing for cows 

Nutrient source to upland Broadcast poultry litter 
Buffer width zone 3, 2 and 1 (m) 8, 28, and 10 

Upland and Buffer Area (m2) 6000 and 16560 
Buffer length (m) 360  

   Field Data Collection And Inputs �eeded By REMM 

     Field data was collected at the site for 5 year period (2005-2009) and included water table 

depth, groundwater nutrient concentrations (NH4-N, NO3-N and dissolved organic carbon 

(DOC)), and soil redox measurements. The layout of the site 2 buffer is shown in Figure 35 

below. For an in-depth site description, its instrumentation and water table depth 

measurements and water quality sampling procedures can be found in Wiseman (2011).   

 
Figure 35. Site instrumentation at buffer site 2 (Adapted from Wiseman, 2011). 
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      Soil sampling procedures and methods for soil texture analysis (% silt, sand, and clay), 

and method for determining soil chemical properties are similar to these described in chapter 

2. Soil denitrification enzyme activity (DEA) was also similar to what was described in 

chapter 2 and also can be found in appendix section A. Particle size analysis shown in Table 

49 was input into REMM 3 zone and 3 layers for the hydrology simulation. Measured soil 

chemical properties for site 2 are shown in Table 50. The above ground litter chemical 

properties are shown in Table 51. The procedure of litter collection and its analysis is similar 

to chapter 2. The soil denitrification enzyme activity (DEA) and the computed denitrification 

rate constants are shown in Table 52. 

Table 49. Percent sand, silt, and clay in 3 zones and 3 layers at site 2 buffer (46 m) 
 

Buffer  

zones: layers 

Sampling Depths  

(cm) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 
USDA class 

Z1L1 18 81 17 3 Loamy sand 
Z1L2 55 92 7 1 Sand 
Z1L3 77 90 8 2 Sand 
Z2L1 29 63 27 10 Sandy Loam 
Z2L2 51 87 10 3 Sand 
Z2L3 82 94 5 2 Sand 
Z3L1 26 91 7 2 Sand 
Z3L2 93 92 6 2 Sand 
Z3L3 114 89 8 3 Sand 

 Notes: Z3L1, Z3L2 and Z3L3- field edge zone 3 and soil layer 1, 2, and 3; Z2L1, Z2L2 and  
Z2L3- mid buffer zone 2 and its three layers; Z1L1, Z1L2 and Z1L3- stream edge zone  
1 and its three layers. 
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Table 50. Measured soil chemical properties in 3 zones and 3 layers  
 

Buffer  

zones: layers 

Sampling 

depth 

(cm) 

�H3-� 

(µg/g) 

�O3-� 

(µg/g) 

pH Bulk 

density 

(g/cm
3
) 

Soil 

carbon 

(%) 

Soil 

nitrogen  

(%) 

Z1L1 18 2.6 1.23 5.65 1.41 0.78 0.06 
Z1L2 55 0.85 1.28 5.77 1.39 0.09 0.01 
Z1L3 77 0.92 0.90 6.16 1.39 0.01 0.01 
Z2L1 29 1.29 1.98 4.92 1.46 0.87 0.06 
Z2L2 51 0.89 1.06 5.62 1.41 0.13 0.01 
Z2L3 82 2.66 0.48 5.85 1.39 0.12 0.01 
Z3L1 26 0.9 0.87 5.40 1.39 0.11 0.01 
Z3L2 93 1.15 1.28 4.99 1.39 0.08 0.004 
Z3L3 114 1.11 1.19 4.97 1.39 0.07 0.004 

 
Table 51. Measured aboveground plant litter in 3 buffer zones  
 

Buffer 

zones 

�H3-� 

(µg/g) 

�O3-� 

(µg/g) 

pH Bulk density 

 (g/cm
3
) 

Litter C 

(%) 

Litter �  

(%) 

Z3 109 20.72 5.92 1.39 44.2 0.86 
Z2 11 1.06 4.20 1.46 43.8 0.50 
Z1 7 0.69 4.71 1.41 44.9 0.95 

 Notes: Z3- field edge zone 3, Z2-mid-buffer zone 2; Z1-stream edge zone 1 
 
 

Table 52. Denitrification enzyme activity (DEA) and rate constants (Kd)  

 

Buffer  

zones: layers 

Sampling 

depth 

(cm) 

Average DEA  

(µg �2O-�/kg dry 

soil/day) 

Bulk 

density  

(g/cm
3
) 

Measured 

denitrification rate 

constant (Kd) 

(kg/cm.ha) 

Z1L1 18 136.6 1.41 0.0193 
Z1L2 55 38.31 1.39 0.0053 
Z1L3 77 27.45 1.39 0.0038 
Z2L1 29 121.8 1.46 0.0178 
Z2L2 51 77.08 1.41 0.0109 
Z2L3 82 28.73 1.39 0.0040 
Z3L1 26 24.42 1.39 0.0034 
Z3L2 93 27.86 1.39 0.0039 
Z3L3 114 29.24 1.39 0.0041 
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Hydrologic And �utrient Inputs To REMM  

        REMM hydrologic and nutrient inputs are similar to those discussed in chapter 2. The 

soil chemical properties such as carbon and nitrogen were obtained up to a depth of 114 cm 

from the soil surface. Since REMM simulated hydrologic and nutrient processes up to a soil 

depth of 300 cm, total soil organic carbon was obtained by fitting measured data (0-114 cm) 

to an exponential relationship which is given by the equation below (Brevé, 1994). 

Y=e-az   EQ (1) 

where “a” is the constant parameter obtained when the data is fitted to an exponential curve, 

Y is the soil carbon (ug/g) at a given depth and z is the depth below ground surface. The 

exponential relationship was used since it is known that soil carbon exponentially declines 

with depth from the soil surface (Nakane, 1976; O’Brien and Stout, 1978). Soil organic 

carbon obtained using EQ (1) for 3 zones and its 3 layers was converted into kg/ha and 

shown in Table 53. 

Table 53. Total soil organic carbon and nitrogen (kg/ha) into REMM 3 zones and its 3 layers  
 

Buffer  

zones: layers 

Total soil carbon  

(kg/ha) 

Total soil nitrogen  

(kg/ha) 

Z1L1 43992 4032 
Z1L2 14387 1319 
Z1L3 2572 236 
Z2L1 22229 2037 
Z2L2 10663 977 
Z2L3 18095 1659 
Z3L1 9939 911 
Z3L2 11960 1096 
Z3L3 10197 935 

 Note: Z- buffer zones 1, 2, and 3 and L: soil layers 1, 2, and 3 from soil surface 



 
 

 

116 
 

REMM Calibration And Validation Process  

       REMM calibration and validation procedure was similar to the procedure described in 

chapter 2. Calibrated and validated inputs for this site are shown in Tables 54, 55, and 56. 

Table 54. Calibrated and validated denitrification rate constants (Kd) used in site 2 
 

Soil  

layers 

Zone 3 

(kg/cm.ha) 

Zone 2 

(kg/cm.ha) 

Zone 1 

(kg/cm.ha) 

Layer 1 0.2710 0.3580 0.0613 
Layer 2 0.0175 0.0791 0.0218 
Layer 3 0.0100 0.0770 0.0217 

 

Table 55.Calibrated and validated parameters used in site 2 buffer simulations 
 

Parameters Units Zone 3  

( Switchgrass) 

Zone 2 

(Loblolly pine) 

Zone  1 

(Hardwoods) 

Upland area (ha)             0.60 

Buffer area (ha)             1.65 

Stream depth (m)             1.75 

Buffer width (m) 8 28 10 

Buffer length (m) 360 360 360 

Buffer slope (%) 4.0 3.7 2.5 

Total ST (m) 3.30 1.68 2.20 

Individual ST (m) 1.3, 1.0, 1.0 0.35, 0.51, 0.82 0.80, 0.70, 0.70 

Saturated HC (cm/hr) 23, 24, 24 5.7, 9.3, 11.3 6.9, 6.2, 3.5 

Porosity (cm/cm) 0.35, 0.34, 0.34 0.41, 0.35, 0.36 0.32, 0.31, 0.32 

Field capacity (cm3/cm3) 0.14, 0.12, 0.14 0.19, 0.13, 0.12 0.14, 0.14, 0.132 

Wilting point (cm3/cm3) 0.04, 0.04, 0.04 0.081, 0.06, 0.04 0.04, 0.04, 0.04 

Deep seepage (mm/day) 0.45 0.45 0.45 

Note: ST- soil layer thickness; HC-hydraulic conductivity and deep seepage from bottom 
most layer 3, Each zone has three horizons, values are for layers 1, 2, and 3 from upper to 
bottom horizon. 
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Table 56. REMM calibrated and validated vegetation inputs used in site 2 simulations   
 

Vegetation 

inputs 

Units  Buffer Zone 3  

(grass) 

Buffer Zone 2  

(Pines) 

Buffer Zone 1 

(Hardwoods) 

MRD (cm) 300 60 200 
SLA (ha/kg C) 0.0015 0.0025 0.0045 

Note: MRD (cm) - maximum rooting depth of a vegetation species below soil surface in each 
buffer zone; SLA ha/kg C- specific leaf area of vegetation in each buffer zone. 
 

Calibration For Long Term Simulations  

   The calibrated REMM was used to quantify long term groundwater hydrology and NO3-N 

attenuation processes such as denitrification and plant nitrogen uptake. The calibrated and 

validated parameters shown in Tables 54-56 were used as inputs for the long term 

simulations. The vegetation inputs shown in Table 56 were also derived from calibration and 

validation. Recall that, estimated surface and subsurface water from the upland into the 

riparian buffer were simulated using the 5 year site measured rainfall data (2005-2009). The 

nutrient loadings were computed based on the calibrated surface and subsurface water 

entering the buffer.  

   An approximate approach was adopted in order to estimate the surface and subsurface 

inflows to the buffer during the long term simulation. In this approximate method, the 

inflows to the buffer were not directly estimated based on the historic rainfall data for the 33 

year simulation period (1975-2007). Instead, the surface and subsurface inflows to the buffer 

during each of the 33 year period were approximated as the surface and subsurface inflows of 

one of the 5 years used for model testing, which has the closest total annual rainfall amount. 

For example, the annual historic rainfall of 1181 mm in 1977 was closest to the annual site 

measured rainfall in 2005 of 1141 mm. Thus, the surface and subsurface inflows to the buffer  
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during 2005 were selected as a best estimate of the inflows during the 1975. This was done 

for all the years, so that annual historic rainfall for each year would best match with the 

annual site measured rainfall from the 5 year data set (2005-2009). It was then projected from 

2010 to 2042 to run long term simulations. Other daily weather parameters such as maximum 

and minimum air temperatures, solar radiation, dew point, and wind velocity were used from 

5 year field measured data set. This approximate approach was followed in order to use the 

same surface and subsurface inflows that were used in the short term model calibration and 

validation, while reasonably representing the year to year variability in rainfall. The annual 

historic rainfall and the five year site measured rainfall data set are shown in Figure 36.  
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Figure 36. Graphical layout of annual historic and annual site measured rainfall data 

 
    Total sum of the historic rainfall from 1975 to 2007 was 38,376 mm (1163 mm/yr) while 

the sum of 5 year rainfall matched to the historic rainfall data set was 38,015 mm (1152 

mm/yr). Although both these rainfall sums are comparable, the 5 year site measured rainfall 

data was not capable of capturing the two high rainfall periods of 1642 mm and 1655 mm in 
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1988 and 1999 respectively. In-spite of this, the correlation coefficient between historic 

rainfall and site measured rainfall was 0.88 which seemed acceptable.  

  Results And Discussion    

 

Model Calibration For 46 M Wide Buffer  

 
      The simulated WTDs were calibrated to field observed values in zones 3 and 1 only for 

the 3 year calibration period and shown in Figures 37 and 38, because there were no field 

data from zone 2. Simulated and measured WTDs were statistically compared using mean 

absolute error (MAE) and Willmott’s index of agreement (d) and shown in Tables 57 and 58. 
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Figure 37. Field observed and simulated WTDs in zone 3 during the calibration period 
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Figure 38. Field observed and simulated WTDs in zone 1 during the calibration period 
 

 

Table 57. Statistical comparison between observed and simulated WTDs in zone 3 for the 
calibration period 

 
Year Mean yearly field 

measured WTDs  

(cm) 

Mean yearly model 

simulated WTDs 

(cm) 

MAE 

(cm) 

Willmott’s 

index of 

agreement 

2005 209 169 41 0.83 
2006 191 150 39 0.59 
2007 236 233 18 0.95 

 

Table 58. Statistical comparison between observed and simulated WTDs in zone 1 for the 
calibration period 

 
Year Mean yearly field 

measured WTDs  

(cm) 

Mean yearly model 

simulated WTDs  

(cm) 

MAE 

(cm) 

Willmott’s 

index of 

agreement 

2005 92 64 34 0.84 
2006 64 47 24 0.72 
2007 98 99 20 0.92 
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         In zone 3, simulated WTDs followed the trends of the field observed over the 3 year 

period. Although REMM simulated WTDs were closer to the soil surface compared to field 

measured in 2005 and all but the summer of 2006. In the calibration period from 2005 to 

2007 the total annual rainfall was 1141 mm, 1421 mm, and 847 mm respectively. During the 

high rainfall years 2005 and 2006, the simulated upland subsurface water entering into zone 

3 was probably over-estimated compared to actual upland subsurface water entering into 

field zone 3. Also the user defined rate of deep seepage (0.45 mm/day) was under-estimated 

in 2005 and 2006 resulting in lesser subsurface flow being lost as deep seepage. Both the 

above factors led to simulated WTDs being closer to soil surface compared to field measured 

in 2005 and 2006. However field investigations showed significant groundwater dilution and 

mixing of shallow and deep waters indicating that saprolite layer 2.5 m below soil surface 

was not restrictive (Wiseman, 2011). Subsurface water is lost as deep seepage (mm/day) in 

REMM based on user defined rate of deep seepage (mm/day) and presence of simulated 

water table in soil layer 3. REMM simulated WTDs for calibrated years were mostly present 

in soil layers 2 and 3 (Altier et al., 2002). The maximum rate of deep seepage found so far in 

North Carolina sandy aquifer was 1.39 mm/day (Heath, 1994). In 2007, simulated WTDs 

were in good agreement with field measured in spite of the under-estimated rate of deep 

seepage (0.45 mm/day). The annual rainfall in 2007 was 847 mm resulting in close 

agreement of simulated upland subsurface water into zone 3 compared to actual upland 

subsurface water into field edge zone 3.  

    In zone 1, simulated WTDs were in good agreement with field measured in most periods 

except in fall 2005 and April to October 2006. During the fall 2005, simulated WTDs were 
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closer to soil surface compared to field measured from September 7 to November 15th. Model 

input of stream depth (1.75 m) may have been under-estimated compared to field measured, 

as the stream profile at the site was incised with an uneven channel bottom (Wiseman, 2011). 

REMM simulated WTDs are known to be influenced by the depth of the stream, since the 

subsurface water losses from buffer to stream are controlled by the water table elevation at 

mid-point of zone 1 to stream thalweg (Altier et al., 2002).  

   From April to October 2006, simulated WTDs were closer to soil surface compared to field 

measured. This period was the wettest year with total rainfall accounting to 786 mm. Recall 

that, total outflow (surface+ exfiltrated groundwater (seep) +subsurface) from zone 2 is 

inflow to zone 1 (Altier et al., 2002). The model may have over-estimated the total outflow 

from zone 2 which was inflow into zone 1 leading to over-estimation of simulated WTDs 

compared to the field measured. Simulated WTDs in zone 2 were not calibrated to measured 

data in zone 2, due to non-availability of field measured WTDs for 3 year period. Available 

field measured WTDs may have reduced this over-estimation of zone 1 WTDs.  

      In the calibration period, simulated WTDs were statistically compared to field measured 

using mean absolute error (MAE) and Willmott’s index of agreement (d). The mean absolute 

error (MAE) in zones 3 and 1 ranged from 18 cm to 41 cm over a 3 year period (Tables 57 

and 58). The MAE error obtained at a buffer sites in Georgia and North Carolina coastal 

plain where REMM was calibrated using field measured data ranged from 14 cm to 27 cm 

and 35 cm to 36 cm for 5 year and 3 year period respectively (Inamdar et al., 1999a; Dukes 

and Evans, 2003). The MAE error obtained at site 2 using REMM was within range 

compared to MAE error obtained at buffer sites mentioned above. The Willmott’s index of
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agreement for the calibration period ranged from 0.59 to 0.95 indicating good agreement. A 

Willmott’s index of agreement closer to 1 indicates good agreement between simulated and 

measured data (Willmott, 1982). These results seemed reasonable for the model to be used 

for validation.  

 Model Validation For 46 M Wide Buffer 

          The simulated WTDs were compared with field observed in buffer zones 3 and 1 for 2 

year period and shown in Figures 39 and 40, because there were no field data from zone 2. 

Simulated and field measured WTDs were also statistically compared using mean absolute 

error (MAE) (cm) and Willmott’s index of agreement (d) and shown in Tables 59 and 60. 
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Figure 39. Field observed and simulated WTDs in zone 3 during the validation period 
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Figure 40. Field observed and simulated WTDs in zone 1 during the validation period 
 

 

Table 59. Statistical comparison between observed and simulated WTDs in zone 3 during the 
validation period 
 

Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly model 

simulated WTDs  

(cm) 

MAE 

(cm) 

Willmott’s 

index of 

agreement 

2008 213 190 26 0.87 
2009 210 198 30 0.84 

 

Table 60. Statistical comparison between observed and simulated WTDs in zone 1 during the 
validation period 
 

Year Mean yearly field 

measured WTDs 

(cm) 

Mean yearly model 

simulated WTDs  

(cm) 

MAE 

(cm) 

Willmott’s 

index of 

agreement 

2008 101 85 29 0.72 
2009 98 89 19 0.92 

 

   During the validation period, simulated WTDs followed the field observed trends for the 2 

year period. Please note that site measured rainfall data were not available and replaced by  



 
 

 

125 
 

rainfall from Enfield, NC weather station located 9 miles from the site 2. In zone 3, simulated 

WTDs were closer to soil surface compared to field observed over the 2 year period. 

Simulated WTDs used Enfield, NC rainfall while field observed WTDs received site rainfall. 

Differences between rainfall amounts (site rainfall vs. Enfield, NC) caused differences in 

simulated and field observed WTDs. Differences in the rainfall amounts will lead to 

differences in simulated and actual surface and subsurface flows leading to differences in 

simulated and field measured WTDs. Also the simulated deep seepage from soil layer 3 in 

zone 3 might be under-estimated in relatively low rainfall years of 2008 and 2009 compared 

to the field measured.  

     In zone 1, simulated WTDs were in good agreement and followed the field observed 

trends over the 2 year period except from August 2008 to November 2008. The mean 

absolute error (MAE) between simulated and field measured WTDs during the above period 

was 48 cm. Frequent rainfall events modeled during this period did not allow the simulated 

water table to decline; while field measured water table kept declining indicating the rainfall 

amounts used from Enfield, NC site may not have occurred at the field site. These rainfall 

events likely led to an over-estimation of simulated subsurface flow in zone 2, which 

generated greater subsurface inflow into zone 1. Rainfall variations from site to site in 

summer and fall from intense thunderstorms are very common to U.S. Southeastern coastal 

plain (Shrimohammadi et al., 1986).  

REMM Modeled Surface Runoff  

     Surface runoff generated from the upland area and generated in the buffer was not 

measured at this site. A detailed description regarding surface runoff generation and its 
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calibration to measured stream flow can be found in the materials and methods section in 

chapter 2. REMM simulated surface runoff for this buffer site is shown in Figure 41.  
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Figure 41. REMM simulated surface runoff in 3 buffer zones for site 2 buffer 
 
   Most of the total flow generated from the upland and in the buffer was subsurface flow 

rather than surface flow. This was due to the higher infiltration capacities and hydraulic 

conductivities of sandy soils in the buffer (Table 49). Most of the simulated surface runoff at 

this site occurred in 2005 and 2006 due to high rainfall totals of 1141 mm and 1421 mm 

respectively. Very low surface runoff was simulated in the drought year of 2007 and 

relatively low rainfall years of 2008 and 2009. The annual rainfalls in 2007, 2008, and 2009 

were 846 mm, 1093 mm and 1139 mm respectively. Simulated surface runoff trends were 

different in each years. In 2005, simulated runoff decreased from zone 3 (4.7 cm) to zone 1 

(1.5 cm). In 2006, the wettest year of the monitoring period, most of the surface runoff was 

generated in zones 2 and 1 because of the near saturated conditions during several periods of 
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the year. Similarly in 2007, surface runoff was generated in zone 1 especially in winter and 

early spring due to rainfall event of 280 mm and relatively low ET. 

Simulated & Measured Groundwater �O3-� Concentrations  

Model Calibration For The Site 2 Buffer 

     Simulated and field measured monthly NO3-N concentrations were compared in zones 3, 

2, and 1 for 3 year period and shown in Figures 42, 43, and 44 respectively. They were 

statistically evaluated using root mean square error (RMSE) and Willmott’s index of 

agreement (d) and shown in Tables 61, 62, and 63 respectively. Measured monthly NO3-N 

concentrations were compared with mean monthly simulated NO3-N concentrations. 
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Figure 42.  Measured and simulated NO3-N concentrations in zone 3 during the calibration 
period 
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Figure 43. Measured and simulated NO3-N concentrations in zone 2 during the calibration 
period 
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Figure 44. Measured and simulated NO3-N concentrations in zone 1 during the calibration 
period 
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Table 61. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 3 during the calibration period 

 

Year Average yearly 

measured �O3-� 

concentrations 

(mg/L) 

Average yearly 

simulated �O3-� 

concentrations 

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2005 22 23 12.8 0.64 
2006 19 18.5 12.9 0.66 
2007 12 17 7.4 0.68 

 
Table 62. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 2 during the calibration period 
 

Year Average yearly 

measured  �O3-� 

concentrations 

(mg/L) 

Average yearly 

simulated �O3-� 

concentrations 

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2005 6 5.4 1.42 0.69 
2006 8 6.5 1.35 0.59 
2007 7 6.9 2.27 0.73 

 
 

Table 63. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 1 during the calibration period 

 
Year Average yearly 

measured �O3-� 

concentrations 

(mg/L) 

Average yearly 

simulated �O3-� 

concentrations 

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2005 0.8 1.0 1.34 0.17 
2006 0.7 1.17 0.014 0.48 
2007 0.8 1.5 1.6 0.11 

 

      In zone 3, field measured NO3-N concentrations were not available from July to 

November 2005, April to May 2006, and July 2006 because shallow wells were dry. 

Simulated NO3-N concentrations followed the trends of field observed for 3 year period 

(Figure 42). Simulated NO3-N concentrations were over-estimated (higher) in January 2005 
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 and under-estimated (lower) in December 2005 and January 2006 compared to the measured 

values. This over-estimation was due to the low simulated denitrification of 17 kg N/ha in 

January 2005. The low simulated denitrification was due to lack of anaerobic conditions  

(less water filled pore spaces) because the depth to the water table was 146 cm from the soil 

surface due to low rainfall. In December 2005 and January 2006 simulated NO3-N 

concentrations were 21.5 mg/L and 22.3 mg/L compared to the field measured of 47 mg/L 

and 48 mg/L respectively. Simulated WTDs in December 2005 and January 2006 were  

137 cm and 125 cm compared to field measured WTDs of 179 cm and 156 cm respectively. 

The total rainfall in November 2005 was 162 mm and field measured WTDs were 275 cm 

below soil surface. These field conditions in November 2005 led to high nitrification of  

NH4-N resulting in high groundwater NO3-N concentrations. Due to higher rainfall of 209 

mm in December 2005 and January 2006, field measured water table depths were raised from 

275 cm in November 2005 to 179 cm and 156 cm in December 2005 and January 2006 

respectively. This resulted in a field spike of groundwater NO3-N concentrations in 

December 2005 and January 2006. In 2007, simulated NO3-N concentrations were in good 

agreement with field measured, but were over-predicted (higher) from September to 

December 2007. This was due to low simulated denitrification of 16 kg N/ha/yr caused due 

to low simulated anaerobic conditions as simulated WTDs were 303 cm from the soil 

surface.  

   In zone 2, simulated NO3-N concentrations were in good agreement with field measured in 

2005, 2006, and 2007 except from April to August 2007. During that period simulated  

NO3-N concentrations were under-predicted (lower) compared to field measured. The total 
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 NO3-N loading from zone 3 to zone 2 was under-predicted (lower) compared to actually 

occurring in the field. Simulated vegetation in zone 3 was perennial herbaceous. According 

to the phenological growth stages of perennial vegetation in REMM, shoot, root, 

reproductive growth and carbohydrate storage occurs due to the rising air temperatures from 

April to August (Altier et al., 2002). During these growth stages, there is maximum plant 

nitrogen uptake by perennial herbaceous vegetation. Besides plant nitrogen uptake, simulated 

denitrification and losses of groundwater NO3-N with deep seepage from zone 3 led to lower 

NO3-N loading into zone 2. 

    In zone 1, simulated NO3-N concentrations were over-predicted (higher) compared to field 

measured from October 2005 to April 2006 and February to April 2007. REMM simulated 

hardwood growth in zone 1 have low nitrogen uptake during the above period. According to 

phenological growth stages of hardwoods, dormancy period occurs from November to April 

each year. This period is characterized by no leaf growth, lower photosynthesis, lower plant 

transpiration and low nitrogen uptake (Altier et al., 2002). But in the rest of period, simulated 

NO3-N concentrations followed the field observed trends.  

    Overall, model simulated NO3-N concentrations were in good agreement with field 

measured in zones 2 and 1 which had low RMSE compared to zone 3 (Tables 61, 62, and 

63). In field edge zone 3, average yearly simulated NO3-N concentrations were in close 

agreement with average yearly field measured values, but showed larger RMSE. There was 

larger variability in monthly simulated NO3-N concentrations compared to monthly field 

measured values. This was due to model simulated daily NO3-N concentrations averaged to 

obtain monthly concentration and then compared to one monthly grab sample from field site.  
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Model Validation For The Site 2 Buffer  

      During the validation period, simulated and field measured NO3-N concentrations in 

zones 3, 2, and 1 were compared over a 2 year period and these results are shown in Figures 

45-47 respectively. They were also evaluated statistically using root mean square error 

(RMSE) and Willmott’s index of agreement (d) and shown in Tables 64-66 respectively.  
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Figure 45. Measured and simulated NO3-N concentrations in zone 3 during the validation 
period 
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Figure 46. Measured and simulated NO3-N concentrations in zone 2 during the validation 
period 
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Figure 47. Measured and simulated NO3-N concentrations in zone 1 during the validation 
period 
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Table 64. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 3 during the validation period 
 

Year Average yearly 

measured  �O3-� 

concentrations  

(mg/L) 

Average yearly 

simulated �O3-� 

concentrations  

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2008 11 11.4 3 0.27 
2009 12 10.6 5.95 0.44 

 
Table 65. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 2 during the validation period 

 
Year Average yearly 

measured �O3-� 

concentrations  

(mg/L) 

Average yearly 

simulated �O3-� 

concentrations  

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2008 4 2.4 2.7 0.70 
2009 6 3.2 3.53 0.44 

 

Table 66. Statistical comparison between measured and simulated NO3-N concentrations in 
zone 1 during the validation period 

 
Year Average yearly 

measured  �O3-� 

concentrations  

(mg/L) 

Average yearly 

simulated �O3-� 

concentrations  

(mg/L) 

RMSE 

(mg/L) 

Willmott’s 

index of 

agreement 

2008 1.11 1.67 1.51 0.40 
2009 1.37 1.25 1.56 0.54 

 

   Field measured NO3-N concentrations were not available from January to March 2008 in 

all 3 buffer zones. In zone 3, simulated and field measured NO3-N concentrations were in 

good agreement with field measured in 2008 and 2009 except in March and April 2009. 

During this period, simulated NO3-N concentrations were lower than field measured. Field 

application of poultry litter generally occurs in spring (March or April) of each year in the 

upland adjacent to the buffer. The high field measured NO3-N concentrations may have 

resulted from the timing of the poultry application and rainfall in March and April. Simulated 
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NO3-N loading from the upland into zone 3 was probably under-estimated leading to low 

simulated NO3-N concentrations.  

     In zone 2, simulated NO3-N concentrations were lower compared to field measured from 

May to September 2008, April and July 2009. Simulated concentrations for rest of the period 

were in good agreement with field measured. The low simulated NO3-N concentrations from 

May to September 2008 were due to combination of low NO3-N loading from zone 3 and 

model simulated higher plant nitrogen uptake and denitrification. In April and July, 2009 

simulated NO3-N concentrations were lower compared to field measured. The major 

limitation as described earlier is comparing one grab sample on a certain day and comparing 

it to a model simulated concentrations averaged monthly. More frequent sampling is needed 

to have a fair comparison between simulated and measured NO3-N concentrations.  

     In zone 1, simulated NO3-N concentrations were in good agreement with field measured 

in 2008 and 2009 except from June to August 2008. The high simulated denitrification 

during that period was responsible for low simulated NO3-N concentrations compared to the 

field measured. Overall, the average yearly concentrations were in good agreement with field 

measured yearly concentrations. These yearly averages did not portray a clear picture since 

there is monthly variability between simulated and measured NO3-N concentrations. This 

variability can be reduced by more frequent field sampling, after major rainfall or hurricane 

event or immediately after application of nutrients in the upland adjacent to the buffer.  

  Overall average yearly simulated NO3-N concentrations were in good agreement with field 

measured NO3-N concentrations in all 3 zones in spite of the monthly variability between 

simulated and measured values. In terms of comparison between simulated and measured 
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NO3-N concentrations, model performance was adequate and better compared to calibration 

period as seen from the RMSE values (Tables 64, 65, and 66). The major reason for adequate 

model performance in validation period compared to calibration was the low MAE and high 

Willmott’s index of agreement between simulated and field measured WTDs. Overall the 

model performance in calibration and validation period was considered adequate for long 

term simulations since the MAE, RMSE and Willmott’s index of agreement (d) were very 

comparable to other field buffer studies which used REMM (Inamdar et al., 1999a; Dukes 

and Evans, 2003). 

Limitations in Comparing Simulated �O3-� Concentrations to Measured Values 

 
    As described earlier, model simulated daily NO3-N concentration was averaged to obtain a 

single NO3-N concentration value per month (mg/L). Measured NO3-N concentrations 

(mg/L) (average data from 3 shallow wells) were only available in the form of one monthly 

grab sample from the field. These simulated monthly NO3-N concentration was compared 

with one monthly grab sample from the site. In this study, comparing these above simulated 

and measured values was considered a limitation (of measured data). To somewhat overcome 

this limitation, mean and standard deviation of simulated NO3-N concentrations were 

computed for each month for the calibration and validation period. The mean ± standard 

deviation of simulated data for each month was computed to have a range. It was then 

determined whether one monthly grab sample was within the above range.  

     Results in zone 3 showed that most of measured NO3-N concentrations were not close to 

the simulated range (mean± standard deviation). For example, in zone 3 of site 2 buffer in 
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 March 2006, average measured NO3-N concentration was 19.8 mg/L and the simulated 

range (mean± standard deviation) was 26.9 mg/L to 27.9 mg/L. In zone 2, most of the 

measured NO3-N concentrations were close to the simulated range (mean± standard 

deviation) but not within the range. For example, in July 2005, average measured NO3-N 

concentration was 2.82 mg/L compared to the simulated range (mean± standard deviation) 

from 3 mg/L to 3.5 mg/L. Detailed comparison between simulated range and average 

measured NO3-N concentrations are shown in appendix D (see Table 100 for site 2 buffer). 

However in the stream edge zone 1, approximately 20 % measured NO3-N concentrations 

were in the range. This shows that there is greater need for more frequent field sampling to 

have a fair comparison between simulated and measured NO3-N concentrations. Sampling 

should be conducted twice every month (once every 15 days) and also should be conducted 

following a higher rainfall or storm event.  

�itrogen Loadings For The Site 2 Buffer 

    Model simulated nitrogen budgets were used to investigate the interaction of N species in 

surface and subsurface flow during the 5 year period. Table 67 shows that bulk of total N 

movement at the site occurred with subsurface flow. Total N includes particulate nitrogen, 

dissolved organic nitrogen, particulate NH4-N, dissolved NH4-N, surface NO3-N and 

subsurface NO3-N.  
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Table 67. REMM simulated total nitrogen inflows and outflows to stream for 5 year period  
 

Years Zone 3 Zone 2  Zone 1 Stream outflows 

kg � per hectare area above each zone 

2005 78 (13.3, 64.6)1 47 (18.6, 28.3) 32 (3.0, 29.0) 
 

8.2 (0.2, 8.0) 
 

2006 112 (24.4, 88.4) 
 

67 (22.5, 44.5) 
 

38 (10.0, 28.0) 
 

17 (7.5, 9.5) 
 

2007 52 (8.3, 43.7) 
 

24 (12.0, 12.0) 
 

24 (3.0, 21.0) 
 

6.8 (0.2, 6.6) 
 

2008 28.4 (7.1, 21.3) 29 (15.4, 13.6) 
 

19 (3.0, 16.0) 
 

9.45 (0.1, 9.4) 
 

2009 49 (7.5, 41.5) 
 

25.6 (16.3, 9.3) 
 

18 (3.0, 15.0) 9.62 (0.2, 9.4) 
 

Avg 64.2 (12.2, 52.0) 38.6 (17.0, 21.6) 

 

26.1 (4.3, 21.8) 

 

10.2 (1.6, 8.6) 

1 (Surface flow, Subsurface flow)  

     Most of nitrogen loading in the buffer occurred with subsurface flow compared to surface 

flow. The total subsurface nitrogen loading into zone 3 constituted 81.2 %, while the surface 

nitrogen loading constituted 18.8 %. This greater subsurface loading was due to the sandy 

soils, its higher infiltration capacities and hydraulic conductivities. Most of the total nitrogen 

loading occurred during high rainfall years of (2005 and 2006) where totals were 1141 mm 

and 1421 mm, while the mean rainfall for the site was 1130 mm. The buffer reduced the total 

nitrogen loading from zone 3 to zone 1 in each year of the monitoring period. This total 

nitrogen reduction in 2005 and 2006 was 89 % and 85 % respectively, while in 2007, 2008, 

and 2009 it was 87 %, 67 %, and 80 % respectively.  

     The average nitrogen loading to the buffer from 2005-2009 was 64.2 kg N/ha/yr, and total 

N outflows to stream averaged 10.2 kg N/ha/yr. This equated to a net nitrogen removal rate 

of 84 % over the calibration and validation period (2005-2009). In comparison, the total N 

loadings at a buffer site in Maryland was 83 kg N/ha/yr, while the total N outflow to stream 
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was 9 kg N/ha/yr; a net removal of 89 % (Peterjohn and Correll, 1984). These results were 

very similar to the simulated results generated in this study. 

Model Simulated Denitrification For Site 2 Buffer 

        REMM estimates denitrification in the soil associated with litter and 3 soil layers in 

zones 3, 2, and 1, as well as plant nitrogen uptake in each zones. The simulated 

denitrification results for this buffer are reported as averaged values (soil associated with 

litter+3 soil layers) for zones 3, 2, and 1 and represent rates for a soil thickness of 300 cm 

below the surface. For plant uptake, the vegetation in zone 3 was perennial herbaceous grass, 

pines in zone 2 and hardwoods in zone 1 for 5 year simulated period. REMM estimates of 

denitrification and plant nitrogen uptake are reported in kg N per hectare of a buffer zone per 

year.  

Table 68. REMM simulated denitrification rates 
 

Simulated Years Zone 3  

(kg �/ha/yr) 

Zone 2  

(kg �/ha/yr) 

Zone 1  

(kg �/ha/yr) 

2005 165 119 183 
2006 197 80 254 
2007 90 44 117 
2008 107 67 116 
2009 99 64 133 

Average 131 75 161 

 
     REMM simulated denitrification in this buffer for the 5 year period was similar to the 

rates reported at a buffer site which received liquid manure in the upland. Field results 

showed that denitrification in the buffer ranged from 40 to 200 kg N/ha/yr (Lowrance and 

Hubbard, 2001). A riparian buffer located in the coastal plain of Georgia received dairy 

effluents in the upland; field results showed that the denitrification in hardwood buffer was
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198 kg N/ha/yr (Hendrickson, 1981). High denitrification was also reported at 2 buffer sites 

in France where the vegetation consisted of willows, poplar and few ash trees. The measured 

in-situ denitrification at 2 sites was found to be 285 kg N/ha/yr and 94 kg N/ha/yr 

respectively (Pinay et al., 1993).  

   REMM estimates denitrification based on maximum denitrification rate constant (Kd) and 

scalars of soil temperature, mineralizable carbon, available NO3-N, and water filled pore 

space (Altier et al., 2002). Recall that denitrification rate constant (Kd) was computed by 

analyzing denitrification enzyme activity (DEA) on field collected samples from site 2. 

These soil samples were collected up to a depth of 114 cm from the soil surface. Exponential 

relationship shown in EQ (1) in this chapter and also in chapter 2 was used to determine 

denitrification rate constant (Kd) at depth greater 114 cm. In-spite of this, there are limitations 

in using DEA values obtained from shallow depths and applying them to deeper depths. 

There is a need for analyzing soil samples for DEA at deeper depths for obtaining better 

model inputs. However the denitrification rate constant (Kd) obtained from DEA 

measurements were calibrated to minimize the error between simulated and field measured 

NO3-N concentrations.  

      Simulated denitrification was higher in zones 3 and 1 compared to zone 2, since the 

calibrated denitrification rate constant (Kd) was higher in zones 3 and 1. Among the 

individual years, simulated denitrification was highest in 2005 and 2006 compared to 

simulated denitrification in 2009, 2008, and 2007. This was due to high annual rainfall and 

simulated WTDs closer to soil surface compared to low rainfall years and deeper simulated 

WTDs from soil surface. The simulated denitrification in zone 1 was higher than zones 3 and 
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2 due to greater soil organic carbon present in upper soil layer in the zone 1 buffer (Table 

53).  

Plant �itrogen Uptake For The Site 2 Buffer 

      The simulated uptake for perennial herbaceous and hardwood vegetation at the site was 

very comparable to nitrogen uptake rates reported by Hefting et al. (2005) at 7 European 

riparian sites. Researchers found nitrogen uptake rates for herbaceous and hardwood 

vegetation to vary from 1.6 kg N/ha/yr to 63.2 kg N/ha/yr and 41 kg N/ha/yr to 156 kg 

N/ha/yr respectively (Hefting et al., 2005). Meta-data analysis was conducted by Ducnuigeen 

et al. (1997) on nitrogen uptake rates by different pine and hardwoods species. Their review 

found nitrogen uptake rates of Scotts, Loblolly, Black and Slash pine and hardwood species 

to range from 12 kg N/ha/yr to 69 kg N/ha/yr and 41 kg N/ha/yr to 92 kg N/ha/yr 

respectively. The estimated nitrogen uptake rates found by Ducnuigeen et al. (1997) for pine 

and hardwood species are very comparable to the simulated nitrogen uptake by pine and 

hardwoods at buffer site 2. 

Table 69. REMM simulated plant nitrogen uptake in each zone  
 

Simulated Years Zone 3  

(kg �/ha/yr) 

Zone 2  

(kg �/ha/yr) 

Zone 1  

(kg �/ha/yr) 

2005 14 54 11 
2006 21 68 35 
2007 19 5 30 
2008 11 15 44 
2009 12 9 42 

Average 15 30 32 

 

     In REMM, plant nitrogen uptake is dependent upon maximum rooting depth, maximum 

nitrogen growth concentrations of plant parts, presence/absence of roots in the 3 REMM soil 



 
 

 

142 
 

layers, denitrification rate constant (Kd), and amount of NH4-N and NO3-N in 3 soil layers. 

The denitrification rate constant (Kd) indirectly controls the amount of NO3-N available to 

the plants. Higher rate constant (Kd) increases denitrification if other suitable conditions are 

present (temperature, carbon, shallow WTDs) and will consequently decrease plant nitrogen 

uptake.  

     Total nitrogen uptake in zone 2 in 2007 and 2009 was low compared to other years. The 

maximum rooting depth in zone 2 was 60 cm from soil the surface and were not calibrated 

for hydrology since measured WTDs in zone 2 were not available. In REMM, roots cannot 

grow beyond a user specified maximum rooting depth.  Soil layers 1 and 2 were 86 cm deep 

from soil surface and depth of layer 3 was 82 cm. This meant that roots only had access to 

dissolved NH4-N and NO3-N in soil layers 1 and 2 and not in soil layer 3, but simulated 

WTDs were present in soil layer 3 in 2007 and 2009 leading to low nitrogen uptake. In 2005, 

the low plant nitrogen uptake in zone 1 was due to high simulated denitrification of 183 kg 

N/ha/yr.  

Long Term Simulations For The Site 2 Buffer 

     The calibrated model was used to predict the long term trends in WTDs, NO3-N 

concentrations, denitrification, and plant nitrogen uptake for a 33 year period (2010-2042). 

The assumption used in these simulations was the upland land use practices and its nutrient 

application rates (poultry litter) would be similar to the field monitoring and calibration and 

validation period (2005-2010). Recall that, the 5 year site measured data was best matched 

with annual historic rainfall data, to generate the long term weather record (more details in 

Materials and Method section of this chapter). This 5 year rainfall data was assumed to be the 
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best approximation of the long term weather record, and had an average annual rainfall of 

1152 mm, which was very comparable to average annual rainfall of 1154 mm at Enfield, NC 

as monitored by North Carolina State Climate Office (NCSCO, 2010). Long term rainfall 

shown in Figure 48 ranged from 842-1421 mm for 33 year period (2010-2042). 
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Figure 48. Long term yearly rainfall used to simulate long term buffer performance 
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Figure 49. Simulated mean yearly WTDs in 3 buffer zones for 33 year period 
Note: 0- represents buffer soil surface for each zone 
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Figure 50. Simulated yearly NO3-N concentrations in 3 buffer zones for 33 year period 
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Long Term Hydrology- Mean simulated WTDs in zones 3, 2 and 1 ranged from 149-250 

cm, 79-130 cm, and 46-117 cm below soil surface for 33 year period (Figure 49). 

Evapotranspiration (ET) at the site averaged 558 mm/yr for loblolly pines. Measured ET’s in 

loblolly pine forests in NC ranged from 580-658 mm/yr (Stoy et al., 2006; Tian et al., 2010). 

Model estimated ET’s for deciduous hardwoods at the site was 751 mm/yr comparable to 

other measured ET rates of 573-779 mm/yr (Sun et al., 2002; Stoy et al., 2006; Tian et al., 

2010). The differences in the measured and simulated ET’s were probably due to different 

average annual rainfalls at each site. Most importantly, simulated mean WTDs in zone 1 

were within 117 cm from the soil surface for 33 year period likely providing anaerobic 

conditions favorable for denitrification.  

   Long Term �O3-� Concentrations- The simulated yearly NO3-N concentrations in zones 

3, 2 and 1 ranged from 4.6-24 mg/L, 0.14-6.7 mg/L and 0.2-2.97 mg/L respectively over 33 

year period (Figure 50). The total NO3-N reduction from zone 3 to zone 1 over 33 year 

period was 92 % in terms of NO3-N concentrations, and 81 % in terms of NO3-N loading. 

Overall the long term simulated trends of NO3-N concentrations in zone 3 were similar to the 

field measured NO3-N concentrations over the 5 year field monitoring period (Wiseman, 

2011). However, simulated NO3-N concentrations in years 2015, 2025, 2028, 2029, and 2035 

averaged 4.9, 4.6, 4.1, 7.7, and 3.8 mg/L respectively in zone 3 (Figure 50). The relatively 

low NO3-N concentrations were due to low simulated NO3-N loading from the upland and 

NO3-N lost to denitrification, plant nitrogen uptake, and deep seepage. Simulated averaged 

yearly denitrification and yearly plant nitrogen uptake in 3 buffer zones is summarized in 

Table 70.  
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Table 70. Long term simulated yearly denitrification and plant nitrogen uptake in the buffer  
 
Years D� Z3 D� Z2 D� Z1 PU Z3 PU Z2 PU Z1 

(kg �/ha/yr) of a buffer zone area 

2010 165 119 183 14 54 10 
2011 137 70 174 11 53 19 
2012 113 85 112 15 40 10 
2013 132 61 172 17 24 28 
2014 150 65 162 23 4 41 
2015 100 35 162 27 52 48 
2016 63 29 76 21 22 45 
2017 87 50 98 19 21 52 
2018 111 42 140 19 46 55 
2019 146 41 195 17 15 70 
2020 135 40 135 18 25 77 
2021 65 29 69 18 58 44 
2022 108 26 147 17 22 72 
2023 61 34 66 20 37 42 
2024 105 25 151 18 39 69 
2025 78 29 90 9 56 54 
2026 56 25 47 13 39 58 
2027 104 25 164 14 28 68 
2028 77 28 88 12 65 70 
2029 56 24 44 15 37 64 
2030 102 24 166 17 33 58 
2031 88 30 86 25 56 61 
2032 72 24 60 19 53 54 
2033 75 34 61 23 44 58 
2034 130 30 146 20 51 79 
2035 77 26 81 15 60 53 
2036 80 32 62 20 32 42 
2037 97 28 105 23 59 56 
2038 130 29 113 20 47 72 
2039 87 29 82 25 35 65 
2040 99 28 86 25 60 54 
2041 130 28 91 19 48 71 
2042 62 23 51 58 2 73 
Avg 99 38 111 20 40 54 

DN: simulated yearly average denitrification, PU- simulated yearly average plant nitrogen 
uptake and Z3, Z2, and Z1- field edge buffer zone 3, mid-buffer zone 2, and stream edge 
buffer zone 1 respectively. 
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Table 71. Simulated NO3-N losses with deep seepage, plant nitrogen uptake, and 
denitrification in zone 3.  
 

Simulated Years �O3-� lost with deep 

seepage  

(kg �/ha/yr) 

�O3-� lost to plant 

uptake  

(kg �/ha/yr) 

�O3-� lost to D�  

(kg �/ha/yr) 

2015 3.0 27 100 
2025 4.0 9 78 
2028 3.7 12 77 
2029 3.2 15 56 
2035 3.4 15 77 

Notes: DN-denitrification 

  Simulated NO3-N concentrations in zone 2 averaged 2.5 mg/L and were under-estimated 

compared to 5 year field measured NO3-N concentrations which averaged 6 mg/L. This 

under-estimation of simulated NO3-N concentrations compared to field measured was due to 

non-availability of field measured water table depths during calibration and validation period 

(2005-2009) and also due to high plant nitrogen uptake and simulated denitrification (Table 

70). However, the simulated NO3-N concentrations in zone 1 over 33 year period averaged 

1.03 mg/L compared to field measured NO3-N concentrations averaging 0.95 mg/L over 5 

year period (2005-2009).  

Simulated Yearly Long Term Denitrification And Long Term Plant �itrogen Uptake  

     Simulated yearly denitrification in this study (Table 70) was within the range reported for 

measured denitrification in several U.S. southeastern coastal plain buffers (Hendrickson, 

1981; Lowrance and Hubbard, 2001). Variation of simulated denitrification from year to year 

were due to differences in annual rainfall and simulated WTDs, simulated inflows/outflows  

from upland into zone 3 into zone 2 and so on, available soil NO3-N in 3 soil layers, NH4-N 

production through mineralization and nitrification of NH4-N to NO3-N, and total NO3-N  
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loading from upland to the buffer. Simulated plant nitrogen uptake in 3 buffer zones for 

herbaceous perennial, pines, and hardwoods vegetation were within the range reported in 

literature (Cole and Rapp, 1981; Ducnuigeen et al., 1997; Ducey and Allen, 2001; Hefting et 

al., 2005; Albaugh et al., 2008). Yearly variations in simulated long-term plant nitrogen 

uptake were due to same reasons described in simulated plant nitrogen uptake section for 5 

year period (2005-2009).     

   Overall the long term simulations at this buffer site showed NO3-N reduction from zone 3 

to zone 1 by 92 % in terms of concentrations and 81 % in terms of NO3-N loading from 

2010-2042. These results showed that riparian buffers are critically important to water 

quality as they continue to provide NO3-N reduction benefits. These long term simulation 

results should continue if the upland management practices and rates of nutrient application 

(poultry litter) continue to be similar to observed in the monitoring period (2005-2009). 

Overall the buffer was effective NO3-N sink in the short term as shown through field 

monitoring for 5 year period (Wiseman, 2011), and in the long term as shown from these 

modeling results.  

Summary And Conclusions 

          Five year field measured hydrologic and nutrient data from a 46 m wide buffer located 

in Eastern North Carolina was used to test REMM hydrologic and nutrient components. 

Hydrologic testing of REMM showed that it could be calibrated to capture seasonal and 

yearly trends of the measured data (WTDs) from 2005-2009. REMM under estimated 

simulated WTDs compared to field measured in drought and relative low rainfall years in 

2007, 2008, and 2009 respectively. The mean absolute error (MAE) and the Willmott’s index 
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of agreement (d) ranged from 18 cm to 41 cm and 0.72 to 0.95 respectively. Simulated  

NO3-N concentrations followed the seasonal and yearly trends of observed data in the 

monitoring period. The root mean square error (RMSE) and the Willmott’s index of 

agreement (d) ranged from 1.5 mg/L to 12.8 mg/L and 0.11 to 0.73 respectively. REMM 

simulated NO3-N attenuation process of denitrification and plant nitrogen uptake were within 

the range reported in the literature.  

       However there are limitations in simulating WTDs and NO3-N dynamics in the buffer. 

One major limitation is the estimation of accurate daily upland data. Often, at the buffer sites 

upland data are not available (hydrologic and nutrient). More reliable upland inputs should be 

measured (i.e. soil physical and chemical properties, WTDs and surface runoff). These inputs 

can be obtained through use of models such as GLEAMS and APEX or field collected data. 

These inputs will significantly improve REMM hydrologic and nutrient predictions in the 

buffer. In this study, simulated daily NO3-N concentrations were averaged for 30 days to 

obtain a monthly NO3-N concentration and were compared to one monthly average NO3-N 

grab sample from three water quality wells. Comparison of such simulated and measured 

values was considered a limitation (of measured data). This limitation can be resolved to a 

certain extent by computing the simulated range (mean± standard deviation) and then 

determining whether measured NO3-N concentration was within the range. Results showed 

that mean measured NO3-N grab sample per month was close to the simulated range (mean± 

standard deviation) but not in the range. This shows that there is a greater need for more 

frequent field sampling to achieve greater accuracy in calibration and validation. Field  

NO3-N sampling could be carried out after major rainfall events or intense short term 
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sampling could be carried out and new automated sampling instruments which measure daily 

NO3-N concentrations are needed.  

      Most riparian buffers remove NO3-N through denitrification and plant nitrogen uptake; 

however some buffer studies have shown significant groundwater dilution which reduced 

NO3-N concentrations (Altman and Parizek, 1995). The groundwater dilution is currently not 

simulated in REMM. Field monitoring results at this site showed that groundwater dilution 

accounted for as much as 60 % of total NO3-N concentration reductions (Wiseman, 2011). 

REMM will likely be most accurate at buffer sites which have minimal groundwater dilution 

rates, otherwise model simulated denitrification and plant nitrogen uptake could be over-

estimated. 

      In spite of these limitations, the simulated trends of calibrated model for long term WTDs 

and NO3-N concentrations were fairly similar to field observed trends for 5 year period. Long 

term simulated denitrification and plant nitrogen uptake was within the measured literature 

estimates. Long term simulations showed that buffer reduced NO3-N concentrations from 

zone 3 to zone 1 by 92 % over a 33 year period. In terms of loadings, the NO3-N reduction 

from zone 3 to zone 1 was 81 %. These long term simulations showed that buffers are 

critically important to water quality improvement. The landscape and topographic position of 

the buffer governs its groundwater hydrology and is a driving factor for NO3-N attenuation. 

Riparian buffers should be installed in landscapes and topographic positions which have 

groundwater flow paths traversing through the buffer resulting in greater residence time for 

maximum NO3-N removal. Such buffers if installed across the watersheds can significantly 

improve down-stream water quality. 
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CHAPTER 4. LO�G TERM MODEL APPLICATIO�S- EFFECTS OF 

DIFFERI�G RIPARIA� BUFFER WIDTHS O� GROU�DWATER 

HYDROLOGY A�D �O3-� ATTE�UATIO� FOR TWO RIPARIA� 

BUFFERS SITES I� EASTER� �ORTH CAROLI�A. 

Abstract 

Riparian buffers are stream side vegetated corridors well recognized to improve water quality 

by decreasing nitrate-nitrogen (NO3-N) loading from upland sources. In North Carolina, the 

Conservation Reserve Enhancement Program (NC-CREP), was established with a goal to 

improve water quality by providing incentives to landowners who voluntarily enroll land 

adjacent to streams into riparian buffers. 

      To maximize water quality benefits achieved by riparian buffers, processes responsible 

for NO3-N attenuation must be thoroughly understood. Research has shown that riparian 

buffer effectiveness for NO3-N removal is highly variable and dependent upon its position in 

the landscape and local groundwater hydrology. In addition, most of the riparian buffer 

studies which evaluated NO3-N attenuation processes have lacked a no-buffer (control 

section) for NO3-N comparisons.  

    The Riparian Ecosystem Management Model (REMM) was calibrated and validated at two 

buffer sites in Eastern NC and used to simulate an area near the stream with no-buffer 

(control section) and varying treatment buffer widths for a 33-year period (2010-2042). 

Simulated treatment buffers at both sites were varied in width from 5 m to 60 m.  
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Vegetation in the simulated treatment buffers was modeled using herbaceous perennial in 

field edge zone 3, pines in mid-buffer zone 2, and hardwoods in stream edge zone 1. The no-

buffer (control) at sites 1 and 2 was simulated and fertilized as row crop agriculture. 

Simulated no-buffer (control) at sites 1 and 2 was 43 m and 46 m wide. 

    The goal was to compute net NO3-N attenuation for varying treatment buffer widths. The 

treatment buffers ranging from 5 m to 60 m at two locations reduced 58 % to 91 % (site 1) 

and 63 % to 94 % (site 2) of total incoming NO3-N loads. The control section attenuated  

34 % and 32 % of the incoming NO3-N loading at sites 1 and 2 respectively. The net NO3-N 

removals achieved by treatment buffers varied from 24 % to 57 % and 31 % to 62 % at sites 

1 and 2 respectively. Long-term 33-year simulated results at sites 1 and 2 showed little net 

increase in NO3-N removal by treatment buffers beyond 35 m width. These results have 

implications that buffers wider than 35 m only attenuated additional 3 % and 2 % of the total 

NO3-N loading.      

Introduction 

       Agricultural activities were identified as major non-point source (NPS) pollutants  in ten 

Southeastern United States including North Carolina (Jacobs and Gilliam, 1985; Myers et al., 

1985; USEPA, 1984). Two major NPS pollutants in North Carolina derived from agricultural 

sources are nutrients and sediment which can degrade water quality in streams, rivers, and 

lakes (Harden and Spruill, 2008). The nutrients of most concern are nitrogen and phosphorus, 

with nitrogen transported with surface and groundwater flow and phosphorus mostly 

transported with surface flow (Osmond et al., 2002; Harden and Spruill, 2008). Nitrogen  
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often has been found limiting to primary production in many terrestrial and marine 

ecosystems (Vitousek and Howarth, 1991). Excessive nitrogen loading in recent years have 

caused problems like eutrophication and algal blooms resulting in fish kills and death of 

other aquatic organisms (Osmond et al., 2002).  

�utrient Sensitive Waters Of Tar-Pamlico & �euse River Basins 

      Degradation of water quality in the Neuse River in NC has been a problem for more than 

a century (Spruill and Harned, 1997). In the late 1990’s North Carolina witnessed a series of 

events which degraded water quality in both the Neuse River and Tar-Pamlico Basins 

(Osmond et al., 2002). For example, in the summer of 1995, extensive fish kills were 

observed in Neuse River, and were attributed to low levels of dissolved oxygen and growth 

of algal blooms thought to be due to excessive NO3-N inputs from agricultural sources 

(NCDENR, 1997). Extensive management strategies were adopted in both basins to reduce 

NPS pollutants particularly, NO3-N from agricultural sources (Osmond et al., 2002). Various 

best management practices (BMPs) were implemented, which included the use of controlled 

drainage, nutrient management, and riparian buffers to reduce NO3-N loading (Osmond et al., 

2001). 

Riparian Buffers As Best Management Practices (BMPs) 

       Riparian buffer studies in U.S. Southeastern Coastal Plain showed that 90 % to 95 % of  

NO3-N exported from agricultural fields is associated with shallow groundwater (Jacobs and 

Gilliam, 1985; Lowrance, 1992). This is due to its solubility and mobility with groundwater 

(Starr and Gillham, 1993; Hill, 1996; Gold et al., 1998). Numerous research studies have  



 
 

 

157 
 

shown riparian buffers as groundwater NO3-N sinks due to the major attenuation processes of 

plant uptake and denitrification (Lowrance et al., 1984; Peterjohn and Correll, 1984, 1986; 

Jacobs and Gilliam, 1985; Lowrance, 1992; Haycock and Pinay, 1993). Several field studies 

found that riparian buffers removed as much as 85-95% of the incoming NO3-N associated 

with shallow groundwater from agricultural fields (Peterjohn and Correll, 1984; Jacobs and 

Gilliam, 1985; Pinay and Decamps, 1988; Lowrance, 1992; Haycock and Pinay, 1993). 

Common attributes of buffers that had the highest NO3-N removals included a shallow 

restrictive layer that caused shallow groundwater flow to pass through the carbon rich root 

zone, and lower buffer slopes that created greater residence time, both of which were thought 

to increase denitrification rates.  

      Attempts have been made to link buffer performance with buffer width (Mayer et al., 

2007). Identifying ideal buffer width would be a critical component to buffer design. 

Riparian buffers that are too narrow may not provide adequate water quality benefits. On the 

other hand, enrolling wider buffers may be wasteful spending by conservation programs 

because the water quality benefits may drop sharply moving away from the stream toward 

the upland position. Mayer et al. (2007) performed a literature review and metadata analysis 

to demonstrate the effect of differing buffer widths on NO3-N attenuation. He concluded that 

subsurface NO3-N removal was more variable for buffers < 50 m in width compared to 

buffers > 50 m in width. However he cautioned that besides buffer width, factors such as soil 

type, subsurface hydrology (groundwater flow paths in the buffer, saturated soils), organic 

carbon supply and NO3-N inputs were also critical factors governing buffer efficiency. 

Buffer studies included in the meta-analysis by Mayer et al. (2007) showed that wider buffers  



 
 

 

158 
 

were not always effective, but the above mentioned factors were critical for NO3-N 

attenuation. For example, a 33 m wide forested buffer studied by Vidon and Hill (2004b) 

removed 98 % of the incoming subsurface NO3-N concentrations, while a 50 m wide forest 

buffer studied by Hefting et al. (2003) removed 58 % of the incoming subsurface NO3-N 

concentrations. Several other meta-analyses have concluded that buffers greater than 30 m 

are required for efficient subsurface NO3-N removal (Muscutt et al., 1993; Wenger, 1999; 

Wenger and Fowler, 2000).  

     The review by Mayer et al. (2007) showed a combination of buffer width and other 

important factors mentioned above must be responsible for NO3-N removal, and thus, wider 

is not always a better design. This review study also concluded that different vegetation types 

were equally effective in removing subsurface NO3-N (Mayer et al., 2007). Therefore, the 

ability to define ideal buffer width for effective subsurface NO3-N removal has still not been 

achieved. Computing maximum buffer width beyond which there are diminishing returns for 

NO3-N removal would be valuable information for agencies such as NC-CREP to maximize 

stream miles protected at a local level.  

    Quantifying NO3-N removal that would have occurred near the stream without a riparian 

buffer is important in understanding the net benefit buffers have to water quality 

improvement. Most riparian buffers studies lacked a no-buffer (control section) to quantify 

additional NO3-N attenuation achieved by treatment buffers. Rather, studies have mostly 

reported total removal observed through the buffer. There have been a few studies in North 

Carolina and Connecticut that have compared a treatment buffer with a control design 

(Jacobs and Gilliam, 1983; Clausen et al., 2000; King et al., 2006), and they showed removal  
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near the stream can be significant. Control buffers in these studies were often cropped with 

corn, clover or Sudan-grass up to the stream edge (Clausen et al., 2000; King et al., 2006).           

   The no-buffer (control section) in the study by King et al. (2006) reduced 27 % to 35 % of 

incoming NO3-N loading, while a buffer study in North Carolina found no-buffer (control 

section) reduced NO3-N concentrations by 72 % (Jacobs and Gilliam, 1983). The no-buffer 

(control section) in a 5-year field study by Clausen et al. (2000) in Connecticut reduced 29 % 

of the incoming NO3-N loading from an agricultural field.     

    From these results, it appears that a significant amount of incoming NO3-N can be 

attenuated near the stream even when it is cropped. As discussed earlier, buffers added to 

these areas could also exhibit variable additional treatment effects. Additional NO3-N 

removals achieved by treatment buffers in a watershed could be estimated with more field 

studies or simulation studies of the removal that occurred prior to buffer installation. The 

understanding of net NO3-N removals that occur after buffer installation is very important to 

develop accurate nitrogen accounting tools to determine improvement in water quality at the 

watershed scale. 

Modeling Tools To Compute �O3-� Attenuation By BMPs 

    Simplified modeling tools such as Nitrogen Loss Estimation Worksheet (NLEW) have 

been developed to apply nitrogen attenuation values to various BMPs such as water control 

structures, riparian buffers, and controlled drainage that are within a targeted area (Osmond 

et al., 2001a). NLEW was developed at both field scale and county scale as a nitrogen 

accounting tool to help monitor the progress of the target nitrogen reduction in several NC  
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nutrient sensitive river basins (Osmond et al., 2001a). The NLEW estimates of nitrogen 

attenuation were not calibrated and validated against field measured data, but values were 

based on data available from field studies documented in the literature. For riparian buffers, 

NLEW gives reduction credit based on the width of buffer only. One of the early limitations 

of the NLEW method of nitrogen accounting was that values used for buffers did not account 

for reduction that may have occurred prior to buffer installation, so credits given to these 

systems may have over-estimated the net improvements that were actually achieved by 

installing these BMPs. NLEW only accounts for soluble nitrogen losses and does not 

simulate factors such as organic nitrogen, NO3-N lost with groundwater recharge, or other 

nitrogen dynamics (Osmond et al., 2001a). Table 72 shows the history of nitrogen credits in 

NLEW by riparian buffers. The newly accepted NLEW credits are based on 

recommendations provided by the NLEW committee based on some recent buffer studies 

that included controls in North Carolina and Connecticut (Clausen et al., 2000; King et al., 

2006).  

Table 72. Nitrogen credits given to riparian buffers by NLEW based on some control studies 
(Burchell and Osmond, personal communications, November 2011).  
 

Buffer Width  

(ft) 

Original �LEW 

credits (1998) 

(%) reduction 

Current �LEW 

credits 

(%) reduction 

�ewly accepted 

�LEW credits 

(%) reduction 

20 40 (75)1 30 20 
30 65 40 25 
50 85 50 30 
70  55 35 

100  60 40 
     1 – Represents removal of vegetated buffer and (tree/shrub buffer) 
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Data from more field studies or from computer simulation studies are needed to further 

evaluate these newest recommendations. Simulations using the Riparian Ecosystem 

Management Model (REMM), calibrated to field data, could offer a way to quickly evaluate 

buffer performance with respect to width, and compare these against the newest NLEW 

credits for nitrogen. REMM simulates the interaction among four essential components of the 

riparian buffer system including hydrology, nutrient dynamics, sediment transport, and 

vegetative growth and development. REMM simulates carbon and nitrogen dynamics and 

quantifies two important processes of NO3-N attenuation - plant uptake and denitrification. 

REMM also quantifies amount of water and NO3-N lost with deep seepage from each buffer 

zone based on user supplied amount of deep seepage (mm per day) that takes place from the 

buffer. The deep seepage is lost from the system on any day when the simulated water table 

is in the layer 3 of a zone and loads are calculated based on groundwater concentrations in 

layer 3 (Lowrance et al., 2000a; Altier et al., 2002). In earlier studies, REMM was 

successfully calibrated and validated against 5 years of field monitored hydrologic and  

NO3-N data from 2 buffers in Eastern North Carolina enrolled in the North Carolina 

Conservation Reserve Enhancement Program (NC-CREP) (see Chapters 2 and 3).  

In this study, the calibrated REMM was used to evaluate NO3-N removal achieved by 

varying treatment buffer widths against a simulated no-buffer (control).  The objectives of 

this modeling study were to use the calibrated REMM at sites 1 and 2 to: 1) Simulate NO3-N 

attenuated by varying treatment buffers widths from 5 m to 60 m and to determine the ideal 

buffer width for treatment; 2) Simulate NO3-N removals achieved by a control section and  

 



 
 

 

162 
 

3) Determine net NO3-N removals for treatment buffers 5 m to 60 m wide at these sites; and 

compare results with the NLEW nitrogen credits.   

Materials And Methods 

Site Location And Description 

     Two riparian buffer sites located in Halifax County, North Carolina, were monitored for 

hydrology and water quality from 2005 to 2009. The buffer sites were installed in 1999 based 

on the 3 zone buffer concept by NRCS (1995) and Welsch (1991). General site descriptions 

for the buffers are given in Table 73. These sites were situated on first order streams which 

drain into Fishing Creek and were part of the Tar-Pamlico Watershed. The Tar-Pamlico 

watershed was classified as a nutrient sensitive watershed in North Carolina (Osmond et al., 

2002). More details about site 1 can be found in Messer (2010) and site 2 can be found in 

Wiseman (2011).  
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Table 73. Characteristics of field monitored buffer sites in Eastern NC, Tar-Pamlico Basin 
 

Site characteristics Buffer Site 1 Buffer Site 2 

Soils in buffer* Marlboro, Bonneau, Gritney 
fine sandy loam 

Goldsboro fine sandy loam 

Soils in upland* Marlboro fine sandy loam Bonneau loamy fine sand & 
Emporia-Wedowee complex 

Soil drainage class in 
buffer* 

Well drained to moderately well 
drained 

Moderately well drained 

Soil drainage class in 
upland* 

Well drained Well drained 

Buffer vegetation Switchgrass (zone3)  
Pines (zone 2)  

Hardwoods (zone 1) 

Switchgrass (zone3),  
Pines (zone 2) 

 Hardwoods (zone 1) 
Upland uses Row crops (cotton, peanuts and 

soybean) 
Pasture for beef cattle 

Nutrient source in the 
upland 

In-organic fertilizer application Broadcast poultry litter 

Monitored buffer area  0.52 ha 1.66 ha 
Average buffer width 43 m 46 m 

Upland (drainage) area  
to monitored buffer 

3.16 ha 0.6 ha 

*Source- USDA-NRCS (2008) 

Calibrated Model For Long Term Simulations Differing Widths 

     REMM was calibrated and validated for sites 1 and 2 against the 5 years of field measured 

hydrologic and groundwater NO3-N data. Detailed information on calibration and validation 

using REMM was described in Chapter 2 and 3 of this dissertation. Detailed field data 

analysis on groundwater hydrology and water quality at site 1 can be found in Messer (2010) 

and site 2 can be found in Wiseman (2011). At both sites, REMM simulated water table 

depths (WTDs) and NO3-N concentrations were in good agreement with field measured over  

5 year period (2005-2009). The mean absolute error (MAE) and Willmott’s index of 

agreement between simulated and measured WTDs varied from 13 cm to 46 cm and 0.71 to  
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0.95 respectively over 5 year period (2005-2009). The Willmott’s index of agreement 

between simulated and measured NO3-N concentrations varied from 0.10 to 0.83 over 5 year 

period (2005-2009) (see Chapters 2 and 3). 

Table 74. REMM calibrated and validated values compared against field measured (WTDs) 
and NO3-N concentrations from sites 1 and 2 for 5 year period (2005-2009) (Messer, 2010; 
Wiseman, 2011) 
 

Riparian 

zones 

Average 

Measured 

WTD  

(cm) 

Average 

Simulated  

WTD  

(cm) 

Average 

Measured  

�O3-�  

(mg/L) 

Average 

Simulated  

�O3-�  

(mg/L) 

Buffer site 1 
Zone 3 121 87 13.9 11.00 
Zone 2 70 46 7.93 7.20 
Zone 1 90 68 0.96 1.67 

Buffer site 2 
Zone 3 212 188 15.3 17.3 
Zone 2 Not available 101 6.10 5.10 
Zone 1 90 77 0.90 1.70 

�otes: Zone 3- buffer edge adjacent to agricultural field, Zone 2- mid-buffer and  
Zone 1- buffer zone adjacent to stream.  
 
        The calibrated and validated REMM for each site was used to evaluate the impact of 

changing riparian buffer widths on NO3-N removal. This was determined by simulating 

differing treatment buffer widths that ranged from 5 m to 60 m. The simulated vegetation in 

the treatment buffers were perennial herbaceous grass in zone 3, pines in zone 2, and 

hardwoods in zone 1. For simulating treatment buffers 5 m and 10 m wide, each buffer zone 

in REMM was 1.67 m and 3.33 m respectively. For treatment buffers 15 m to 60 m the 

widths of zones 3 and 1 were held constant at 5 m, similar to the minimum widths for these 

zones recommended by Osmond and Gilliam (2006) and Lowrance et al. (2001), and widths 

observed at other CREP buffers. The widths of the zone 2 were varied from 5 m to 50 m in  
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increments of 5 m as shown in Table 75. For all treatment buffer simulations, the total 

drainage area above the stream (buffer+upland) was held constant. As the total treatment 

buffer area decreased the upland area was increased proportionally, so that the total drainage 

area above the stream remained constant. The area of 60 m treatment buffer plus the 

calibrated upland area at sites 1 and 2 were the “base cases”. For every treatment buffer 55 m 

to 5 m, the decrease in the buffer area and the simultaneous increase in the upland area were 

related to the “base case”. For example, the total decrease in the buffer width from 60 m to 

55 m was 5 m. So for the 55 m treatment buffer, the area (5 m width times the buffer length-

L) was added to the upland/agricultural field to keep total drainage area above the stream 

constant. The buffer length (L) for site 1 was 120 m and for site 2 was 360 m. Similar 

computations of decrease in the buffer area followed by simultaneous increase in the upland 

area for treatment buffers 50 m to 5 m were related to the “base case” and shown in Table 75.  
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Table 75. Summary of the sizes of the simulated treatment buffers for site 1 & site 2. 
 

Total treatment 

buffer width  

(m) 

Decrease in buffer 

area (m
2
) & increase 

in upland area  

(m
2
) 

Zone 3 

grass  

(m) 

Zone 2  

pines  

(m) 

Zone 1 

hardwoods 

(m) 

60 -- 5 50 5 
55 5 x L 5 45 5 
50 10 x L 5 40 5 
45 15 x L 5 35 5 
40 20 x L 5 30 5 
35 25 x L 5 25 5 
30 30 x L 5 20 5 
25 35 x L 5 15 5 
20 40 x L 5 10 5 
15 45 x L 5 5 5 
10 50 x L 3.33 3.34 3.33 
5 55 x L 1.67 1.67 1.67 

 

   The simulated water (surface and subsurface) and nutrients loadings entering into the 

REMM simulated buffer were based on mm/ha and kg/ha inputs from the upland/source area 

and the model was previously calibrated for these observed upland loads at sites 1 and 2 

(Chapters 2 and 3). The actual upland areas for providing these observed loads were 31640 

m2 and 6000 m2 at sites 1 and 2, respectively. For 55 m treatment buffer, the area taken out of 

the buffer (5 m width times the length (L) of the buffer) was added to the upland/agricultural 

area at sites 1 and 2 respectively. Similar computations were performed for other treatment 

buffers. With the increase in the upland area, the corresponding simulated water (surface and 

subsurface) and nutrient loadings increased proportionally.  

    The no-buffer (control) was simulated using perennial herbaceous vegetation. REMM does 

not currently have the ability to simulate agricultural crops near the stream. This perennial 

herbaceous vegetation simulated the evapotranspiration and rooting depth trends of a pasture  
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crop in the field at an acceptable level for the simulated control. The total width of the  

no-buffer (control) was simulated as 43 m and 46 m which was the actual field buffer width 

at sites 1 and 2 respectively. REMM requires the user to input the width of each buffer zone 

as shown in Table 76 for no-buffer (control) at sites 1 and 2. 

Table 76. Summary of the sizes of the simulated pasture no-buffer (control) at sites 1 and 2 
 

Total width of  

no-buffer (control)  

(m) 

Zone 3 grass 

(m) 

Zone 2 grass  

(m) 

Zone 1 grass  

(m) 

Site 1- 43 m 19 19 5 
Site 2- 46 m 19 19 8 

 

      In agricultural setup, prior to buffer installation, these areas would have fertilizer/poultry 

litter application up to the stream edge. Therefore, pre-buffer control was simulated to 

receive nutrient loads from upland/source area and from within the control. Nutrient loadings 

from the upland area were the calibrated loadings at sites 1 and 2 (see Chapters 2 and 3). 

Nutrient loads applied within the no-buffer (control) were inorganic fertilizer and poultry 

litter additions at sites 1 and 2 respectively. The nutrients (fertilizers and poultry litter) were 

added in buffer zones 3 and 2, but not in zone 1. No nutrients were added in zone 1 adjacent 

to the stream as it would have less impact on no-buffer (control) compared to its application 

in zones 3 and 2. Also in reality, the landowners would have hesitated to apply fertilizers or 

poultry litter near the stream as it might be washed off with surface runoff or overbank flow.  

    The no-buffer (control) and treatment buffer simulations were performed for a 33 year 

period (2010-2042) with local weather data described in Chapters 2 and 3. For no-buffer 

(control) simulations, it was assumed that fertilizer and poultry litter applications rates to the 
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 uplands from 2005 to 2009 continued from 2010 to 2042. The annual in-organic fertilizer 

and poultry litter rates added were 128 kg N/ha/yr and 210 kg N/ha/yr at sites 1 and 2 

respectively. The computations of total nitrogen, NH4-N and NO3-N in fertilizers and poultry 

litter are described in detail in the appendix section E. The NO3-N attenuation (in terms of 

loading) achieved by the treatment buffers and the no-buffer (control) was computed using 

the equation (1) below. 

Total NO3-N attenuation = {(NO3-N from the field) - (NO3-N outflow to stream)  

- (NO3-N lost with deep seepage zones 3, 2, and 1)}/ {NO3-N from the field} - EQ (1)       

 

  The NO3-N lost with deep seepage from REMM 3 zones does not come back into REMM 

nitrogen computations and is permanently lost from REMM simulated buffers (Lowrance, 

personal communications, February 2011). The purpose of including this was for making 

conservative estimates of NO3-N removal because the amount lost to deep seepage could be 

entering groundwater that would emerge somewhere else in the watershed. The net NO3-N 

removal achieved by varying treatment buffer width was computed using the equation (2) 

given below: 

Net NO3-N removals = (Total NO3-N attenuated by treatment buffers) – (Total NO3-N 

attenuated by no-buffer (control)) —EQ (2) 

 

       During simulations, REMM quantifies plant nitrogen uptake in 3 buffer zones and 

denitrification in soil associated with litter and 3 buffer zones and its 3 soil layers (Lowrance 

et al., 2000a; Altier et al., 2002). Simulated denitrification in soil associated with litter and 3 
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 soil layers in each zone was summed and then divided by the number of simulated years to 

obtain an annual mean for each buffer zone. The current REMM version does not output 

NO3-N and NH4-N plant uptake separately, but outputs total plant nitrogen uptake in each 

buffer zone. REMM simulated estimates of denitrification and plant nitrogen uptake in the 

results section are reported in kg N/ha.buffer.year. Please note that for simulating no-buffer 

(control) and varying treatment buffer widths; a slightly different version of REMM was 

used instead of the one used in chapters 2, 3, and 5 of this dissertation. REMM simulations in 

this chapter use a version that was modified to allow for addition of nitrogen in the change 

file (used for simulating the effect of fertilizer additions in zones 3 and 2). More details can 

be found in the appendix section E on advantages of using this version for these simulations. 

Results And Discussion 

Simulating Buffer Width versus �O3-� Attenuation 

      Figure 51 shows the REMM simulated NO3-N attenuated by varying treatment buffer 

widths 5 m to 60 m at sites 1 and 2.  
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Figure 51. NO3-N attenuated with increasing treatment buffer widths based on 33 year 
REMM simulations (2010-2042). 
 
     At both sites the NO3-N attenuation increased with increasing buffer widths from 5 m to 

35 m and then leveled off thereafter as shown in Figure 51. The simulated long term results 

at both sites showed that optimum buffer width for NO3-N attenuation was 35 m with very 

little additional NO3-N attenuation beyond 35 m width. The NO3-N attenuation of 55 m and 

60 m treatment buffers actually declined by 3 % and 2 % compared to 35 m treatment buffer, 

potentially a result of a decline in simulated WTDs which lowered simulated denitrification. 

These results seem to support the meta-analysis of buffer studies in the literature by Mayer et 

al. (2007) which also showed that buffer effectiveness for nitrogen removal did not 

significantly increase beyond 35 m to 40 m width. In this study, the NO3-N attenuation at 

both sites decreased beyond 50 m width. This phenomenon was more evident at site 1. This 

was due to the differences in the simulated groundwater hydrology at both sites explained in 

the hydrology section. Simulated denitrification at site 2, for buffer width > 50 m was limited  
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by subsurface NO3-N as it was lost with deep seepage. However at site 1, for buffer width > 

50 m the denitrification was limited by subsurface NO3-N loading from the upland. The 

following sections offer detail discussions on how the simulated hydrology, plant nitrogen 

uptake, and simulated denitrification likely affected these results. 

Buffer Hydrology  

     Model simulations at site 1 showed WTDs in 3 zones within 101 cm from the soil surface 

for all treatment buffer widths from 5 m to 60 m over 33 year period. Simulated shallower 

WTDs were due to frequent surface runoff inputs generated from the upland and low 

estimated deep seepage rate. Higher generated surface runoff from the upland into the buffer 

was due to lower groundwater hydraulic gradients between the agricultural field and buffer 

zone 3, due to inputs related to field investigations that showed that slopes between the buffer 

and upland were less than 3 percent (Messer, 2010). The calibrated deep seepage rate at site 1 

of 0.2 mm/day was within bounds to groundwater recharge rates observed in North Carolina 

coastal plain (Heath, 1980; Dukes and Evans, 2003).  The deep seepage rate in 3 buffer zones 

was adjusted such that simulated WTDs were in good agreement with field measured. At site 

1, simulated WTDs in 3 buffer zones were present in soil layers 1 and 2 and the simulated 

water table never fell into soil layer 3. Subsurface water in REMM is lost with deep seepage 

based on user defined rate (mm/day) and presence of simulated water table in soil layer 3. 

The deep seepage rate of 0.2 mm/day and absence of simulated water table in soil layer 3 led 

to lower loss of water with deep seepage from 3 buffer zones. This low estimated deep 

seepage rate used was supported by the field observation of a restrictive layer at the site and 

little significant groundwater mixing from deeper depths (Messer, 2010).     
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    Model simulations at site 2 showed the WTD in field edge zone 3 varied from 101 cm to 

172 cm below the soil surface, while simulated WTDs in zones 2 and 1 varied from 63 cm to 

112 cm and 34 cm to 109 cm from the soil surface for treatment buffers 5 m to 60 m wide. 

Simulated WTDs in zone 3 were deeper from the soil surface due to lower simulated surface 

runoff, greater infiltration in the buffer, high deep seepage rates, higher groundwater gradient 

from upland into zone 3 due to inputs related to field investigations that showed that slopes 

between the buffer and upland were greater than 4 % (Wiseman, 2011). Also soils present in 

upper 2.5 m in the buffer were characterized as sandy soils having 85-90 % sand, 10-13 % 

silt and 1-2 % clay resulting in higher hydraulic conductivities. Percent sand, silt, and clay 

and the resulting hydraulic conductivities, buffer slopes are inputs into REMM 3 zone and 3 

layers.  

     One of the biggest differences between simulations conducted on site 1 and site 2 was 

deep seepage rates. During model calibration, deep seepage outputs were used to calibrate 

the model to the field observed WTDs. Simulated losses of water with deep seepage occur 

from the bottom-most layer 3, when the simulated water table is in layer 3. In zone 3 at site 2, 

simulated water table was in layer 3 resulting in high losses of water with deep seepage since 

the rate was 0.45 mm/day. But the use of a high deep seepage at buffer site 2 was very well 

supported by the field observation of deeper groundwater mixing and dilution, since the site 

was underlain by a saprolite layer that appeared not to be restrictive (Wiseman, 2011).  

Plant �itrogen Uptake  

      At site 1, simulated plant nitrogen uptake rates averaged 16, 23, and 59 kg N/ha/yr in 

zones 3, 2, and 1 respectively for treatment buffers 5 m to 60 m. The simulated plant uptake
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in zone 3 varied from 8-21 kg N/ha/yr for treatment buffers 5 m to 60 m. For zone 2, the 

simulated plant uptake varied from 4-40 kg N/ha/yr while in zone 1 it varied from 33-84 kg 

N/ha/yr respectively for treatment buffers 5 m to 60 m. Simulated plant uptake rates in 

REMM are dependent on the user defined maximum rooting depth in each zone, available 

water in the soil above the wilting point and availability of dissolved NH4-N and NO3-N in  

3 soil layers. Simulated uptake rates at site 1 were not affected by the available water in the 

soil and dissolved NH4-N and NO3-N as simulated WTDs were within 101 cm of soil 

surface.  

       In REMM, as long as the soil moisture on a particular day is above the wilting point, 

dissolved nutrients are available for plant uptake (Lowrance et al., 2000a; Altier et al., 2002). 

Simulated soil moisture conditions at site 1 were higher due to shallower WTDs within 101 

cm of the soil surface and frequent surface runoff inputs which meant that soil moisture in 

the buffer rarely dropped below the wilting point resulting in higher availability of water, 

dissolved NH4-N, and NO3-N. In-spite of this the plant nitrogen uptake rates in zones 3 and 2 

were low compared to zone 1. Plant nitrogen uptake in zone 3 was lower due to high model 

simulated denitrification. The high simulated denitrification resulted in lower availability of 

soil NO3-N for plant uptake. However low plant nitrogen uptake rates in zone 2 were due to 

the presence of roots in REMM soil layers 1 and 2 and its absence in REMM soil layer 3. 

This meant that roots did not have access to water and nutrients from soil layer 3. The 

maximum rooting depth in zone 2 was limited to soil layers 1 and 2 only. This was done for 

hydrologic calibration so that simulated WTDs were in good agreement with field measured. 

In REMM, roots cannot grow beyond a user specified maximum rooting depth and once
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calibrated for hydrology they should not be changed for nutrient calibration, and thus were 

not changed. The low simulated plant nitrogen uptake at zone 2 was supported by field 

observation which showed scarcity of pines in field zone 2 due to constant saturated 

conditions and growth of wetland plants (Messer, 2010).  

      At site 2, plant nitrogen uptake averaged 20, 24, and 40 kg N/ha/yr in zones 3, 2, and 1 

for treatment buffers 5 m to 60 m. The simulated plant nitrogen uptake in zone 3 varied from 

18 to 21 kg N/ha/yr for treatment buffers 5 m to 60 m. For zone 2, the simulated plant 

nitrogen uptake varied from 8 to 40 kg N/ha/yr while in zone 1 it varied from 37 to 44 kg 

N/ha/yr respectively for treatment buffers 5 m to 60 m. As discussed for site 1, the low plant 

nitrogen uptake in zones 3 and 1 were due to high model simulated denitrification which 

decreased the available soil NO3-N in 3 REMM soil layers. The low plant nitrogen uptake in 

zone 2 was due to the presence of roots in soil layers 1 and 2 and its absence in REMM soil 

layer 3. The simulated WTDs could not be calibrated to field measured WTDs since they 

were not measured in zone 2 at site 2 (Wiseman, 2011). Recall that simulated WTDs were 

calibrated to field measured by adjusting maximum rooting depth of plant species since they 

affected water uptake and plant transpiration in REMM (Lowrance et al., 2000a; Altier et al., 

2002).  

Denitrification  

    REMM quantifies denitrification in soil associated with litter and 3 soil layers in buffer 

zones 3, 2, and 1. The REMM simulations used a field-measured denitrification rate constant 

(Kd) obtained by measuring denitrification enzyme activity (DEA) on field collected soil 

samples (Chapter 2 and 3).  
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At buffer site 1, simulated denitrification averaged 136, 80, and 176 kg N/ha/yr in zones 3, 2, 

and 1 respectively for treatment buffers 5 m to 60 m. The simulated denitrification in zone 3 

ranged from 112 to 162 kg N/ha/yr for treatment buffers 5 m to 60 m. While in zones 2 and 1 

it ranged from 59 to 101 kg N/ha/yr and 152 to 245 kg N/ha/yr respectively. Simulated 

denitrification in REMM is affected by the amount of mineralizable carbon, simulated water 

filled pore spaces (anaerobic conditions and depth to the water table), available soil NO3-N in 

3 layers and the calibrated denitrification rate constant (Kd) (Lowrance et al., 2000a; Altier et 

al., 2002). Simulated denitrification values were high since the simulated WTDs for 

treatment buffers 5 m to 60 m were within 101 cm from soil surface.  

     The shallower WTDs within 101 cm from soil surface and frequent surface runoff inputs 

from the upland/agricultural field resulted in greater simulated water filled pore spaces and 

higher anaerobic conditions in the entire buffer. Also the high soil and litter carbon, nitrogen 

inputs and high calibrated rate constant (Kd) led to higher model simulated denitrification. 

The rate constant (Kd) was calibrated such that simulated and field measured NO3-N 

concentrations were in good agreement in each buffer zone. 

       At site 2, similar to site 1 the calibrated denitrification rate constants (Kd) were based on 

the DEA measurements. The calibrated denitrification rate constants for site 2 can be found 

in Chapter 3 of this dissertation. Model simulated denitrification in zones 3, 2, and 1 

averaged 194, 63, and 127 kg N/ha/yr for treatment buffers 5 m to 60 m. The simulated 

denitrification in zone 3 ranged from 146 to 230 kg N/ha/yr for treatment buffers 5 m to 60 

m. While in zones 2 and 1 it ranged from 49 to 96 kg N/ha/yr and 118 to 135 kg N/ha/yr 

respectively. Similar to site 1, simulated denitrification at site 2 was dependent upon the
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calibrated denitrification rate constant (Kd), simulated WTDs, mineralizable carbon and 

available soil NO3-N in 3 soil layers in each buffer zone. High simulated denitrification in 

zone 3 was due to high calibrated denitrification rate constant (Kd) and greater availability of 

subsurface NO3-N from the upland/agricultural sources. In REMM, the water (surface and 

subsurface) and NO3-N loads from the upland are first intercepted by zone 3 and then 

transported into zones 2 and 1 and finally into the stream (Lowrance et al., 2000a; Altier et 

al., 2002). This provides zone 3 the first opportunity to reduce subsurface and surface NO3-N 

loadings from the upland. The simulated denitrification in zones 2 and 1 were lower 

compared to zone 3. The high simulated denitrification and NO3-N losses with deep seepage 

from zone 3 resulted in lower availability of subsurface NO3-N into zone 2 especially for 

treatment buffers greater than 30 m. The simulated denitrification in zone 1 was lower than 

zone 3 since the calibrated denitrification rate constant (Kd) was lower. Also the stream depth 

input of 1.75 m lowered the simulated WTDs in zone 1 reducing anaerobic conditions in 

zone 1. REMM simulates subsurface water losses from the buffer to the stream using Darcy’ 

law with the potential gradient assumed as smaller of surface slope of zone 1 and the water 

table elevation from mid-point of zone 1 to stream thalweg (Altier et al., 2002). Overall the 

simulated denitrification at site 2 was over-predicted, since field investigations showed 

significant groundwater dilution and mixing which reduced groundwater NO3-N 

concentrations (Wiseman, 2011). But REMM currently does not simulate any processes of 

groundwater dilution and mixing which led to this over-prediction. 
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Simulated �o-Buffer (Control) At Sites 1 And 2   

      The no-buffer (control) at site 1 attenuated 34 % of the incoming NO3-N loading, while 

control at site 2 attenuated 32 % of the incoming NO3-N loading. The NO3-N attenuated by 

the no-buffer (control) for sites 1 and 2 are within the range of other control studies that 

found NO3-N removal rates of 27 % to 35% (Clausen, et al., 2000; King et al., 2006).   

      The simulated WTDs averaged 144 cm and 170 cm below soil surface at no-buffer 

(control) sites 1 and 2 respectively for 33 year period. The simulated denitrification at control 

sites 1 and 2 averaged 175 and 160 kg N/ha/yr respectively while plant nitrogen uptake 

averaged 19.5 and 15 kg N/ha/yr for 33 year period. Most of the NO3-N attenuation at  

no-buffer (control) sites 1 and 2 was due to simulated denitrification. The denitrification rate 

constant (Kd) in 3 buffer zones was derived from the calibration and discussed in detail in 

Chapters 2 and 3 of this dissertation. The calibrated rate constant (Kd) was higher resulting in  

lower availability of NO3-N for plant uptake. At both sites, simulated WTDs were within 170 

cm from the soil surface over the 33 year period. This increased model simulated water filled 

pore-spaces (anaerobic conditions) increasing simulated denitrification. Recall that no-buffer 

(control) was fertilized in zones 3 and 2 providing additional NO3-N inputs for 

denitrification. However, due to the high calibrated denitrification rate constant (Kd) the 

additional NO3-N was mostly used for denitrification resulting in lower plant nitrogen 

uptake. At both sites, in addition to NO3-N input from fertilizers and poultry litter, there was 

also NH4-N input. But the NH4-N was probably adsorbed onto the soil reducing its 

availability in the dissolved form. REMM simulates the dissolved and adsorbed NH4-N 

phases using Freundlich adsorption isotherm and dissolved NH4-N is the preferred form of
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plant uptake (Inamdar et al., 1999b; Altier et al., 2002). Overall the results for modeling the 

no-buffer (control) sites appears reasonable given the NO3-N attenuation was similar to those 

observed in the field by Clausen et al. (2000) and King et al. (2006) in Connecticut and North 

Carolina respectively.  

�et �O3-� Removals At Sites 1 And 2  

      Net NO3-N removal achieved by treatment buffers were obtained by computing the 

differences between NO3-N attenuation by the treatment minus the NO3-N attenuated by  

no-buffer (control). For example, the 15 m wide treatment buffer at site 1 attenuated 81 % of 

the incoming NO3-N loading. The control at site 1 attenuated 34 % of the incoming NO3-N 

loading resulting in a net NO3-N reduction of 47 %. The net NO3-N removals from sites 1 

and 2 are shown in Tables 77 and 78 respectively.  
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Table 77. Net NO3-N removal for site 1 (calibrated deep seepage rate of 0.2 mm/day) 
 

Location Zone 3 

grass 

(m) 

Zone 2 

grass  

(m) 

Zone 1 

grass 

(m) 

Total 

width 

(m) 

Total �O3-� 

removal 

(%) 

�et �O3-� 

removal  

(%) 

CB 19 19 5 43 34 NA 
 Zone 3 

grass 

(m) 

Zone 2 

pines  

(m) 

Zone 1 

hardwood 

(m) 

Total 

width 

(m) 

Total �O3-� 

removal  

(%) 

�et �O3-� 

removal  

(%) 

TB 1.67 1.67 1.67 5 58 24 
TB 3.33 3.34 3.33 10 70 36 
TB 5 5 5 15 81 47 
TB 5 10 5 20 87 53 
TB 5 15 5 25 90 56 
TB 5 20 5 30 91 57 
TB 5 25 5 35 91 57 
TB 5 30 5 40 91 57 
TB 5 35 5 45 91 57 
TB 5 40 5 50 91 57 
TB 5 45 5 55 90 56 
TB 5 50 5 60 88 54 

Notes- CB= control (no buffer) and TB= treatment buffer, all simulations were conducted for 
33 years (2010-2042). Percent NO3-N removals for simulated control and treatment buffers 
were based on loadings. NA-not simulated 
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Table 78. Net NO3-N removal for site 2 (calibrated deep seepage rate of 0.45 mm/day) 
 

Location Zone 3 

grass  

(m) 

Zone 2 

grass  

(m) 

Zone 1 

grass  

(m) 

Total 

width  

(m) 

Total �O3-� 

removal  

(%) 

�et �O3-� 

removal 

(%) 

CB 19 19 8 46 32 NA 
 Zone 3 

grass  

(m) 

Zone 2 

pines  

(m) 

Zone 1 

hardwood 

(m) 

Total 

width  

(m) 

Total �O3-� 

removal  

(%) 

�et �O3-� 

removal 

(%) 

TB 1.67 1.67 1.67 5 63 31 
TB 3.33 3.34 3.33 10 77 45 
TB 5 5 5 15 86 54 
TB 5 10 5 20 90 58 
TB 5 15 5 25 92 60 
TB 5 20 5 30 93 61 
TB 5 25 5 35 93 61 
TB 5 30 5 40 94 62 
TB 5 35 5 45 94 62 
TB 5 40 5 50 94 62 
TB 5 45 5 55 93 61 
TB 5 50 5 60 92 60 

 

 
      REMM long-term simulated results from sites 1 and 2 showed treatment buffers 5 m to 

60 m attenuated 58 % to 91 % and 63 % to 94 % of incoming NO3-N loading respectively 

from the agricultural field. However the net NO3-N removals by treatment buffers 5 m to 60 

m ranged from 24 % to 57 % and 31 % to 62 % at sites 1 and 2 respectively. Long term 

simulation results for net NO3-N removals shown in Tables 77 and 78 are conservative, since 

amount of NO3-N lost to deep seepage could be entering groundwater that would emerge 

somewhere else in the watershed. As described earlier, any amount of NO3-N lost with deep 

seepage is not accounted in REMM nitrogen computations (Lowrance personnel 

communications, February 2011). Nitrate-nitrogen (NO3-N) removals at sites 1 and 2 did not 

show substantial increases in net NO3-N attenuation beyond 35 m width. The net NO3-N 
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 removals achieved at sites 1 and 2 can be used to guide NC-CREP to enroll riparian buffers 

in similar landscapes and slopes as sites 1 and 2, at widths no more than 35 m. The current 

widths at NC-CREP buffer sites 1 and 2 are 43 m and 46 m. Using the net NO3-N removals it 

appeared that the buffers at sites 1 and 2 could have been 35 m wide and still achieved 

maximum removal. For every 10 m of width reduced along a 1000 m of stream, 1 ha of 

agricultural land can remain in productivity, and still allow for the desired water quality 

benefit. Not only can proper enrollments save farmland, but it also can reduce costs to 

conservation programs such as CREP.    

    The current and proposed NLEW credits for nitrogen reduction for different buffer widths, 

and the net NO3-N removals computed using REMM in this study are shown in Table 79. 

REMM simulated net NO3-N reductions are greater for these sites than the newest NLEW 

credits across all widths. They appear to be more in-line with the current NLEW credits. 

However, the net NO3-N removals obtained are a site specific simulated data and were not 

intended to be used to adjust the NLEW credits. Instead they were generated for comparison 

purposes only. More field and modeling studies of no-buffer (control) and treatment buffers 

are needed to correctly quantify the net treatment of riparian buffers, so that there can be a 

significant improvement in modeling tools such as NLEW used to credit net NO3-N 

attenuated by riparian buffers. As demonstrated through these simulations, net NO3-N 

removals by treatment buffers at sites 1 and 2 are significant and important to water quality 

in NC. But all buffers might not function as efficiently as sites 1 and 2, and might have lower 

net removals depending upon hydrologic and soil conditions.  

 



 
 

 

182 
 

So even though REMM simulated net NO3-N removals for this study is higher, the proposed 

and accepted NLEW credits need to be adopted to provide a more conservative estimate.  

Table 79. Comparison of NLEW nitrogen credits and REMM simulated net NO3-N removals  

 
Buffer 

width 

meters  

(ft) 

Current 

�LEW 

credits 

(%) 

Proposed and 

accepted � �LEW 

credits  

(%) 

Simulated �et  

�O3-� removals  

site 1 

 (%) 

Simulated �et 

�O3-� removals  

site 2  

(%) 

6 (20) 30 20 24 31 
9 (30) 40 25 36 45 

15 (50) 50 30 47 54 
21 (70) 55 35 53 58 
31(100) 60 40 57 61 

Summary And Conclusions 

       REMM was successfully utilized to simulate NO3-N attenuation by a no-buffer (control) 

and varying treatment buffer widths using site specific buffer data from two sites in Eastern 

NC over a 33 year period. Treatment buffers 5 m to 50 m at sites 1 and 2 attenuated 58 % to 

91 % and 63 % to 94 % of incoming NO3-N loading from agricultural fields. A simulated  

no-buffer (control) section (43 m and 46 m perennial herbaceous) attenuated 34 % and 32 % 

respectively of total incoming NO3-N loading from agricultural field. Net NO3-N removals 

achieved by simulated treatment buffers 5 m to 50 m at sites 1 and 2 ranged from 24 % to 57 

% and 31 % to 62 % respectively. These net NO3-N removals achieved by treatment buffers 

are significant to water quality in NC and emphasize the importance of having riparian 

buffers for reducing NO3-N loading to the streams. Net values also better represent true 

additional water quality benefits achieved when buffers are added, since some removal likely 

occurred prior to buffer establishment.  
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    Long term, 33-year simulated results at sites 1 and 2 showed very little net increase in 

NO3-N removal by treatment buffers beyond 35 m width. Buffers wider than 35 m at these 

locations did not appear to improve stream protection from NO3-N loadings. In fact, benefits 

could have been achieved if buffers at sites 1 and 2 were reduced by 5-10 m, which would 

have allowed more land to stay in agricultural production and could have saved the  

NC-CREP money in the form of annual rental payments made to farmers.  

   REMM long term simulations at this sites showed that higher nitrogen credits could have 

been applied to these buffers compared to the current credits given in the nitrogen loss 

estimation work sheet (NLEW) (Osmond et al., 2001a). The newest NLEW credits are more 

conservative, but are likely an accurate representation of all buffers in various landscape 

positions. Buffers in this study were in close to ideal locations. There is a greater need for 

more field and buffer modeling studies to evaluate the net NO3-N removals achieved using  

no-buffer (control) and treatment buffer design. These net NO3-N removals achieved by 

treatment buffer widths can significantly improve the accuracy of nitrogen credits allocated 

to differing treatment buffer widths using tools such as NLEW. Such improved tools will 

result in more accurate estimation of nitrogen reduction achieved in the Neuse, Tar-Pamlico, 

and other NC watersheds. 
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CHAPTER 5. SE�SITIVITY A�ALYSIS OF REMM FOR GROU�D 

WATER HYDROLOGY A�D �ITRATE-�ITROGE� (�O3-�) 

ATTE�UATIO� OUTPUTS 

Abstract 

 
   The Riparian Ecosystem Management Model (REMM) was developed by researchers at 

USDA-ARS in Tifton, GA as a tool to simulate water quality benefits of riparian buffers. 

REMM simulates interactions between four major riparian buffer components including 

hydrology, sediment transport, nutrient dynamics, and vegetation growth and development. 

Local relative sensitivity analysis was conducted on previously calibrated REMM buffer to 

identify critical inputs affecting outputs such as water table depths (WTDs), and  

nitrate-nitrogen (NO3-N) attenuation (primarily denitrification and plant nitrogen uptake). 

Knowledge of these critical inputs can help future REMM user’s allocate their resources for 

collection of critical inputs, while obtaining non-critical inputs from literature or model 

default values. In this method, soil physical, chemical, and vegetation inputs were varied 

between -80 % to +100 % from field measured or model calibrated values to determine 

relative sensitivity in qualitative terms.  

    Model simulated outputs such as WTDs, total ET, percent NO3-N attenuated by the buffer, 

plant nitrogen uptake and denitrification were affected by soil physical inputs such as field 

capacity, soil porosity, hydraulic conductivity, zone slopes, soil layer depths, upland source
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area, buffer length, litter transmission factor, stream depth and deep seepage. These inputs 

affected the horizontal and vertical movement of surface and subsurface flow within the 

buffer zones and to the stream.  

   Model simulated denitrification, simulated NO3-N concentrations and loadings in 3 buffer 

zones were critically affected by denitrification rate constant (Kd). REMM uses 

denitrification rate constant (Kd) along with scalars of water filled pore spaces (representing 

degree of anaerobosis), soil temperature, NO3-N and mineralizable carbon to compute actual 

denitrification in 3 buffer zones and its 3 layers. The plant nitrogen uptake in REMM was 

critically affected by vegetation inputs such as maximum and minimum nutrient 

concentrations in plant organs (leaves, branches, stems, coarse, and fine roots), maximum 

rooting depths in each zone; specific leaf area in each zone; relative growth rate of leaves in 

each zone and minimum and maximum air temperatures. These vegetation inputs are used in 

simulating phenological growth stages of the plants. The vegetation inputs also indirectly 

affected simulated WTDs and total ET through plant transpiration and water uptake.  

Introduction 

      Riparian buffers are among the Best Management Practices (BMP’s) implemented to 

attenuate non-point source pollutants from agricultural settings (Gilliam et al., 1997; Osmond 

et al., 2002). Performance of riparian buffers for NO3-N attenuation has been found to be 

highly dependent upon position of the buffer in the landscape and local groundwater 

hydrology (Hill, 1996). Groundwater hydrology affected residence time of NO3-N and 

influenced processes, such as denitrification and plant nitrogen uptake (Peterjohn and 
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Correll, 1984; Lowrance et al., 1984; Jacobs and Gilliam, 1985; Lowrance, 1992; Jordan et 

al., 1993; Hill, 1996; Daniels and Gilliam, 1996; Gold et al., 1998; Vidon and Hill, 2004).  

     The Riparian Ecosystem Management Model (REMM) simulates and quantifies 

movement of water, sediments, carbon, nitrogen, and phosphorus from the source/upland 

areas to the streams (Lowrance et al., 2000a; Altier et al., 2002). REMM simulates the three 

zone riparian buffer system as recommended by NRCS (1995) and Welsch (1991). REMM 

can simulate riparian conditions when one of three buffer zones is absent or managed 

differently from specifications (Lowrance et al., 2001). REMM is a process based two 

dimensional model that operates on a daily time step and simulates interactions between four 

components of riparian buffer such as hydrology, sediment transport, nutrient dynamics, and 

vegetative growth and development (Lowrance et al., 2000a; Altier et al., 2002).  

    Models such as REMM are powerful tools, but require many user inputs. In fact, REMM 

requires over 250 of them. As with all models, the precision needed for some of the inputs is 

more critical than others for model predictions. Therefore, it can be helpful to perform a 

sensitivity analysis of the model to identify which inputs that the user should dedicate the 

most time and resources to obtain. Sensitivity analysis is defined as the response of the 

output variables to changes in the inputs parameters over a certain range (White and 

Chaubey, 2005). Performing this analysis for REMM could improve the understanding of the 

most critical field inputs, particularly in the prediction of nitrogen removal, and could 

increase model usage. There are several conventional methods of performing sensitivity 

analysis, including local and global methods (Saltelli et al., 2000). The most common local 

technique of sensitivity analysis is independent parameter perturbation (IPP) based on the  

 



 
 

 

191 
 

linear system and changes in input parameter value (van Griensven et al., 2006).  

    In local sensitivity, an individual parameter is varied by a fixed percentage from its base 

value or model calibrated value (Ferreira et al., 1995). The local sensitivity evaluates only 

one point in hyperspace, while keeping other inputs constant (van Griensven et al., 2006). 

More local sensitivity analysis methods are described in detail in Hamby (1994). Model 

output responses to parameter perturbation are generally quantified by percent change in 

output variables in relation to changes in output vs. input (Larocque and Banton, 1994). 

Some recent studies have used local relative sensitivity analysis, given by following 

equation:  

Sr= [((B2-B1)*A1)/ (A2-A1)*B1]     (1) 

where  

A1= baseline input parameter 

B1 = predicted output parameter for the baseline input, 

B2= predicted model output after changing input by a certain ± percentage. 

A2 = baseline input changed by certain ± percentage.  

Sr = relative sensitivity  

     In equation 1, a higher Sr implies greater sensitivity to an input parameter. However the 

relative sensitivity Sr has limitations related to a linear relationship and the uncertainty 

associated with each input parameter (White and Chaubey, 2005).  

     Global sensitivity analysis quantifies the entire range of sample parameter space. The key 

to performing global sensitivity is adoption of sampling strategy (van Griensven et al., 2006).  
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The various sampling methods used for global analysis are Monte Carlo methods, Latin 

Hypercube sampling, variance based methods, and a new one-at-time method which 

combines with Latin Hypercube sampling (LH-OAT) (van Griensven et al., 2006).  

        Local sensitivity analyses have been successfully performed on other water quality 

models such as Water Erosion Prediction Project (WEPP), GLEAMS-IR model and SWAT 

with useful results (Baffaut et al., 1997; Wedwick et al., 2001; White and Chaubey, 2005; 

Parajuli et al., 2009). However, limited quantitative sensitivity analysis has been performed 

on REMM. Lowrance et al. (2000a) analyzed soil physical properties using local sensitivity. 

Results showed that soil porosity significantly impacted stream flow, total N, denitrification 

and plant nitrogen uptake. This was expected as soil porosity affected simulated vertical and 

horizontal flows affecting WTDs as well as inflows and outflows from one buffer zone to 

another. A local sensitivity analysis was performed on REMM using field data from a North 

Carolina Middle Coastal Plain site (Dukes and Evans, 2003). Researchers analyzed critical 

inputs affecting buffer hydrology. They found WTDs in the field edge zone 3 were sensitive 

to subsurface upland inputs. Buffer slope affected WTDs in three zones, while stream depth 

affected WTDs in stream edge zone 1. Simulated evapotranspiration was only affected by 

extreme changes in pore size distribution index and hydraulic conductivity (Dukes and 

Evans, 2003). A limited quantitative sensitivity analysis was performed on REMM by Graff 

et al. (2005) to evaluate the effects of changing vegetation and soil physical properties on 

transport of N and P in a grass herbaceous buffer. Researchers found that Manning’s n 

affected simulated surface transport of phosphorus and nitrate. Subsurface transport of N and 

P in a grass buffer was affected by soil permeability because it affected lateral and vertical 
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movement of subsurface flow and deep seepage from the bottom soil layer (Lowrance et al., 

2000a; Altier et al., 2002).          

     After evaluating the current literature, it was determined that there was a need for more 

comprehensive evaluation of REMM input parameters affecting WTDs, and NO3-N 

attenuation through denitrification and plant nitrogen uptake. A sensitivity analysis was 

conducted to identify critical field inputs affecting nitrogen removal in buffers. Due to the 

large number of input parameters in REMM, lack of a front end program, and large 

computational cost, global sensitivity analysis was not performed. Therefore, a local relative 

sensitivity analysis was performed. The goal of this study was to: 1) Identify critical field 

inputs affecting outputs such as WTDs, ET, outflows to stream, NO3-N attenuation through 

denitrification and plant nitrogen uptake. 2) Rank the critical field inputs to enable future 

REMM users to allocate resources for collection of these inputs.  

Materials And Methods 

 
      Local sensitivity analysis was using the REMM calibrated and validated with the field 

measured data from site 1 buffer, and described in detail in Chapter 2. The vegetation in the 

three zone buffer consisted of grass in field edge zone 3, pines in mid-buffer zone 2 and 

hardwoods in stream edge zone 1. The sensitivity analysis approach used in this study 

follows the technique used by Zerihun et al. (1996), Wedwick et al. (2001) and Graff et al. 

(2005).  

     In local sensitivity analysis field measured or model calibrated values are known as “base 

case” values (Graff et al., 2005). Outputs corresponding to base case values were used to 
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 normalize the scale effect associated by evaluating output response to variations in input 

parameters (Graff et al., 2005). All the inputs were evaluated within -80 % to +100 % of the 

base case values. The responses of the outputs to variations in the inputs were evaluated by 

analyzing the finite difference form (Zerihun et al., 1996; Graff et al., 2005). The relative 

sensitivity (RS) to each input was computed as follows below and similar to equation (1) on 

page 191. 

RS = A/B (4) 

A=│Y2│/Y1    (5) 

B=│X2│/X1    (6) 

where  

Y1 = values of base case output 

Y2 = output value after changing input value by certain ± value 

X2 = difference between ± change in input value and base case input value 

X1= field observed or model calibrated value of independent variable. 

    Relative sensitivities of each input parameters on six outputs were computed using the 

equations 4, 5, and 6. Relative sensitivity of each input parameter varying from -80 % to 

+100 % was computed and distinguished according to sensitivity classes described by 

Zerihun et al. (1996), shown in Table 80.  
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Table 80. Relative sensitivity and its different classes according to Zerihun et al. (1996)   
 

Classes Symbol Relative Sensitivity Range 

Not Sensitive NS RS < 0.1 
Less Sensitive LS 0.1 < RS < 0.5 

Moderately Sensitive MS 0.5 < RS < 2.0 
Highly Sensitive HS 2.0 < RS < 5.0 

Very Highly Sensitive VHS 5.0 < RS 
 

       The sensitive classes measure the degree of sensitivity in qualitative terms (Zerihun et 

al., 1996). For example, if a change in input parameter resulted in relative sensitivity (RS) of  

< 0.1 that input parameter did not significantly affect the output. From a model user’s point 

of view, that input should be given least resource allocation and values from literature could 

be used. 

      REMM has three input file editors, which are for providing inputs for buffer soil physical 

processes, rate constants, and vegetation (Lowrance et al., 2000a; Altier et al., 2002). The 

inputs related to the groundwater hydrology, NO3-N dynamics, denitrification, vegetation 

parameters and some climate parameters were used. For the local relative sensitivity analysis, 

only one input parameter was varied each time within -80 % to +100 % from the field 

measured or model calibrated values while keeping other inputs constant. The soil porosity 

and volumetric water content were only varied within -20 % to +25 % and -20 % to -10 % 

respectively as described in the section below. Tables 81 to 85 show the buffer soil input 

parameters, buffer geometry inputs, rate constants, vegetation parameters, and weather inputs 

analyzed. Table 81 shows the base case inputs for soil physical properties and its minimum 

and maximum range.  
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Table 81.  Base case soil physical inputs for relative local sensitivity 
 
Buffer 

zones: 

layers 

WP 

(cm
3
/cm

3
) 

FC 

(cm
3
/cm

3
) 

SP 

(cm/cm) 

WC 

(cm/cm) 

ST 

(cm) 

HC 

(cm/hr) 

PSI 

(nounits) 

Z3L1 0.07 0.19 0.37 0.33 45 10 0.39 
Z3L2 0.06 0.17 0.39 0.34 100 13 0.39 
Z3L3 0.12 0.23 0.40 0.39 170 16 0.34 
Z2L1 0.08 0.18 0.37 0.37 35 4.8 0.23 
Z2L2 0.07 0.17 0.38 0.38 93 4.6 0.25 
Z2L3 0.09 0.20 0.38 0.38 140 1.2 0.32 
Z1L1 0.11 0.29 0.36 0.34 53 6.2 0.27 
Z1L2 0.10 0.29 0.37 0.35 95 6.2 0.23 
Z1L3 0.11 0.36 0.40 0.37 130 3.8 0.27 

Range (0.01-0.2) (0.1-0.4) (0.3-0.5) (0.26-0.36) (7-365) (1-30) (0.1-0.5) 
�ote: WP= wilting point, FC= field capacity, SP= soil porosity, WC= volumetric water 
content, ST= soil layer thickness, HC- hydraulic conductivity and PSI- pore size distribution 
index and range is min to max for each soil physical property. Z3L1, Z3L2 and Z3L3- field 
edge zone 3 and soil layer 1, 2, and 3; Z2L1, Z2L2 and Z2L3- mid-buffer zone 2 and its three 
layers; Z1L1, Z1L2 and Z1L3- stream edge zone 1 and its three layers.  
 
     Soil physical properties in Table 81 are used in REMM to compute surface flow, vertical 

and horizontal subsurface inflows and outflows, vertical drainage, upward flux in presence of 

shallow WTD and deep seepage from bottom-most layer 3 (Lowrance et al., 2000a; Altier et 

al., 2002). The minimum and maximum range for the wilting point (WP), field capacity (FC) 

and pore size distribution index were derived from the REMM manual and work done with 

GLEAMS-IR model (Altier et al.,2002; Wedwick et al., 2001). Maximum and minimum 

range for soil porosity and volumetric water contents were obtained from studies conducted 

in the North Carolina coastal plain (Coes et al., 2007).   

        The soil porosities were varied by -20 %, -15%, -10%, +10%, +15%, and +25 %, while 

volumetric water contents were varied by -20%, -15%, and -10 % from the model calibrated 

values. For saturated soils, when the void spaces in soils are completely filled with water, the 
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porosity equals soil volumetric water content (Topp et al., 1980). Volumetric water contents 

were varied in a range such that it does not exceed the soil porosity in three buffer zones and 

its three layers. 

      Maximum and minimum soil layer thicknesses were derived from the web soil survey for 

the field site (USDA-NRCS, 2006). Hydraulic conductivity values were based on soil texture 

at the buffer site investigated from field sampling. The minimum and maximum range was 

obtained based on soil texture and computed using the SPAW hydrology particle size model 

(Saxton et al., 2006; Saxton and Rawls, 2006).  

Table 82. Base case inputs related to buffer and upland geometry for local relative sensitivity  

 
Inputs/ 

parameters 

Units Upland 

area 

Zone 3 Zone 2 Zone 1 Stream 

depth 

Range 

Zone Slope (%) --- 3.0 2.8 3.0 --- (1-7) 
PDS (mm/day) --- 0.2 0.2 0.2 --- (0.02-1.39) 
BL (m) --- 120 120 120 --- (15-360) 
SD (m) --- --- -- --- 1.2 (0.4-6.7) 

UPSA (ha) 3.164 --- --- --- -- (0.63-6.33) 
LTF (0-1) 

scalar 
--- 0.1 0.1 0.1 -- (0-1) 

�ote: PDS-potential deep seepage; BL-buffer length; SD- stream depth; UPSA-upland 
source area; LTF- litter transmission factor.  
 
       Table 82 shows the base case or model calibrated values for zone slope, potential deep 

seepage, length of the buffer, stream depth, upland source area and litter transmission factor 

and minimum and maximum range for these inputs. These were all user defined inputs in 

REMM used for simulating surface and groundwater hydrology (Lowrance et al., 2000a; 

Altier et al., 2002). Zone slopes were varied within the typical ranges of 1 % to 7 % found in 

the NC coastal plain (Dukes and Evans, 2003).  
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Potential deep seepage rates were varied between 0.02 mm/day to 1.39 mm/day, similar to 

reported groundwater recharge rates by Heath (1980; 1994).  

     Minimum and maximum buffer length was derived from site measured values (Messer, 

2010). The minimum value of stream depth 0.4 m was based on model calibration and survey 

measurements at buffer site 1 (Messer, 2010). The maximum range of stream depth was 

limited to 6.7 m as found in Greene County, NC (Doll et al., 2002). The minimum upland 

source area of 0.6 ha was the calibrated value at the site 2 buffer described in Chapter 3 of 

this dissertation. The maximum upland source area was 6.32 ha derived from the calibrated 

value at the site 1 buffer described in Chapter 2 of this dissertation. 

    The litter transmission factor (LTF) is used in computing potential soil and litter 

evaporation. The LTF is a scalar quantity in REMM and varies from 0 to 1. The amount of 

solar radiation reaching the soil surface is regulated by the litter on soil surface. Potential soil 

and litter evaporation are computed in REMM using factors such as air density, specific heat, 

vapor pressure deficit, slope of the saturation vapor pressure curve, and solar radiation 

reaching the soil and litter surface. 

Soil Chemical Properties  

       The inputs related to soil chemical properties consisted of critical nitrogen levels (CNL), 

soil NO3-N and NH4-N, rate coefficients for carbon turnover and the denitrification rate 

constant (Kd). Table 83 shows the base case values for CNL, soil NO3-N and NH4-N. 
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Table 83. Base case inputs related to critical nitrogen level, soil NO3-N and NH4-N 
 

Buffer  

zones: layers 

Critical �itrogen level  

(mg/kg) 

Soil �H4-� 

(kg/ha) 

Soil �O3-� 

(kg/ha) 

Z3L1 3 7.76 7 
Z3L2 3 0.10 24 
Z3L3 3 0.57 96 
Z2L1 3 2.67 0.4 
Z2L2 3 0.08 23 
Z2L3 3 0.20 69 
Z1L1 3 5.49 0.1 
Z1L2 3 2.13 15 
Z1L3 3 2.68 42 

Range (1-5) (0.1-14) (1-174) 
Note: Z3L1, Z3L2 and Z3L3- field edge zone 3 and soil layer 1, 2, and 3; Z2L1, Z2L2 and 
Z2L3- mid-buffer zone 2 and its three layers; Z1L1, Z1L2 and Z1L3- stream edge zone 1 and 
its three layers.  
 
     The critical nitrogen level (CNL) is used in computing denitrification, and was set at  

3 mg/kg in REMM. The CNL is used in REMM to compute the effect of the nitrate on 

denitrification. The equation used in REMM is as follows: 

NFact = Minimum of {1 or (NNitt/CritNitlev)} (7) 

where NFact = Effect of nitrate on denitrification 

NNitt= amount of NO3-N (mg/kg)  

CritNitlev= critical NO3-N below which nitrate limits denitrification (3 mg/kg). 

       Research has shown that NO3-N levels below 1 mg/kg in soil significantly lowered 

denitrification (Myrold and Tiedje, 1985). Denitrification was found to be of zero order when 

NO3-N was above 2-5 mg/kg of dry soil (Yoshinari et al., 1977; Webster and Goulding, 

1989). Based on the results of the above mentioned studies, the minimum and the maximum 

critical NO3-N levels were 1 mg/kg and 5 mg/kg respectively.       
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Field collected soil samples from buffer site 2 were analyzed for their NO3-N and NH4-N 

contents. The initial soil NO3-N and NH4-N values (µg/g) were converted to kilogram per 

hectare basis based on the soil sampling depths and bulk densities (see Chapter 2 of this 

dissertation) for more details. These initial values were then used as inputs into REMM 3 

zones and its 3 layers. REMM was pre-run using initial soil carbon and nitrogen pools for 33 

year period. Simulated soil carbon and nitrogen pools after 33 year period were then used as 

initial values to re-run the model for another 33 year period. This procedure resulted in 

stabilizing the soil carbon and nitrogen pools. The soil nitrogen pools given in the Table 83 

are the stabilized pools. Higher soil NO3-N levels in soil layer 3 in all zones were probably 

due to the stabilization process. REMM uses soil NO3-N in 3 zones and its 3 soil layers to 

simulate denitrification, while the dissolved NH4-N affects nitrification, plant nitrogen uptake 

and immobilization. The soil NO3-N and NH4-N pools are computed in REMM on daily 

basis and are transient pools. The minimum and maximum range of soil NO3-N and NH4-N 

were based on the values found at buffer sites 1 and 2.   

    Soil chemical inputs such as rate coefficients for carbon turnover (RCCT) and 

denitrification rate constant (Kd) were used for sensitivity analysis as shown in Table 84. The 

RCCT evaluated was comprised of the active soil organic matter pool while the 

denitrification rate constants (Kd) shown in Table 84 were model calibrated values derived 

from field measured values (see Chapter 2).  
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Table 84. Base case inputs related to denitrification and rate coefficients for carbon turnover 
 

Buffer  

zones: layers 

Rate coefficients of carbon 

turnover  

(active soil organic matter pool)  

(rate/day) 

Denitrification rate constant 

(Kd)  

(kg/cm.ha) 

Z3L1 0.03850 0.08910 
Z3L2 0.03850 0.00791 
Z3L3 0.03850 0.00717 
Z2L1 0.00139 0.12000 
Z2L2 0.00139 0.01078 
Z2L3 0.00139 0.00108 
Z1L1 0.02000 0.10270 
Z1L2 0.02000 0.00695 
Z1L3 0.02000 0.00400 

�ote: Z3L1, Z3L2 and Z3L3- field edge zone 3 and soil layer 1,2 and 3; Z2L1, Z2L2 and 

Z2L3- mid-buffer zone 2 and its three layers; Z1L1, Z1L2 and Z1L3- stream edge zone 1 
and its three layers.   
  
     The rate coefficients for carbon turnover (RCCT) in REMM are distinguished into 5 pools 

derived from the Century model (Parton et al., 1987). These pools are structural and 

metabolic residue and, slow, passive, and active soil carbon which has a fixed rate per day, 

except the active pool (Parton et al., 1987). The active soil carbon pool is computed using silt 

and clay fractions (Altier et al., 2002). The active pool in REMM is computed using the 

following empirical equation below: 

Active soil organic matter pool= 0.02- 0.015*Txt (8) 

where Txt= fraction of silt and clay in the soil layer 

    For sensitivity analysis, the active soil organic matter pools were varied in the three buffer 

zones from 0.0056 to 0.069 per day. This range was obtained using soil textures measured at 

the buffer site (see Chapter 2). Using the percent silt and clay, the range of active soil carbon 

pool was computed using equation 8 shown above. Soil carbon in REMM is transformed 
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 from residue to humus by decomposition and re-synthesis using rate coefficients for carbon 

turnover, amount of available carbon, efficiencies of re-synthesis, and factors such as 

temperature, moisture, and nutrient content (Lowrance et al., 2000a; Altier et al., 2002).       

    The denitrification rate constant Kd along with other factors, such as temperature, soil 

NO3-N levels, anaerobic conditions and mineralizable carbon are used in computing 

denitrification in REMM. The parameter Kd represented the maximum possible rate of 

denitrification measured under optimum conditions, based on soil denitrification enzyme 

activity (DEA) (Ambus and Lowrance, 1991). The Kd was computed using the DEA 

measured on field collected soil samples (see Chapters 2 and 3). The Kd was varied in each 

buffer zone and its 3 layers from 0.000216 kg/cm.ha to 0.24 kg/cm.ha for the sensitivity 

analysis. The low Kd value of 0.000216 kg/cm.ha represented very low denitrification rates 

of 1 kg N/ha/yr found in agricultural soils (Barton et al., 1999). The high Kd value of 0.24 

kg/cm.ha represented high denitrification rates of 140-200 kg N/ha/yr and 198 kg N/ha/yr 

which were field measured in riparian forest buffer at Georgia coastal plain (Hendrickson, 

1981; Lowrance and Hubbard, 2001). 

 Vegetation Inputs/Parameters 

      Vegetation parameters/inputs in Table 85 were model calibrated and derived from 

literature. These inputs were varied within -80 % to +100 % from the model calibrated or 

literature values.  
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Table 85. Model calibrated vegetation inputs for local relative sensitivity analysis 
 

Vegetation 

inputs 

Z3 Range Z2 Range Z1 Range 

MaxRD 200 (100-200) 70 (50-200) 200 (25-200) 
RGSF 0.8 (0-1) 0.2 (0-1) 0.5 (0-1) 
SLA 0.0138 (0.001-0.0044) 0.025 (0.001-0.0044) 0.004 (0.001-0.004) 

RGRL --- --- 0.2 (0-1) 0.2 (0-1) 
AvgMaxN 10.6 (1.1-21.6) 5 (1.1-21.6) 11.3 (1.1-21.6) 
DRBEY 180 (100-200) 70 (50-150) 150 (25-200) 

IRD 180 (100-200) 70 (50-150) 150 (25-200) 
OYMART 200 (100-200) 70 (50-150) 175 (25-200) 

MinAT --- (- 2 to 10 °C) -- (-2 to 10 °C) -- (-2  to 10°C) 
MaxAT --- (-1.2 to 30°C) -- (-1.2 to 30°C) -- (-1.2 to 30°C) 

  �otes: MaxRD- maximum rooting depths (cm) below ground surface, RGSF- root growth 
stress factor (0-1) scalar, SLA- specific leaf area (ha/kg of carbon), RGRL- relative growth 
rate of leaves (0-1); Max�- maximum nitrogen concentrations (g/kg) in various plant organs 
such as needles, stems, branches and roots in all buffer zones, avg value of all plant organs 
shown for 3 zones; DRBEY- depth of rooting beginning each year (cm), IRD- intital rooting 
depth all zones (cm), OYMART- one year maximum rooting depth (cm) and MinAT and 
MaxAT- minimum and maximum air temperatures. Z3, Z2, and Z1- buffer zones 3, 2, and 1 
respectively. 
 
       Maximum rooting depths in the 3 buffer zones were varied within a certain minimum 

and maximum range dependent upon the plant species. The rooting depth of perennial 

herbaceous grass species in zone 3 were varied from 100 cm to 200 cm below soil surface 

(Canadell et al., 1996; Inamdar et al., 1999b; Graff et al., 2005). The measured rooting depths 

of perennial grass were generally found to vary from 100 cm to 160 cm below soil surface 

(Murphy, 2010). Schenk and Jackson (2002) performed a literature review to determine 

rooting depths of woody and herbaceous species under different climatic conditions. They 

found the rooting depths of perennial grasses to 200 cm below soil surface. Maximum 

rooting depths in mid-buffer zone 2 (conifers) and stream edge zone 1 (deciduous) were 

varied between 50 cm to 200 cm and 25 cm to 200 cm respectively (Canadell et al., 1996;  
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Schenk and Jackson, 2002). For relative sensitivity analysis, simulations were done by 

changing maximum rooting depths –80 % to +100 % in all 3 zones at one single time. 

Maximum rooting depths shown in Table 85 for zones 3, 2, and 1 are the model calibrated 

values.  

     Certain soil conditions can inhibit vertical root growth into the soil profile. In REMM the 

rooting depth is a function of a stress factor which can limit the allocation of carbon for root 

growth and physically limit its penetration into the soil profile (Altier et al., 2002). The root 

growth stress factor in REMM is a scalar quantity and varies from 0 to 1 (Lowrance et al., 

2000a; Altier et al., 2002), and for sensitivity analysis, it was varied this entire range.  

     The specific leaf area in REMM was used to compute leaf area index (LAI) using leaf 

carbon contents in the buffer vegetation species (Lowrance et al., 2000a; Altier et al., 2002). 

The specific leaf area (SLA) was varied in certain range based on previous REMM 

sensitivity studies (Graff et al., 2005). The relative growth rate of leaves was used in 

computing carbon demand of leaves according to phenological growth stages (Lowrance et 

al., 2000a; Altier et al., 2002). The relative growth rate of leaves will affect the growth rate of 

buds and leaf formation (Altier et al., 2002). It is a scalar quantity and was varied from 0-1.  

     Maximum nitrogen concentration in plants organs (stem, leaves, branches, coarse, and 

fine roots) were varied from 1.1 g/kg to 21.6 g/kg as given in Mohren (1986) and Altier et al. 

(2002). In REMM, maximum nutrient concentrations are used to simulate nutrient demand 

by each plant organ. The nutrient demand is a function of maximum and minimum nitrogen 

and phosphorus concentrations in plant organs (stem, leaves, branches, and roots). The 

nutrient demand is used in computing nutrient uptake by vegetation species. Depth of rooting  
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beginning each year (DRBEY), initial rooting depth (IRD) and one year maximum rooting 

depth (OYMART) are used in computing potential rooting depth. The equation used to 

compute potential depth growth is given as follows in Lowrance et al. (2000a) and Altier et 

al. (2002): 

PotDpthGrth= Minimum of {OYMART or {RDmax –RDYB}} (9) 

where 

PotDpthGrth= potential depth growth for plant species (cm); 

OYMART= one year maximum rooting depth of plant species (cm);  

RDmax= maximum rooting depth possible for plant species (cm);  

RDYB= depth of rooting at beginning of each year (cm). 

      For sensitivity analysis, the depth of rooting beginning each year (DRBEY) was varied in 

3 zones while IRD and one year max rooting depth were kept constant. Similarly when initial 

rooting depth was varied the DRBEY and one year max rooting depths were kept constant. In 

REMM, roots cannot grow beyond user specified maximum rooting depths. So the DRBEY, 

initial rooting depth, and one year maximum rooting depths did not exceed maximum rooting 

depths of plant species (Lowrance et al., 2000a; Altier et al., 2002).   

    Maximum and minimum air temperatures are used in computing plant transpiration in 

REMM using modified form of Penman-Monteith equation (Altier et al., 2002). These inputs 

were obtained from the long term weather record at the Enfield, NC weather station 

monitored by North Carolina State Climate Office (NCSCO, 2010). For sensitivity analysis, 

the maximum air temperatures were varied from -20 % to -80 % while keeping minimum air 

temperatures constant and vice-versa. 
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    Overall the soil physical, chemical, and vegetation inputs were varied by a certain ± 

percent from its model calibrated values within its given range as shown in Tables 81 to 85 

respectively. Total number of inputs analyzed for the sensitivity analysis was 35. A single 

REMM simulation was conducted each time when an input variable was varied from its base 

case or model calibrated value. For example, calibrated soil physical input (field capacity) in 

each buffer zone and its 3 soil layers was varied from -20 % to +40 % within its given range 

(see Table 81). For conducting the first REMM simulation, calibrated field capacity in 3 

zones and its 3 layers was decreased by -20 % at one single time. Similarly simulations were 

conducted by changing field capacity by -40 %, +20 %, and +40 % from its model calibrated 

value in 3 zones and its 3 layers. Results of each REMM simulations (4 for field capacity) 

were analyzed in excel spreadsheets and relative sensitivity of each output to changes in 

input (field capacity) were analyzed using the equations 4-6 described in this chapter. 

Similarly relative sensitivities of outputs to changes in inputs were analyzed for rest of the 

parameters using equations 4-6. The relative sensitivities were qualitatively distinguished 

into sensitivity classes given in Table 80 and also described in Zerihun et al. (1996) and 

Graff et al. (2005). Total 175 REMM simulations were conducted for all the inputs in this 

sensitivity analysis with each input approximately simulated 5 times. 
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Results And Discussion 

    Critical inputs related to Groundwater Hydrology 

    The hydrologic outputs (WTDs, ET, and outflows to stream) were analyzed for their 

relative sensitivities to soil physical inputs shown in Table 86. The relative sensitivity was 

computed using equations 4-6 described in the materials and methods section. Outputs such 

as WTDs, ET, plant nitrogen uptake, denitrification, outflows to stream, and percent NO3-N 

attenuation were not sensitive to inputs such as wilting point (WP) and pore size distribution 

index (PDSI). The outputs sensitive to the changes in the inputs are discussed in the section 

below.  
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Table 86. Relative sensitivity (RS) of REMM outputs to soil physical properties in each 
buffer zones (using sensitivity classes described by Zerihun et al. (1996))  
 

RS OF REMM OUTPUTS 

Input WTDs  

Z3, Z2, Z1 

ET  

Z3, Z2, Z1 

Plant �UP 

 Z3, Z2, Z1 

D�  

Z3, Z2, Z1 

Stream 

outflow 

NO3-N  

AT 

FC MS, MS-HS, 

MS-HS 

NS,NS,LS NS, LS, MS LS,MS,LS-MS NS LS-MS 

SP LS-MS  
(for 3 zones) 

NS,NS,NS NS, LS, LS 
 

LS,NS,LS-MS 
 

LS LS-MS 

SLT MS,MS,MS NS,NS,NS NS,LS,LS MS,MS,MS NS LS 
HC MS,MS,LS NS,NS,NS NS,NS,NS LS,LS,NS NS LS 
ZS MS,MS,MS NS,NS,NS NS, LS, LS MS,LS-MS,NS NS LS 

PDS LS,LS,LS NS,NS,NS NS,NS,NS LS,LS,NS NS NS 
BL LS,MS,LS NS,NS,NS NS,NS,NS LS-MS,MS,LS NS LS 

UPA MS,MS,MS NS,LS,NS NS,NS,LS MS,MS,MS MS LS 
LTF LS-MS  

(for 3 zones) 

HS,LS, HS NS,NS,NS NS,NS-LS,  
NS-LS 

LS-MS NS 

SD LS,LS,MS NS,NS,NS NS,NS,NS NS,NS,NS NS NS 
VWC LS,LS,LS NS,NS,NS NS,LS,NS LS,NS,NS LS LS 
WP NS,NS,NS NS,NS,NS NS,LS,NS NS,NS,NS NS NS 

PSDI NS,NS,NS NS,LS,NS NS,LS,NS LS,NS,NS NS NS 
Notes: FC= field capacity (cm/cm), SP= soil porosity (cm/cm), SLT= soil layer thickness 
(cm), HC- hydraulic conductivity (cm/hr) , ZS- zone slope (%), PDS- potential deep seepage 
(mm/day), BL- buffer length (m), UPA- Upland Source agricultural area (ha), LTF- litter 
transmission factor (0-1) scalar, SD- stream depth (m), VWC= volumetric water content 
(cm/cm), WP=wilting point (cm/cm), and PSDI- pore size distribution index 
(dimensionless), �O3-� AT-  percent NO3-N attenuated by the buffer. Relative sensitivities 
LS, MS, HS, and VHS- less sensitive, moderately sensitive, highly sensitive and very highly 
sensitive respectively. Z3, Z2 and Z1- buffer zones 3, 2, and 1 respectively. 
 
       In Table 86, relative sensitivity of REMM outputs to soil physical inputs are shown. For 

example, outputs such as WTDs, ET, plant nitrogen uptake, denitrification, outflows to 

stream, and percent NO3-N attenuated by buffer were MS-HS, NS-LS, NS-MS, LS-MS, NS, 

and LS-MS respectively to field capacity (FC) in 3 buffer zones. In REMM, field capacity is 

used to compute the available water in the soil which affects soil evaporation and plant 

transpiration. Field capacity is a key component in computing water uptake by vegetation.  
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Water uptake by REMM vegetation is a function of unsaturated soil hydraulic conductivity; 

remaining potential transpiration demand after water has been taken from the first soil layer 

below the soil surface, adjusted moisture factor and available water in the soil (Lowrance et 

al., 2000a; Altier et al., 2002). WTDs were by far the most sensitive to changes in FC. 

Outputs such as plant nitrogen uptake and denitrification were also affected by changes in 

FC. Soil denitrification was affected by FC due to the fluctuations in WTDs, which impacted 

REMM simulated anaerobic conditions. Plant nitrogen uptake in REMM is affected by the 

availability of dissolved soil nutrients such as NO3-N and NH4-N. These dissolved nutrients 

are available for vegetation uptake as long as there is available water in the soil. The 

available water in the soil is function of field capacity minus wilting point (Lowrance et al., 

2000a; Altier et al., 2002).  

   In REMM, soil porosities are used to simulate lateral and vertical subsurface flows which 

affected WTDs, soil evaporation, outflows to stream and anaerobic conditions affecting 

denitrification. Also soil porosity in the upper soil layer is used to compute infiltration of 

surface runoff using the Green-Ampt equation (Lowrance et al., 2000a; Altier et al., 2002). 

This led to outputs such as WTDs, ET, plant nitrogen uptake, denitrification, outflows to 

stream, and percent NO3-N attenuation to be LS-MS, NS, NS-LS, LS-MS, LS, LS-MS, 

respectively to soil porosities (SP) in 3 buffer zones as shown in Table 86.  

   Soil layer thickness (SLT) represented volume and depth of the soil, and outputs such as 

WTDs, ET, plant nitrogen uptake, denitrification, outflows to stream, and percent NO3-N 

attenuation were MS, NS, NS-LS, MS, NS, and LS respectively in 3 buffer zones (Table 86).       

Changes in soil layer depths directly affected WTDs and denitrification as they were MS to 
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 this parameter. Increasing or decreasing soil layer depths affected the rooting depths and the 

nutrient uptake by fine roots. Decreasing soil layer depths introduced roots into a new layer 

affecting plant nitrogen uptake.  

   REMM simulated ET was generally NS in 3 zones to changing soil layer depths, but was 

found to be LS at higher hydraulic conductivities. REMM simulates ET in two stages; stage 1 

consists of high soil moisture conditions where soil evaporation is driven by solar radiation 

reaching the soil surface (Altier et al., 2002). In stage 2 as the soil dries, the rate of moisture 

diffusion tends to reduce the evaporation from the soil surface. At this point, the evaporation 

is governed by soil properties rather than solar radiation reaching the soil surface (Altier et 

al., 2002).  

    Computation of soil evaporation in REMM stage 2 is based on time dependent studies on 

bare soil using a cutoff between stage 1 and 2 (Black et al., 1969; Ritchie, 1972). That cutoff 

stage in REMM is given by factor “U” (Ritchie, 1972). The equation of “U” in stage 2 

evaporation is given as follows below. 

U= 9(αs -3)0.42   (10)  

where αs=   approximately proportional to measured values of saturated hydraulic 

conductivity. 

  The calibrated hydraulic conductivities ranged from 1.25 to 10 cm/hr in 3 buffer zones. The 

lower hydraulic conductivity resulted in lower αs reducing the absolute value of factor U. 

This resulted in simulated ET being NS (not sensitive) in 3 buffer zones. In-depth 

simulations showed that increasing hydraulic conductivities above 15 cm/hr increased the 

factor U resulting in ET being LS (less sensitive) to changes in soil layer depths. 
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    Subsurface movement between the buffer zones in REMM is based on hydraulic gradients; 

hydraulic conductivities between the buffer zones and available storage in the receiving zone 

(Lowrance et al., 2000a; Altier et al., 2002). Varying hydraulic conductivities affected lateral 

and vertical subsurface inflows/outflows from each buffer zone affecting WTDs and 

simulated denitrification. This resulted in outputs such as WTDs, denitrification, and percent 

NO3-N attenuated to be LS-MS, NS-LS, and LS respectively to hydraulic conductivities in 3 

buffer zones as shown in Table 86.  

     In REMM, zone slopes, Manning’s n and length of the buffer zone is used to compute 

time of concentration for surface runoff in the riparian buffer. Varying the zone slopes in 

REMM affected time of concentration affecting infiltration rates in buffer zones and WTDs 

(Lowrance et al., 2000a; Altier et al., 2002). WTDs were closer to soil surface when zone 

slopes were smaller in magnitude and varied from 1 % to 3 %. When zone slopes were  

4 % to 7 %, simulated WTDs were deeper from the soil surface. Zone slopes of 1 % to 3 % 

had shallower WTDs resulting in higher simulated denitrification, while zone slopes varying 

from 4 % to 7 % had deeper WTDs resulting in lower simulated denitrification. This resulted 

in outputs such as WTDs, plant nitrogen uptake, denitrification, and percent NO3-N 

attenuation to be MS, NS-LS, LS-MS, and LS respectively to zone slopes in 3 buffer zones.  

   REMM simulates deep seepage from the bottom-most layer 3 in each buffer zone 

(Lowrance et al., 2000a; Altier et al., 2002). Subsurface water and NO3-N lost with deep 

seepage from each buffer zone are permanently lost from the REMM simulated buffer. 

However the calibrated deep seepage at the buffer site was low and accounted to 0.2 mm/day 

(see Chapters 2 and 4). In REMM, water is lost with deep seepage on any day (mm/day) 
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 when the water table is in layer 3 and the outgoing NO3-N loading is calculated based on 

groundwater concentrations in layer 3. The low relative sensitivity of the outputs to deep 

seepage was due to the presence of simulated WTDs in soil layers 1 and 2 and relatively low 

rate of deep seepage. This resulted in WTDs and denitrification to be LS and NS-LS to 

potential deep seepage in 3 buffer zones as shown in Table 86. 

     External inputs of surface and subsurface flow from the upland/agricultural field into the 

buffer were affected by changes in the buffer length (Lowrance et al., 2000a). Increased 

buffer length resulted in larger buffer area which lowered the simulated WTDs from the soil 

surface, decreasing soil anaerobic conditions and denitrification. While the decreased buffer 

length resulted in smaller buffer area having shallower WTDs closer to soil surface which 

increased soil anaerobic conditions and simulated denitrification. This lead to outputs such as 

WTDs, denitrification, and percent NO3-N attenuated to be LS-MS, LS-MS, and LS 

respectively to buffer length as shown in Table 86. 

     In REMM, the incoming surface and subsurface flows into the riparian buffer are based 

on the upland or agricultural area (Lowrance et al., 2000a). Any variations in the upland area 

affected hydraulic fluxes and nitrate load delivery to the riparian buffers affecting WTDs in 3 

zones, ET, plant N uptake, simulated denitrification, outflows to stream and percent NO3-N 

attenuation. This resulted in outputs such as WTDs, ET, plant nitrogen uptake, 

denitrification, outflows to stream, and percent NO3-N attenuation to be MS, NS-LS, NS-LS, 

MS, MS, and LS to upland area as shown in Table 86.     

   In REMM, potential litter evaporation is first computed followed by potential soil 

evaporation. Soil evaporation was computed by multiplying the solar radiation by the litter  
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transmission factor, defined as the amount of solar radiation passing through the litter 

(Lowrance et al., 2000a; Altier et al., 2002). Any variations in litter transmission factor 

significantly affected the amount of solar radiation reaching the soil surface affecting soil 

evaporation. The litter transmission factor thus affected WTDs and ET affecting anaerobic 

conditions, denitrification, and outflows to the stream. Outputs such as WTDs, ET, 

denitrification, and outflows to stream were LS-MS, LS-HS, NS-LS, and LS-MS respectively 

to litter transmission factor as shown in Table 86.  

     The input parameter which only affected WTD is the depth of the stream. Depth of stream 

in REMM is a user defined input and known to affect WTDs in 3 zones and particularly in 

stream edge zone 1 (Lowrance et al., 2000a; Altier et al., 2002; Dukes and Evans, 2003). 

REMM uses Darcy’s law to simulate water losses from the riparian system to the stream. The 

potential gradient is assumed as the smaller of surface slope of zone 1 and the water table 

elevation from the mid-point of zone 1 to the bottom of the stream (Lowrance et al., 2000a; 

Altier et al., 2002). Any variations in stream depths affected WTDs in 3 zones, but mostly in 

zone 1. This resulted in WTD to be LS-MS to stream depth as shown in Table 86. 

   The last input parameter which affected outputs such as WTDs, outflows to stream, and 

percent NO3-N attenuation was the volumetric water content. Volumetric water content in 

REMM is defined by the parameter λ, which describes the soil moisture curve. The 

parameter λ is used in REMM to compute the vertical drainage between two soil layers. 

Vertical drainage is computed as a function of unsaturated hydraulic conductivity, soil 

moisture, soil porosity, saturated hydraulic conductivity and the parameter λ. Changing 

volumetric water content affected the parameter λ and the vertical drainage between two soil 
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 layers consequently affecting WTDs and outflows to stream. This resulted in outputs such as 

 WTDs and outflows to stream being LS to volumetric water content. The low sensitivity 

(LS) of WTDs and outflows to stream was due to its evaluation over a smaller input range, 

done so that volumetric water content did not exceed the soil porosity.  

   In conclusion, the inputs that affected outputs such as WTDs, ET, plant nitrogen uptake, 

denitrification, outflows to stream and percent NO3-N attenuation (meaning sensitivities 

greater than or equal to MS) were field capacity, soil porosity, soil layer thickness, zone 

slope, hydraulic conductivity, buffer length, upland area, litter transmission factor, stream 

depth, and potential deep seepage. 

Soil chemical properties affecting simulated denitrification  

        Outputs such as plant nitrogen uptake, denitrification and percent NO3-N attenuation 

were analyzed for their relative sensitivity to soil chemical inputs such as denitrification rate 

constants (DRC), critical nitrogen levels (CNL), rate coefficients for carbon turnover 

(RCCT) the active soil humus pool, and soil NO3-N and NH4-N as shown in Table 87. As 

expected, the hydrologic outputs (WTDs, ET, and stream outflow) were all not sensitive (NS) 

to soil chemical inputs (data not shown).Outputs such as plant nitrogen uptake, denitrification 

and percent NO3-N attenuation were NS to inputs such as CNL, soil NO3-N and NH4-N. 

Only the outputs sensitive to the inputs are discussed in the section below.  
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Table 87. Relative sensitivity (RS) of REMM outputs to soil chemical inputs in 3 buffer 
zones (using sensitivity classes as described by Zerihun et al. (1996))  
 

RS OF REMM OUTPUTS 

Inputs Plant �UP  

Z3, Z2, Z1 

Denitrification  

Z3, Z2, Z1 

�O3-� attenuation 

(Kd) NS,MS,LS MS,MS,MS MS 

CNL NS,NS,NS NS,NS,NS NS 

RCCT NS,LS,LS LS,LS,LS LS 
NO3-N NS,NS,NS NS,NS,NS LS 
NH4-N NS,NS,NS NS,NS,NS NS 

Notes: Plant NUP- plant nitrogen uptake; (Kd) - denitrification rate constant (kg/cm.ha), 
RCCT- rate coefficient for carbon turnover (rate/day), C�L- critical nitrogen level (mg/kg), 
�O3-�- nitrate-nitrogen (kg/ha), �H4-�-ammonium-nitrogen (kg/ha). Relative sensitivities- 
LS, MS, HS and VHS- less sensitive, moderately sensitive, highly sensitive and very highly 
sensitive respectively 
 
    From Table 87, the simulated denitrification (kg/ha) was moderately sensitive (MS) to 

denitrification rate constant, known as Kd in REMM. The Kd represents the rate of 

denitrification under optimal conditions and was approximated by measuring potential 

denitrification enzyme activity (DEA) on field collected soil samples. When the input 

parameter Kd was decreased below the model calibrated value it resulted in lower simulated 

denitrification and increased NO3-N loading to the stream. Increasing the input parameter Kd 

resulted in higher simulated denitrification leading to decreased NO3-N loading to the stream. 

The simulated denitrification equation in REMM is as follows, where on any day t:   

NO3-Ndenitrification = {Minimum of NO3-N} (11a) 

or 

{(Kd x Lyrdpth x AnaFac x TFacden, t x (α x NFac + CFac)} (11b) 

where Kd= rate of denitrification under optimal conditions (kg/cm.ha); 

NO3-N= amount of nitrate-nitrogen available in soil layers (kg/ha); 

Lyrdpth= soil layer depth (cm); 
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AnaFac= scalar factors affecting anaerobosis (0-1); 

Tfac= temperature rate factors affecting denitrification (0-1); 

NFac= scalar effect of NO3-N on denitrification (0-1); 

CFac= scalar effect of mineralizable carbon on denitrification (0-1); 

α = coefficient determining influence of nitrate on denitrification set to 0.19. 

     A more detailed description can be found in Altier et al. (2002). This equation depicts that 

parameter Kd had a significant influence on simulated denitrification. However simulated 

denitrification was only MS to the parameter Kd in the 3 buffer zones. This was because 

simulated denitrification at higher Kd values of +20 % to +80 % from the base case resulted 

in the 3 buffer zones becoming nitrate depleted. The denitrification in this buffer was also 

nitrate limited via external subsurface NO3-N loading from the upland (see Chapter 2 of this 

dissertation). The plant nitrogen uptake in REMM was also affected by Kd. Increasing or 

decreasing Kd affected the available soil NO3-N pool in the soil layers, affecting plant 

nitrogen uptake. However the plant nitrogen uptake in field edge zone 3 was not affected 

compared to zones 2 and 1 (see Table 87). This was due to the greater availability of soil 

NO3-N in REMM zone 3 compared to zones 2 and 1. In REMM, zone 3 has the first 

opportunity to attenuate the incoming NO3-N loadings from the upland as water and nutrients 

in REMM flow from upland into zone 3 and then into zones 2 and 1 respectively (Altier et 

al., 2002).      

     REMM simulated denitrification and plant uptake were less sensitive (LS) and NS-LS to 

changes in soil active humus pools (RCCT) respectively. The rate coefficients for active 

humus pool were derived from the model calibration and validation (Chapter 2).  
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The soil humus pool dynamics in REMM are derived from Century model with each pool 

having a decay rate per day (Parton et al., 1987; Altier et al., 2002). The active pool has the 

fastest turnover rate and normally represents about 2-2.2 % of the soil organic matter 

compared to passive and slow pools (Kelly et al., 1997). Due to its smaller pool size it was 

LS and NS-LS to REMM simulated denitrification and plant nitrogen uptake respectively.  

Critical Vegetation Inputs Affecting WTDs, Denitrification And Plant � Uptake 

          Outputs such as WTDs, ET, plant nitrogen uptake, denitrification, outflows to stream, 

and percent NO3-N attenuation were analyzed for its relative sensitivity to vegetation inputs 

shown in Table 88. Plant nitrogen uptake, denitrification, and percent NO3-N attenuation 

were not sensitive (NS) to inputs such as depth of rooting beginning each year (DREY), 

initial rooting depth (IRD), root growth stress factor (RGSF) and one year maximum rooting 

depth (OYMA). Only the outputs sensitive to the inputs are discussed in the section below.  
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Table 88. Relative sensitivity (RS) of REMM outputs to vegetation inputs (using sensitivity 
classes as described by Zerihun et al. (1996))  
 

RS OF REMM OUTPUTS 

Inputs WTDs 

Z3, Z2, Z1 

ET 

Z3, Z2, Z1 

Plant �UP 

 Z3, Z2, Z1 

Denitrification  

Z3, Z2, Z1 

SOF �O3-�  

AT 

Max 
RD 

NS,NS,NS 
LS in 3 

zones at -60 
and -80 % 
base case 

NS,NS,NS 
LS in 3 
zones at  

-60 & -80 % 
base case 

NS,NS,NS 
MS in 3 zones 

 -60 & -80 %  

base case 

NS,NS,NS 
LS in 3 zones 
-60 & -80 % 

base case 
 

NS 
LS at 
-60 & 
-80 % 

NS 
LS at  

-40,-60  
-80 % 

DREY 
Z1 

NS,NS,NS NS,NS,NS NS,NS,NS NS,NS,NS NS NS 

DREY 
Z2 

NS,NS,NS NS,NS,NS NS,NS,NS NS,NS,NS NS NS 

DREY 
Z3 

NS,NS,NS NS,NS,NS NS,NS,NS NS,NS,NS NS NS 

IRD 
all 

zones 

NS,NS,NS NS,NS,NS NS,NS,NS NS,NS,NS NS NS 

OYM NS,NS,NS NS,NS,NS NS,NS,NS NS,NS,NS NS NS 
RGSF NS,NS,NS NS,NS,NS NS,NS,NS NS,NS,NS NS NS 
SLA 
Z1 

NS,NS, LS 
-60 &  

-80 % base 
case 

NS,NS, LS 
MS at -60 

& -80 % 

base case 

NS,NS,NS 
only MS at  

-60 & -80 % 

base case 

NS,NS,NS  
 LS at -60 &  

-80 % base case 

NS NS 

SLA 
Z2 

NS,LS,NS NS,LS,NS NS,LS,NS NS,NS,NS NS NS 

SLA 
Z3 

LS,LS,NS MS,NS,NS VHS,NS,NS LS,NS,NS NS NS 

Max 
AT 

LS,LS,LS MS,MS,HS VHS,LS,HS LS,LS,MS NS LS 

Min 
AT 

LS,LS,LS LS,LS,MS VHS,LS,HS LS,LS,LS NS LS 

RGRL NS, NS, NS 
only LS in 3 
zones at -60, 
-80 % from 
base case 

NS,NS,NS 
LS in zone 2 
MS in zone 

1(-60 & 

 -80 %) 

NS, MS, MS  

HS in zones 2 

& 1 at -60 %,  

-80 % 

NS,NS,NS  
 LS in 3 zones 
at -60 & -80 % 

 

NS  
LS at  
-60 & 
-80 % 

NS 
 LS at  
-60 &  
-80 % 

NMaC LS,LS,LS NS,NS,NS 
MS -60 %,   

VHS,VHS, MS MS,MS,MS MS  

 

MS 
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Table 88. continued 
 
Notes: MaxRD- maximum rooting depth in all zones (cm), DREY Z1, Z2 and Z3: depth of 
rooting beginning each year in zones 1, 2 and 3 respectively (cm), IRD all zones: initial 
rooting depth in all zones (cm), OYM- one year maximum rooting depth (cm), RGSF- root 
growth stress factor (0-1) scalar, SLA Z1, Z2 and Z3: specific leaf area (ha/kg of carbon) in 
zones 1, 2 and 3 respectively, MaxAT-maximum air temperature (°C), MinAT- minimum 
air temperature (°C), RGRL: relative growth rate of leaves (0-1) scalar, �MaC- nitrogen 
maximum growth concentration in leaves, stems, branches and roots (g/kg), SOF-stream 
outflow (mm) and �O3-� AT- percent NO3-N attenuated by the buffer. Relative 

sensitivities- LS, MS, HS and VHS- less sensitive, moderately sensitive, highly sensitive and 
very highly sensitive respectively  
 
    In REMM, depth of rooting is not a function of root biomass; rather it is estimated by the 

potential for growth during one single season limited by soil conditions which inhibits root 

growth and maximum possible depth of rooting species (Altier et al., 2002). In REMM, roots 

cannot grow beyond user specified maximum rooting depth. Maximum rooting depths of 

each vegetation species were derived from literature. They were calibrated during hydrologic 

simulations as they affected the total ET and simulated WTDs. Calibrated plant roots were 

present in three soil layers in buffer zones 3 and 1, while in zone 2 they were present in the 

upper soil layers 1 and 2. Simulated WTDs were sensitive to maximum rooting depths in 

three zones when roots moved into a new soil layer. This happened when the rooting depth 

was decreased by -60 % and -80 % from the base case.  At -60 % and -80 % the roots moved 

into soil layers 1 and 2 from layer 3. Thus the roots only had access to water and nutrients 

from soil layers 1 and 2 and not from layer 3 which affected simulated WTDs and plant 

transpiration. Due to absence of roots in soil layer 3, the water was lost with deep seepage if 

the water table was present in layer 3, and NO3-N was lost to denitrification and with deep 

seepage. This resulted in WTDs, ET, plant nitrogen uptake, denitrification, outflows to 
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stream and percent NO3-N attenuation to be LS, LS, MS, LS, LS, and LS respectively to 

maximum rooting depths at -60 % and -80 % from the base case as shown in Table 88. 

     In computing plant transpiration rates in REMM, SLA was used to compute LAI. The 

LAI is then used in computing plant transpiration using a modified form of Penman-Monteith 

equation. The equation used to compute leaf area index (LAI) in REMM is as follows: 

LAIv, c,t= SLAv,c,t * CVeg lvs,v,c,t    (12) 

where 

LAIv, c,t= Leaf area index of vegetation type v of canopy c on any day t; 

SLAv,c,t= Specific leaf area index of vegetation type v of canopy c on day t;  

CVeg lvs, v, c,t= Carbon in the leaves of any vegetation type v of canopy c on day t. 

       In the first simulation, the SLA of zone 1 was varied, while SLA of zones 3 and 2 were 

kept constant. The simulated WTDs were LS (at -60 % and -80 % from base case) and ET 

was LS and MS (at -60 % and -80 % from base case) to changes in SLA in zone 1 and 

resulted in outflows to stream being NS. Other researchers also observed simulated WTDs in 

zone 1 to be LS to changes in SLA in zone 1 (Graff et al., 2005). The lack of sensitivity in 

zone 1 was probably due to the stream thalweg controlling simulated WTDs.  

    Plant nitrogen uptake was MS in zone 1 when the SLA was reduced by -60 % and -80 % 

from base case. In zone 1, REMM simulated growth of deciduous vegetation in the upper 

canopy. The carbon allocated to leaves in the deciduous vegetation is computed as function 

of carbon available for growth, MAXLAI and SLA (Altier et al., 2002). The SLA affected 

the carbon content in leaves and carbon allocated to leaves and various other organs affecting 

plant nitrogen uptake (Altier et al., 2002).  
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Overall the outputs such as simulated WTDs, ET, plant nitrogen uptake, denitrification, 

outflows to stream, and percent NO3-N attenuation were LS (at -60 % and -80 %), LS and 

MS (at -60 % and -80 %), MS (at -60 % and -80 %), LS (at -60 % and -80 %), NS, and NS 

respectively as shown in Table 88.     

   In the second simulation, the SLA of zone 2 was varied, while the SLA of zones 3 and 1 

were kept constant. Similar to zone 1, the specific leaf area in zone 2 affected the LAI as 

shown by EQ 12 which affected plant transpiration, simulated WTDs, and total ET. Similar 

to zone 1, the SLA affected the leaf carbon contents, carbon allocated to leaves and various 

other plant organs affecting plant nitrogen uptake. This resulted in outputs such as simulated 

WTDs, ET, and plant nitrogen uptake, to be LS, LS, and LS respectively as shown in Table 

88.  

    In the third simulation, the SLA of zone 3 was varied, while SLA of zones 2 and 1 were 

kept constant. REMM zone 3 simulated the growth of herbaceous perennial vegetation. In 

this type of vegetation, carbon allocated to growth is based on fixed proportions determined 

according to plant phenological growth stages, maximum and minimum air temperatures for 

growth (Altier et al., 2002). Changing SLA in zone 3 affected the available carbon allocated 

to growth resulting in plant nitrogen uptake being very highly sensitive (VHS). Changing 

SLA in zone 3 also affected LAI affecting simulated WTDs and total ET. Simulated WTDs 

affected soil moisture rates, anaerobic conditions, and simulated denitrification. This led to 

outputs such as simulated WTDs, ET, plant nitrogen uptake, and denitrification to be LS, 

MS, VHS, and LS respectively to specific leaf area in zone 3 as shown in Table 88.   
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       Besides LAI and SLA, plant transpiration rates in REMM are also affected by maximum 

and minimum air temperatures. Maximum and minimum air temperatures are used to 

compute plant transpiration using a modified form of the Penman-Monteith equation (Altier  

et al., 2002). This equation uses parameters such as; air density, specific heat, vapor pressure 

deficit, aerodynamic resistance, slope of saturation vapor pressure curve etc (Lowrance et al., 

2000a; Altier et al., 2002). Each of the above parameters is simulated using average air 

temperatures computed from maximum and minimum air temperatures. For example, the 

latent heat of vaporization is simulated using the following equation in REMM  

LT= 2.501-0.0024*Tairavg,t  (13) 

where (LT= latent heat of vaporization (MJ kg-1)) 

Tairavg,t= daily average air temperature (°C) given by 

Tairavg,t= (Tairmax, t + Tairmin, t)/2 (14) 

where  

Tairmax, t= daily maximum air temperature (°C) 

Tairmin, t= daily minimum air temperature (°C) 

    In REMM, average air temperatures are used in simulating phenological growth stages for 

woody and herbaceous vegetation (Altier et al., 2002). In woody perennials, above ground-

growth occurs in the spring when the temperature is above a minimum for bud swelling, 

defined as growth stage 1 shown in Table 89. Development of bud represents a potential for 

leaf growth. Bud development was assumed to be formed from leaf primordia in relation to 

mass of leaf growth in previous years. More detailed equations developed for these growth 

stages can be found in Altier et al. (2002).  
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From EQs 13, 14, and phenological growth stages shown in Table 89, it is clear that plant 

transpiration and plant nitrogen uptake were affected by changes in maximum and minimum 

air temperatures. The plant transpiration affected total ET, simulated WTDs which then 

affected simulated denitrification. Simulated WTDs, ET, plant nitrogen uptake, 

denitrification and percent NO3-N attenuation were LS, MS-HS, LS-VHS, LS-MS, and LS 

respectively to maximum air temperature, while they were LS, LS-MS, LS-VHS, LS, and LS 

respectively to minimum air temperature (see Table 88). 

   In REMM, the relative growth rate of leaves (RGRL) affected SLA, LAI, and carbon 

demand in the leaves. Leaf development in REMM is characterized into two stages; growth 

before and after the bud burst (Altier et al., 2002). The relative growth rate of leaves is used 

in computing carbon demand of the leaves after the bud-burst (growth stage 2). Phenological 

growth stages simulated by REMM are shown in Table 89. In REMM growth stage 2, there 

is leaf, branch and fine root growth and any variations in relative growth rate of leaves will 

affect plant growth, SLA, LAI affecting plant transpiration and plant nitrogen uptake. 

Outputs such as simulated WTDs, ET, plant nitrogen uptake, denitrification, outflows to 

stream, and percent NO3-N attenuation were LS (at -60 % and -80 % from base case), LS in 

zone 2 and MS in zone 1 at -60 % and -80 %, MS and HS at -60 % and -80 % from base 

case, LS, LS, and LS (-60 % and -80 % from base case) respectively to RGRL (Table 88).  
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Table 89. Phenological stages of tree growth in REMM (Altier et al., 2002) 
 

Growth 

Stages 
Processes 

Beginning signal 

growth 

Approximate 

duration 

1 
Bud formation and fine  

root growth Air temperature April-May 

2 

Leaf growth branch 
growth and fine root 

growth 
Bud-burst May-July 

3 

Branch growth, stem 
growth coarse and fine 

root growth 

GDD or full leaf 
expansion 

whichever occurs 
first 

July-September 

4 
Leaf Primordia formation 

and fine root growth GDD September-November 

Dormancy Fine root growth Day length and 
temperature November-April 

   Notes: GDD- growing degree days 

      Another factor that affects the carbon demand in leaves and other plant organs (stem, 

branches, coarse, and fine roots) are the environmental factors. These include the 

temperature, phenological factors, and the nutrient factors. In REMM, the nutrient factor is 

simulated as the concentration of nitrogen and phosphorus in the leaves and other plant 

organs (stems, branches, coarse, and fine roots) and is known as NFac,org (Altier et al., 2002). 

Maximum nitrogen concentrations in leaves, stems, branches, coarse roots, and fine roots 

were varied from -20 % to +80 % from base case within a certain minimum and maximum 

range. When plant nitrogen concentrations were lowered by -20 % and -40 %, it resulted in 

lower plant nitrogen uptake which decreased NO3-N attenuation capacity of riparian buffer. 

When maximum nitrogen concentrations were further decreased to -60 % and -80 % from the 

base case, it resulted in death of plants. Death of plants resulted in no plant transpiration in 

buffer zones leading to shallower WTDs (closer to soil surface) which increased simulated
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 denitrification. Minimum nitrogen concentrations were not evaluated for sensitivity analysis, 

because they represented the absolute minimum needed for plant growth. Plants would have 

died if nitrogen concentrations had been lowered beyond the absolute minimum required for 

growth. Outputs such as simulated WTDs, ET, plant nitrogen uptake, denitrification, 

outflows to stream, and percent NO3-N attenuation were LS, MS (at -60 % from base case), 

MS-VHS, MS, MS, and MS respectively in 3 zones as shown in Table 88.  

Summary And Conclusions 

      Relative local sensitivity analysis showed that critical soil physical inputs were; field 

capacity, soil porosity, hydraulic conductivity, zone slopes, buffer length, upland source area, 

litter transmission factor, stream depth and potential deep seepage, while the most critical 

soil chemical input was the denitrification rate constant (Kd). The most critical vegetation 

inputs were maximum rooting depths, specific leaf area, relative growth rate of leaves, and 

maximum nitrogen concentrations in leaves, stems, branches, coarse roots, and fine roots. 

The two important climate parameters which affected model simulated ET, plant nitrogen 

uptake, and denitrification were the maximum and minimum air temperatures.  

  The 6 simulated outputs critically affected by soil physical, chemical, and vegetation inputs 

are summarized in Table 90. The relative sensitivity (RS) range in Table 90 for any output 

parameter represented its sensitivity in 3 buffer zones. A single RS value for any output 

parameter means that it has same relative sensitivity in all zones. For example, output 

parameter such as WTD was moderately (MS) to highly sensitive (HS) in 3 buffer zones, 

when field capacity was varied in a certain minimum and maximum range from the model 
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calibrated value. Output such as WTD was MS in 3 buffer zones, when zone slope was 

varied in a certain minimum and maximum range from the model calibrated value.  

Table 90. Relative sensitivities (RS) of REMM critical inputs related to WTDs, ET, plant 
nitrogen uptake and denitrification.  
 

Inputs RS  

WTDs 

 

RS 

ET 

RS 

Plant � 

Uptake 

RS 

Denitrification 

 

RS 

Stream 

outflow 

RS 

�O3-� 

AT 

 (Relative sensitivity range for 3 buffer zones) 

FC MS-HS NS-LS NS-MS LS-MS NS LS-MS 
SP LS-MS NS NS-LS NS-MS LS LS-MS 

SLT MS NS NS-LS MS NS LS 
Soil HC LS-MS NS NS NS-LS NS LS 

Zone Slope MS NS NS-LS LS-MS NS LS 
PDS LS NS NS NS-LS NS NS 
BL LS-MS NS NS LS-MS NS LS 

UPSA MS NS-LS NS-LS MS MS LS 
LTF LS-MS LS-HS NS NS-LS LS-MS NS 
SD LS-MS NS NS NS NS NS 

DRC (Kd) NS NS NS-MS MS NS MS 

RCCT NS NS NS-LS LS NS LS 
MRD LS LS MS LS LS LS 
SLA LS LS-MS LS-VHS LS NS NS 

Max AT LS MS-HS LS-VHS LS-MS NS LS 
Min AT LS LS-MS LS-VHS LS NS LS 
RGRL LS LS MS-HS LS LS LS 

NmaxGC LS MS MS-VHS MS MS MS 

Notes: FC- field capacity (cm/cm), SP- soil porosity (cm/cm), SLT- soil layer thickness 
(cm), Soil HC- soil hydraulic conductivity (cm/hr), PDS- potential deep seepage (mm/day) 
BL- buffer length (m), UPSA- upland source area (ha), LTF- litter transmission factor  
(0-1) scalar, SD- stream depth (m), DRC Kd-denitrification rate constant (kg/cm.ha), 
 MRD- maximum rooting depth (cm), SLA-specific leaf area (ha/kg C), Maximum and 

minimum AT- maximum and minimum air temperature (°C), RGRL- relative growth rate 
leaves (0-1) scalar, MmaxGC- maximum nitrogen concentrations in leaves, stems, branches 
and roots (g/kg). 
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Table 91.  Hydrologic and denitrification inputs ranked 1 (highly sensitive) to 10 (low 
sensitive). 

Hydrology  

Inputs/parameters 

Units Ranking of Inputs  

(high to low sensitivity) 

Field capacity (cm/cm) 1 
Upland source area (ha) 2 
Soil layer thickness (cm) 3 

Zone slopes (%) 3 
Litter transmission factor (0-1) scalar 4 

Soil porosity (cm/cm) 5 
Hydraulic conductivity (cm/hr) 6 

Buffer length (m) 6 
Stream depth (m) 6 

Potential deep seepage (mm/day) 6 
Denitrification  

Inputs/parameters 

 Ranking of Inputs  

(high to low sensitivity 
Denitrification rate constant (Kd) (kg/cm.ha) 1 

 
Table 92. Vegetation inputs ranked from 1 as (highly sensitive) to 10 (low sensitive). 
 

Vegetation  

Inputs/parameters 

Units Ranking of Inputs  

(high to low sensitivity) 
Nitrogen concentration in plant organs (g/kg) 1 

Specific leaf area (ha/kg C) 2 
Maximum air temperature  (° C) 3 
Minimum air temperature  (° C) 4 

Relative growth rate of leaves (0-1) scalar 4 
Maximum rooting depths (cm) 4 

       

    Inputs shown in Tables 91 and 92 were ranked from higher to lower sensitivity to help 

future REMM user’s to further refine allocation of resources for collecting these inputs. The 

hydrologic inputs were ranked from 1 to 10 based on their relative sensitivity (RS) to WTDs 

since they were considered as a primary metric for hydrologic calibration (see Chapter 2 and 

3). The denitrification rate constant (Kd) was the only soil chemical input which significantly 

affected simulated denitrification and NO3-N concentrations in 3 buffer zones. The 
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vegetation inputs were also ranked from 1 to 10 based on their relative sensitivity (RS) to 

plant nitrogen uptake. 

   The REMM critical inputs shown in Tables 91 and 92 should be field collected. Models 

like REMM are powerful tools to simulate riparian buffers, but they require site specific 

inputs. So it is very important to obtain site specific data for simulating hydrologic and 

nutrient components in REMM. Future model users should first focus on calibrating REMM 

hydrology, as it significantly affects nutrient dynamics especially NO3-N. Site specific 

critical inputs needed by REMM 3 zones and its 3 layers include soil texture (% silt, sand, 

and clay), saturated hydraulic conductivities, bulk densities, and soil porosities. The soil 

layers 1 and 2 in REMM correspond to soil horizons A and B with the bottom-most layer 3 

being the restrictive layer (Lowrance et al., 2000a).  

    To obtain site specific data, soils can be excavated using a backhoe, auger or other 

instruments to observe depth of soil horizons and depth of the restrictive layer. Soil samples 

should be obtained in replicate from each horizon to determine percent sand, silt, and clay, 

bulk densities, and soil porosities. Percent sand, silt, and clay can be measured in the 

laboratory using hydrometer analysis (Gee and D. Orr, 2002). Soil bulk densities and particle 

densities can be measured in the laboratory using oven dry method and soil porosity can be 

computed by knowing bulk density and particle density. Hydraulic conductivity should be 

field measured using the auger-hole method (van Beers, 1958) or a slug test can be conducted 

(Hvorslev, 1951). When using the auger-hole method, triplicate hydraulic conductivity 

measurements should be conducted per buffer zone to obtain an average value. Model inputs 

such as field capacity and wilting point can be obtained by using empirical models such as  
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   SPAW hydrology or ROSETTA (Schaap et al., 2001; Saxton et al., 2006).  

   Soil layer thickness can be determined by knowing the depth of soil horizons at the site. 

Other critical inputs such as zone slopes, buffer length, stream depth, upland area should also 

be field measured and then fine tuned during hydrologic calibration. The potential deep 

seepage in each zone and litter transmission factor can also be fine tuned during hydrologic 

calibration. If field measurements of critical inputs are not possible or available then 

estimates from literature, data from web soil survey or from REMM manual could be used.  

Model users are cautioned that the literature estimates can significantly reduce the reliability 

of model outputs, since these inputs do not represent the riparian buffer that is modeled. 

       Once the hydrology is calibrated and statistically evaluated, nutrient calibration should 

be done. For nutrient calibration, inputs such as soil denitrification enzyme activity (DEA), 

soil and litter (NO3-N, NH4-N, carbon, nitrogen, and pH) should be field collected. Soil 

samples obtained from the field site for chemical analysis should be consistent with soil 

horizons or the layers observed in the field. It is also important to obtain soil samples for 

chemical and physical analysis at same depth in each buffer zone. Plant litter should be field 

collected from the buffer site based on the vegetation in each buffer zone. Detailed procedure 

of obtaining plant litter is described in Chapter 2 of this dissertation and also can be found in 

Ottmar and Andreu (2007). REMM computes denitrification based on the soil denitrification 

enzyme activity (DEA) and scalars of carbon, soil temperature, available NO3-N in soil 

layers, and mineralizable carbon (Lowrance et al., 2000a; Altier et al., 2002). Soil DEA is a 

site specific parameter and should be analyzed on field collected soil samples from the buffer 

site (Smith and Tiedje, 1979; Ambus and Lowrance, 1991).  
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 The soil DEA should be converted into rate constant Kd by knowing the soil sampling depths 

and the bulk densities. Recall that denitrification rate constant Kd is an user input into REMM 

3 zones and 3 layers and is critically important for NO3-N calibration. The Kd values in 3 

zones and 3 layers should be calibrated to achieve minimum error between simulated and 

field measured NO3-N concentrations. It is also very important that model calibrated Kd 

should be in close agreement with the Kd measured in the laboratory.  

     Critical vegetation inputs are carbon and nitrogen concentrations in plant organs (leaves, 

stems, branches, fine, and coarse roots), specific leaf area, maximum and minimum air 

temperature, growth rate of leaves, and maximum rooting depths. Samples of leaves, stems, 

branches, and roots should be field collected based on the vegetation type in each buffer 

zone. For example, if deciduous trees are present in stream edge buffer zone 1, then samples 

of leaves, branches, stems, coarse, and fine roots should be collected from at least 5-6 trees to 

obtain an average value. These samples can be analyzed for carbon and nitrogen contents in 

the laboratory and converted into kg/ha as required by REMM. Leaf area can be accurately 

field measured using instruments such as Delta T scanner or Li-Cor CI-203 laser area 

machine and then leaves can be dried in laboratory to constant weight and SLA can be 

obtained by dividing leaf area per leaf dry weight (Pitman et al., 2010). If field measured 

values are not possible then estimates of SLA can be obtained from this study or estimates 

from model development site and other study on REMM sensitivity could be used (Inamdar 

et al., 1999b; Graff et al., 2005). SLA in 3 REMM zones should be fine tuned during the 

hydrologic simulations as it affects LAI, water uptake, and plant transpiration affecting 

simulated WTDs. The minimum and maximum air temperatures should be measured at the
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 field site or can be obtained from the state climate office weather station closest to the site. 

Relative growth rate of leaves (0-1) scalar should be fine tuned during NO3-N calibration. 

Maximum rooting depth of plant species should be field measured in each buffer zone. For 

example, if pines are present in mid-buffer zone 2, a square trench can be excavated around a 

couple of pine trees to determine their rooting depths. Most field buffer studies do not have 

these measurements, but such measurements can improve model predictions. Maximum 

rooting depths can be obtained from literature but it should be fine tuned during hydrologic 

calibration as it affects simulated plant transpiration and simulated WTDs (Canadell et al., 

1996; Schenk and Jackson, 2002; Murphy, 2010). Maximum rooting depth should be fine 

tuned to minimize the error between simulated and field measured WTDs. Once rooting 

depths in 3 REMM zones are fine tuned for hydrologic calibration, they should not be altered 

or changed during NO3-N calibrations.  

    Finally for NO3-N calibration, initial soil and litter (carbon, nitrogen, NO3-N, NH4-N, pH), 

soil DEA, initial vegetation inputs described in the above section should be field collected 

data. The initial soil, litter, and vegetation inputs should be used in the model for stabilizing 

soil and litter pools. Detailed procedure of soil and litter pool stabilization can be found in 

Chapter 2 of this dissertation. It is critically important that soil, litter, and vegetation pools 

(initial values) should be representative of the field site being modeled, for achieving greater 

accuracy in NO3-N calibration. Field measured soil (physical and chemical) inputs and 

vegetation inputs provide model user the best opportunity to simulate REMM in the ball-park 

range of realistic inputs. It also means that model user can place greater confidence in the 

model outputs.  
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APPE�DIX A: Soil DEA Procedures 

 
DENITRIFICATION PROCEDURES (Provided by Dr. Richard Robert Lowrance,  

USDA-ARS, Tifton, GA) May, 2009 

�ote:  These have been edited to reflect changes in DEA measurements, but not to 

reflect changes for the new GC or new standards methods 

Steps in making up nitrous oxide standards 

General: Standards can be made up in either air or nitrogen.  If standards are to be used for 

slurries which are incubated under nitrogen atmosphere, make up standards in nitrogen.  If 

standards are to be used for cores incubated under air atmosphere, make up in air.  If  

standards to be used for both cores and slurries, make up in air. 

1.  Make up a 5000 ppm stock standard: Evacuate round flask three times, refill with air or N, 

withdraw 15 mL from flask, add 15 mL pure nitrous oxide.  Mix by hand 1 min with beads 

swirling. 

2.  Make up 5, 10, 25, 50 ppm standards from stock standard.  Evacuate flasks three times, 

refill with air or N, withdraw 3, 6, 15, 30 mL from the flasks.  Add 3, 6, 15, and 30 mL of 

5000ppm standard.  One (1) PPM standard is in gas bottle. 

3.  If you need complete sets of higher standards (125 ppm, 250 ppm,etc) start with 10000 

ppm stock by using 30 mL of pure nitrous oxide. 

4.  If you just need a few higher standards, you can make them up by carefully doing 

dilutions in the crimp top vials.  Always use the glass syringe (marked standards only) to do 

these.  All dilutions are based on (vol of standard or sample)/total volume of standard or 

sample plus diluent). 
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5.  When making standards, be very careful not to leave the nitrous oxide tank on and let the 

gas escape into the room.  This can contaminate the room air for a number of hours and make 

good standards difficult to obtain.   

6.  Fill vials with standards after checking one set to see if you have a good linear 

standardization.  

Standardization of Gas Chromatograph  

 

General: These GC standards tend to have a good bit of what seems like random variation.  

In general, we have used the means of all standards to calculate the line segments used for 

standardization.  The lowest line segment goes through the origin.  

1.   Compile all standards for a run 

2.  Calculate mean area for each standard.  Discard ones that are more than 10% different 

from the mean. 

3.  Determine line segments for calculation of unknowns.  These are generally 0, air (0.3) 1, 

5, 10 ppm then 10, 25 50 ppm, then 50, 125, 250 ppm, etc. 

4.  When you have the conc vs area relationships, calculate PPM of unknowns using line 

segments.  

Gas sampling for nitrous oxide analysis 
 
1.  Generally, you will want to store mL samples in the crimp top vials.  If you use a 5 mL 

sample, use 5 mL of standard.  Make sure the sample volume and standard volume are the 

same. 
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2.  For either cores or slurries, there will generally be two gas samples per incubation.  The 

nitrous oxide production rate will be figured by the change in concentration over the time 

period between samples.   

3.  When taking samples from cores, pump the head space three times with the sampling 

syringe before sampling.  Do not pull enough vacuum so that the core is sucked up into the 

top of the incubation syringe.  Flush the syringe by pumping some room air between 

pumping the incubation syringes. 

Core and slurry incubations 
Cores 

 
1.  Before going to the field, number all incubation syringes and store in boxes in order that 

they will be taken.  Core samples will come in from the field in the incubation syringe.  

Adjust the headspace on each one to 30 mL by either pushing the core up from the bottom or 

removing soil from the bottom and letting the core move down. 

2.  Place small red serum stopper firmly on tip of incubation syringe.  Withdraw 3 mL from 

headspace, add mL acetylene.  This should be done with the glass "acetylene only" syringe - 

three at a time can be done.  Whenever you are injecting through these small serum stoppers, 

use a 23 G 1 inch needle. 

3.  Using 21 G 1 inch needle, pump each core three times with 50 mL syringe labeled pump.  

Be careful not to pull the core up so only pull about 10 mL.  

4.  Incubate for four hours, taking samples at 1 hour and four hours.  Incubate at 25 C or 

room temp if incubator not available. 
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5.  After incubation, measure the length (L) and headspace (HS) of each core and then store 

cores in freezer. 

Slurries 
 
1.  Soils should be well mixed in the field, stored in whirlpak or ziplock bags with minimal 

headspace (squeeze air out).  Store soil on ice from field and refrigerate in lab.  

2.  Before experiment starts, number and weigh all serum bottles you will use.  Weigh bottles 

with grey serum stopper.  Record weights on data sheets. 

3.  Place approximately 20 or 40 g of soil in the tared serum bottle.  For soils expected to be 

high DEA, use 20g.  For low DEA use 40 g.  Either scoop soil into the bottle with a scoopula 

or use the 5 mL cutoff syringes (15mL = approx 20 g, 30mL = 40g).  Get approximately 20 

or 40 g in each bottle.  Place grey serum stopper into serum bottle after soil is added to avoid 

drying. 

4.  Re-weigh bottle plus soil with serum stopper.  Record weight on data sheets 

 5. Add 20 mL (or 40mL) of solution to each bottle from repipet.  Slurries will be made with 

20 mL (or 40 mL) of one or more of the following solutions: 

  a) solution1 - 1 g/L chloramphenicol (chl) 

  b) solution 2 - 1 g/L chl and 200 mg NO3-N/L (1.444 g KNO3/L) 

  c) solution 3 - 1 g/L chl and 2 g glucose-C/L (5.505 g    Glucose/L) 

  d) solution 4 - 1 g/L chl, 200 mg NO3-N/L, 2 g Glucose-C/L - DEA 

Solution 4 is used to measure actual denitrification potential or denitrifier enzyme assay. 
 
6.  Crimp top onto bottle.  They are now ready to evacuate and gas.  
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7.  Evacuate and gas in sets of twelve.  Evacuate and add N2 twice.  Evacuate third time and 

add N2/acetylene mixture.  To take off bottles follow these steps: 1) turn three way valve 

back to the N2 tank; 2) relieve overpressure by taking off bottle #1 leaving needle in the 

bottle; 3) take off other bottles; 4) turn valve to vacuum and turn vacuum off.  DO NOT 

TURN VACUUM OFF WHILE IT IS PULLING A VACUUM. 

8.  Slurries should be incubated in the orbital shaker so that the slurry will remain well 

mixed.  Incubate at room temp and record temp in your lab notebook. 

9. Take samples at 1 hour and 4 hours after start of incubation.  Record start and end times 

for a sampling in your lab notebook. 

10.  After gas sampling is done, weigh bottle, measure headspace in bottles by filling with 

water and re-weighing  

Processing cores 

 When ready to process, allow to thaw, put entire core into weighed soil moisture can and 

then weigh entire core plus can.  The core is now ready for sub sampling for nitrate or 

ammonium extraction, gravimetric soil moisture determination, and any other measurements 

that will be done on the soil.  Check with Dr. Mbuya to see what he wants you to do besides 

the KCl extract for nitrate/ammonium determination and the gravimetric soil moisture.  This 

is how we would do these things:  From the entire thawed core, weigh 12 grams of soil into 

bottle that can be placed on a shaker. Add 20 mL of a 2 M KCl solution and shake for one 

hour.  Filter the solution into 20 mL scintillation vials and analyze the filtrate for nitrate and 

ammonium by standard colorimetric techniques.  Take the remaining thawed soil and dry for 

three days at 105 C to a constant weight.  Record the dry weight.  This will allow calculation 
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of gravimetric soil moisture.  Please note, if total C or N needs to be determined on the soil, it 

needs to be done on an air-dried soil.    

Processing bagged soils after they are used for slurries  
 
Processing the bagged soils is similar to the cores except that the total weight of the bag of 

soil is not needed. After slurries are started, store bags in freezer. When ready to process, 

allow to thaw. From the thawed bag of soil, weigh 12 grams of soil into bottle that can be 

placed on a shaker. Add 20 mL of a 2 M KCl solution and shake for one hour. Filter the 

solution into 20mL scintillation vials and analyze the filtrate for nitrate and ammonium by 

standard colorimetric techniques. Take about 50 g (49-50 g) of the remaining thawed soil and 

dry for three days at 105 C to a constant weight.  Record the dry weight.  This will allow 

calculation of gravimetric soil moisture (SM). Please note, if total C or N needs to be 

determined on the soil, it needs to be done on an air-dried soil.    

 

Calculations for cores  
 
Determine bulk density of cores based on the total mass of dried soil (including the portion 

removed for KCl extraction) and the volume of the core (V=pi*r2*L).  Bulk Density (BD) = 

mass (g)/volume (cubic centimeters). Total porosity (TP) is: 

TP= (1-(bulk density/particle density) 
 
%Water Filled pore space = [SM/(TP*V)]*100 
 
See Lowrance and Smittle (1988) paper for proper equations. 
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The denitrification calculations are shown here:   
 
Need gravimetric soil moisture (SM), Headspace (HS); Total weight of core (TWC) 

incubation bottle.  

Time 2 - Time 1 = delta T (DT) 

SoilWater = SM*TWC 

SoilDry = TWC - SoilWater; 

Concentration Change (CC) = N2O (Time2) - N2O (Time1); 

Volume N2O = CC*HS + CC*Soilwater*0.667   - this converts concentration to volume and 

accounts for dissolved N2O   

MassN2O (ng) = Volume N2O*1.842 - converts volume to mass. 

Rate = (MassN2O/SoilDry)*(24/DT) -   This converts to a daily rate.  Can also express as 

hourly rate.  

Calculations for denitrification potential 
 
Determine fraction gravimetric soil moisture (SM); 

Determine Headspace (HS) - usually = 130 ml for 20g samples and 100mL for 40g samples; 

Record Soil Wet Weight (SoilWet) - the amount put into the incubation bottle.  

Time 2 - Time 1 = delta T (DT) 

SoilWater = SM*SoilWet 

TotalWater = SoilWater + 20 (volume of solution added); 

SoilDry = SoilWet - SoilWater; 

Concentration Change (CC) = N2O (Time2) - N2O (Time1); 
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Volume N2O = CC*HS + CC*TotalWater*0.667   - this converts concentration to volume 

and accounts for dissolved N2O   

MassN2O (ng) = Volume N2O*1.842 - converts volume to mass. 

Rate = (MassN2O/SoilDry)*(24/DT) -   This converts to a daily rate.  Can also express as 

hourly rate  

Calculations for denitrification potential 
 
Determine fraction gravimetric soil moisture (SM); 

Determine Headspace (HS) - usually = 140 mL; 

Record Soil Wet Weight (SoilWet)  - the amount put into the incubation bottle.  

Time 2 - Time 1 = delta T (DT) 

SoilWater = SM*SoilWet 

TotalWater = SoilWater + 20 (volume of solution added); 

SoilDry = SoilWet - SoilWater; 

Concentration Change (CC) = N2O (Time2) - N2O(Time1); 

Volume N2O = CC*HS + CC*TotalWater*0.667   - this converts concentration to volume 

and accounts for dissolved N2O   

MassN2O (ng) = Volume N2O*1.842 - converts volume to mass. 

Rate = (MassN2O/SoilDry)*(24/DT) -   This converts to a daily rate.  Can also express as 

hourly rate 
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APPE�DIX B: Annual historic and site measured rainfall 

 Table 93. Comparison of annual historic rainfall and site measured annual rainfall for 43 
and 60 m wide buffer site 1 (chapter 2) 
 

Historic 

years 

Future 

years 

Annual historic 

rainfall  

(mm) 

Synchronized 

years for site 

measured data  

Site measured  

annual rainfall  

(mm) 

1975 2010 1256 2005 1139 
1976 2011 989 2009 931 
1977 2012 1181 2005 1139 
1978 2013 1210 2005 1139 
1979 2014 1274 2006 1366 
1980 2015 1015 2008 1024 
1981 2016 907 2009 931 
1982 2017 1237 2005 1139 
1983 2018 1236 2005 1139 
1984 2019 1346 2006 1366 
1985 2020 1310 2006 1366 
1986 2021 889 2009 931 
1987 2022 1322 2006 1366 
1988 2023 982 2009 931 
1989 2024 1642 2006 1366 
1990 2025 988 2009 931 
1991 2026 961 2009 931 
1992 2027 1357 2006 1366 
1993 2028 981 2005 1139 
1994 2029 973 2009 931 
1995 2030 1317 2006 1366 
1996 2031 1219 2005 1139 
1997 2032 856 2007 854 
1998 2033 1167 2005 1139 
1999 2034 1655 2006 1366 
2000 2035 995 2009 931 
2001 2036 1065 2005 1139 
2002 2037 1217 2005 1139 
2003 2038 1305 2006 1366 
2004 2039 1202 2005 1139 
2005 2040 1057 2005 1139 
2006 2041 1421 2006 1366 
2007 2042 854 2009 931 
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Table 94. Comparison of annual historic rainfall and site annual rainfall data for 46 m  
  wide buffer (site 2) chapter 3 
 

Historic 

years 

Future 

years 

Annual historic 

rainfall 

(mm) 

Synchronized 

years for site 

measured data 

Site measured  

annual rainfall  

(mm) 

1975 2010 1246 2005 1141 
1976 2011 989 2008 1093 
1977 2012 1181 2005 1141 
1978 2013 1210 2005 1141 
1979 2014 1274 Avg 

(2005+2006) 1281 
1980 2015 1015 2008 1093 
1981 2016 907 2007 847 
1982 2017 1237 2005 1141 
1983 2018 1236 2005 1141 
1984 2019 1346 2006 1421 
1985 2020 1310 2006 1421 
1986 2021 889 2007 847 
1987 2022 1322 2006 1421 
1988 2023 982 2007 847 
1989 2024 1642 2006 1421 
1990 2025 988 2008 1093 
1991 2026 961 2007 847 
1992 2027 1357 2006 1421 
1993 2028 981 2008 1093 
1994 2029 973 2007 847 
1995 2030 1317 2006 1421 
1996 2031 1219 2005 1141 
1997 2032 856 2007 847 
1998 2033 1167 2005 1141 
1999 2034 1655 2006 1421 
2000 2035 995 2008 1093 
2001 2036 1065 2005 1141 
2002 2037 1217 2005 1141 
2003 2038 1305 2006 1421 
2004 2039 1202 2005 1141 
2005 2040 1057 2005 1141 
2006 2041 1421 2006 1421 
2007 2042 854 2007 847 
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APPE�DIX C: Soil carbon pool stabilization 

Stabilization of plant residue and humus pools at narrow (43 m) and wide (60 m) buffer 
 
      For the narrow and the wide buffer at site 1 (chapter 2) the total soil organic carbon was 

divided into active, passive, and slow pools as given in the Century model documentation 

(Parton et al., 1987) and according to paper by Kelly et al. (1997). The plant pools were 

determined based on the measured litter carbon and nitrogen and then divided into structural 

and metabolic based on plant lignin and lignin to nitrogen ratio. The plant pools (residue and 

metabolic) and soil active, passive, and slow pools were inputs into REMM buffer file 

(.BUF). Several model runs were conducted to approximately determine percent active, 

passive, and slow pools. Once the initial percent active, passive, and slow pools were 

determined the model was pre-run for 33 year period and rate constants for carbon turnover 

(residue metabolic, residue structural, humus active, humus slow and humus passive) were 

adjusted. The plant residue and humus pools were then visually examined for stabilization. 

REMM outputs an .OUT file which shows residue and humus pools after 33 year period. The 

pools after 33 year period were then used as initial pools and REMM was again rerun for 

another 33 year period. This second re-run stabilized the plant residue and soil humus pools. 

The buffer file which contains the initial plant residue pools and humus pools (active, passive 

and slow pools) for site 1 43 m is Site2(43)mprerun33year.BUF. Using this (.BUF) file the 

model was pre-run for 33 year period and rate constants were adjusted. The pools after 33 

year period can be found in this .BUF file (Site1(43m)prerun33year.OUT). This file was 

renamed Site1(43m)postrun.BUF and the model was run for another 33 year period which 

stabilized the plant residue and humus pools. The buffer file which contains the initial plant  
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residue and humus pools for site 1 60 m buffer is Site1(60m)shallow6.BUF. Using this 

(.BUF) file the model was pre-run for 33 year period and rate constants were adjusted. The 

pools after the 33 year period can be found in this (.OUT) file which is Site1 (60m) 

shallow.OUT. The (.OUT) file was renamed as Site1(60m) shallow1.BUF and the model was 

again re-run for 33 year period and the pools were stabilized. The buffer file which contains 

the initial plant residue and humus pools for site 2 46 m buffer is Site2(46m)trial2LT2.BUF. 

Using this (.BUF) file the model was pre-run for 33 year period and rate constants were 

adjusted. The pools after the 33 year period can be found in this (.OUT) file which is 

Site2(46m)finalLT2.OUT. This (.OUT) file was renamed as .BUF file and is as follows 

site2(46m)finalLT2.BUF and the model was re-run for another 33 year period which resulted 

in stabilizing the pools.  

    The final percentage of active, passive, and slow carbon humus pools at narrow and wide 

buffer was 2.5 %, 20 % and 77.5 % and 2.5 %, 42 % and 55.5 % respectively. The final 

percentage of active, passive, and slow carbon pools at site 2 (46 m buffer) i.e. chapter 3 of 

this dissertation was 2.2 %, 25 % and 72.8 % respectively. The active, passive, and slow 

percentages are within the minimum and maximum range for active, passive and slow carbon 

pools given by Kelly et al. (1997) and shown in materials and methods section in Chapter 2.  

    The plant residue pools consist of structural and metabolic and humus pools consist of 

active, passive, and slow pools. The stabilized residue and soil humus carbon pools for 

narrow buffer (site 1) are shown in Figure 52 and 53 respectively. Stabilized carbon residue 

and soil humus carbon pools for wide buffer (site 1) are shown in Figures 54 and 55 



 
 

 

250 
 

 respectively. Stabilized carbon residue and soil humus pools for 46 m buffer (site 2) are 

shown in Figures 56 and 57 respectively. Stabilized rate constants for residue (structural and 

metabolic) and humus pools (active, passive, and slow) for narrow (43m) and wide buffer 

(60m) at site 1 and narrow buffer (46m) at site 2 in 3 zones and its 3 layers are given in 

Tables 95, 96, and 97 respectively.  
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Figure 52. Stabilized plant residue carbon pools at narrow buffer (43 m) 
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Figure 53. Stabilized soil humus carbon pools at narrow buffer (43 m) 
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Figure 54. Stabilized plant residue carbon pools at wide buffer (60 m) 
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Figure 55. Stabilized soil humus carbon pools at wide buffer (60 m) 
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Figure 56. Stabilized plant residue carbon pools at 46 m buffer 
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Figure 57. Stabilized soil humus carbon pools at 46 m buffer 
 

Table 95. Stabilized and calibrated rate coefficients for residue (structural and metabolic) 
and soil humus pools (active, passive and slow) for narrow buffer (43 m) site 1 chapter 2 
 

Buffer  

zones: layers 

Residue 

metabolic  

(rate/day) 

Residue  

structural  

(rate/day) 

Humus  

active  

(rate/day) 

Humus  

slow  

(rate/day) 

Humus  

passive  

(rate /day) 

Litter 3 0.02 0.0060 0.0385 0.00069 0.000019 
Z3L1 0.02 0.0060 0.0385 0.00069 0.000019 
Z3L2 0.02 0.0060 0.0385 0.00069 0.000019 
Z3L3 0.02 0.0060 0.0385 0.00069 0.000019 

Litter 2 0.20 0.0024 0.0013 0.00056 0.000002 
Z2L1 0.20 0.0024 0.0013 0.00056 0.000002 
Z2L2 0.20 0.0024 0.0013 0.00056 0.000002 
Z2L3 0.20 0.0024 0.0013 0.00056 0.000002 

Litter 1 0.02 0.0051 0.0200 0.00081 0.000019 
Z1L1 0.02 0.0051 0.0200 0.00081 0.000019 
Z1L2 0.02 0.0051 0.0200 0.00081 0.000019 
Z1L3 0.02 0.0051 0.0200 0.00081 0.000019 
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Table 96. Stabilized and calibrated rate coefficients for residue (structural and metabolic) 
and soil humus pools (active, passive and slow) for wide buffer (60 m) site 1 chapter 2 
 

Buffer  

zones: layers 

Residue 

metabolic  

(rate/day) 

Residue 

structural  

(rate/day) 

Humus  

active  

(rate/day) 

Humus  

slow  

(rate/day) 

Humus  

passive  

(rate/day) 

Litter 3 0.02 0.0060 0.0200 0.00075 0.000023 
Z3L1 0.02 0.0060 0.0200 0.00075 0.000023 
Z3L2 0.02 0.0060 0.0200 0.00075 0.000023 
Z3L3 0.02 0.0060 0.0200 0.00075 0.000023 

Litter 2 0.20 0.0024 0.0011 0.00050 0.000020 
Z2L1 0.20 0.0024 0.0011 0.00050 0.000020 
Z2L2 0.20 0.0024 0.0011 0.00050 0.000020 
Z2L3 0.20 0.0024 0.0011 0.00050 0.000020 

Litter 1 0.02 0.0051 0.0113 0.00041 0.000029 
Z1L1 0.02 0.0051 0.0113 0.00041 0.000029 
Z1L2 0.02 0.0051 0.0113 0.00041 0.000029 
Z1L3 0.02 0.0051 0.0113 0.00041 0.000029 

 

Table 97. Stabilized and calibrated rate coefficients for residue (structural and metabolic) 
and soil humus pools (active, passive and slow) for wide buffer (46 m) site 2 chapter 3 
 

Buffer  

zones: layers 

Residue 

metabolic  

(rate/day) 

Residue 

structural  

(rate/day) 

Humus  

active 

(rate/day) 

Humus  

slow  

(rate/day) 

Humus 

passive  

(rate/day) 

Litter 3 0.020 0.0050 0.0020 0.00011 0.000019 
Z3L1 0.020 0.0050 0.0020 0.00011 0.000019 
Z3L2 0.020 0.0050 0.0020 0.00011 0.000019 
Z3L3 0.020 0.0050 0.0020 0.00011 0.000019 

Litter 2 0.200 0.0024 0.00102 0.00014 0.000002 
Z2L1 0.200 0.0024 0.00102 0.00014 0.000002 
Z2L2 0.200 0.0024 0.00102 0.00014 0.000002 
Z2L3 0.200 0.0024 0.00102 0.00014 0.000002 

Litter 1 0.0061 0.0037 0.02 0.00017 0.000019 
Z1L1 0.0061 0.0037 0.02 0.00017 0.000019 
Z1L2 0.0061 0.0037 0.02 0.00017 0.000019 
Z1L3 0.0061 0.0037 0.02 0.00017 0.000019 
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APPE�DIX D: Mean and standard deviation of simulated �O3-� concentrations 

 

Table 98. Comparison of simulated monthly (mean± standard deviation) NO3-N 
concentrations with one measured monthly grab sample for site 1 narrow buffer (43 m) 

 
Month M+SD M-SD MS M+SD M-SD MS M+SD M-SD MS 

Zone 3 Zone 2 Zone 1 

Jan-05 12.8 11.8 9.17 9.0 8.5 5.77 1.1 0.6 1.23 
Feb-05 15.8 13.8 12.40 8.6 8.1 7.57 2.2 1.5 1.81 
Mar-05 15.8 14.8 10.93 8.0 7.8 7.17 2.8 2.4 9.50 
Apr-05 13.9 13.1 10.20 7.9 7.6 5.90 3.2 2.9 1.70 
May-05 12.6 11.2 10.03 7.7 6.9 8.10 3.1 0.8 1.24 
Jun-05 14.0 11.8 9.73 7.5 6.8 7.53 0.1 0.0 1.32 
Jul-05 15.1 13.5 11.10 8.0 6.9 6.77 0.5 0.1 1.78 

Aug-05 16.5 14.1 10.93 8.3 7.1 7.33 1.5 0.8 1.71 
Sep-05 18.8 15.6 11.77 9.9 9.2 6.33 2.7 2.0 0.27 
Oct-05 14.4 12.0 11.43 9.1 7.8 6.00 3.4 2.8 0.34 
Nov-05 14.0 11.2  NA 9.4 8.2 NA  3.9 3.6  NA 
Dec-05 9.9 9.6 11.13 7.7 7.5 5.75 3.4 3.1 1.47 
Jan-06 9.4 9.1 10.77 7.4 7.1 7.45 3.5 3.2 1.65 
Feb-06 9.1 8.9 10.53 7.3 7.0 6.25 3.3 3.0 1.58 
Mar-06 9.7 9.3 10.30 8.1 7.7 4.95 3.6 3.5 0.32 
Apr-06 9.3 8.3 9.60 8.5 7.8 5.23 3.5 3.3 0.51 
May-06 7.8 7.2 10.43 7.1 6.5 5.00 2.5 0.0 0.18 
Jun-06 7.2 6.7 8.33 6.5 5.8 6.33 0.0 0.0 0.35 
Jul-06 6.3 5.7  NA 5.8 5.4  NA 0.2 0.0  NA 

Aug-06 7.8 6.2 13.53 7.4 6.2 8.63 0.9 0.4 1.30 
Sep-06 6.6 6.2 16.10 5.5 5.3 6.60 1.5 1.2 1.27 
Oct-06 7.3 6.9 16.50 5.2 4.9 4.72 1.6 1.3 1.13 
Nov-06 8.0 7.6 16.43 5.0 4.9 9.13 2.0 1.8 1.33 
Dec-06 9.2 8.4 17.13 5.2 4.9 8.60 2.4 2.1 1.33 
Jan-07 9.6 9.2 16.27 5.3 5.1 10.80 2.5 2.3 1.23 
Feb-07 10.2 9.8 15.67 5.6 5.3 8.90 2.7 2.5 1.10 
Mar-07 10.4 10.1 15.27 5.6 5.4 6.65 2.6 2.3 1.03 
Apr-07 10.2 9.0 10.77 5.7 4.9 6.70 2.6 2.1 5.02 
May-07 10.2 9.4 15.90 5.7 5.2 8.37 1.3 -0.2 0.05 
Jun-07 10.6 9.1 12.97 5.9 5.2 8.77 0.0 0.0 0.15 
Jul-07 10.9 9.7 15.10 6.0 5.4 8.77 0.0 0.0 0.21 

Aug-07 12.7 11.3 15.20 7.0 6.0 NA  0.2 0.0 1.13 
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Table 98. continued 
 

Sep-07 13.4 12.2 NA  8.3 7.7 NA  0.7 0.4 1.03 
Oct-07 13.3 12.5 NA 9.1 8.5 NA 1.4 0.8 1.53 
Nov-07 13.2 12.2 NA 8.9 8.5 NA 2.4 1.8 0.47 
Dec-07 11.9 11.3 NA 9.2 8.8 NA 3.2 2.8 NA 
Jan-08 11.2 10.0 NA 8.4 7.7 NA 3.3 3.2 NA 
Feb-08 9.8 9.2 NA 7.7 7.1 NA 3.4 3.1 NA 
Mar-08 9.2 9.0 17.19 6.6 6.0 4.86 2.9 2.6 1.04 
Apr-08 10.3 9.3 15.79 6.4 5.8 4.17 2.8 2.3 3.26 
May-08 10.1 9.1 12.97 5.8 5.2 5.50 1.5 -0.1 1.48 
Jun-08 13.3 11.1 14.36 7.6 6.4 7.30 0.0 0.0 1.36 
Jul-08 10.7 9.1 14.27 5.8 5.1 8.66 0.0 0.0 0.05 

Aug-08 12.1 11.1 14.79 6.4 5.9 8.55 0.2 0.1 0.46 
Sep-08 14.4 13.4 14.91 8.2 7.3 7.99 0.8 0.4 0.05 
Oct-08 13.9 13.8 15.24 9.2 8.4 10.4 1.5 1.1 0.22 
Nov-08 13.4 10.8 14.24 9.0 7.1 8.96 2.5 1.8 2.01 
Dec-08 12.3 11.5 18.79 7.5 7.1 9.97 2.9 2.7 2.18 
Jan-09 12.7 12.3 18.57 6.9 6.6 8.88 3.1 2.8 1.40 
Feb-09 14.4 13.4 18.63 7.1 7.0 9.22 3.1 2.9 2.08 
Mar-09 14.5 13.5 17.18 6.8 6.1 7.91 2.7 2.3 2.01 
Apr-09 13.6 13.0 13.22 6.5 6.0 10.9 2.5 2.3 2.37 
May-09 14.3 12.7 13.22 7.3 6.7 10.5 1.4 -0.2 0.40 
Jun-09 15.6 14.0 14.15 8.1 7.4 11.9 0.0 0.0 3.00 
Jul-09 16.2 11.8 14.86 9.3 8.6 12.1 0.0 0.0 NA 

Aug-09 12.6 11.0 14.96 10.0 9.3 11.6 0.1 0.0 NA 
Sep-09 10.2 9.2 14.78 9.9 9.4 11.6 0.8 0.3 NA 
Oct-09 9.8 9.5 14.64 10.2 10.1 10.7 1.2 0.9 NA 
Nov-09 9.9 9.4 14.01 10.1 8.6 8.45 2.2 1.4 NA 
Dec-09 8.8 8.2 13.69 7.9 6.7 12.2 2.4 2.2 0.14 

Notes: M+SD- mean plus standard deviation (mg/L); M-SD- mean minus standard  
deviation (mg/L); MS- one monthly measured grab sample (mg/L); NA- measured data  
not available. 
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Table 99. Comparison of simulated monthly (mean± standard deviation) NO3-N 
concentrations with one measured monthly grab sample for site 1 wide buffer (60 m) 
 

Month M+SD M-SD MS M+SD M-SD MS M+SD M-SD MS 

Zone 3 Zone 2 Zone 1 

Jan-05 5.7 4.4 3.73 7.1 4.7 3.69 1.2 0.4 0.72 
Feb-05 3.9 3.5 4.30 4.1 3.6 2.01 1.9 1.4 1.21 
Mar-05 3.7 3.4 3.83 3.1 2.5 2.64 2.0 1.8 1.10 
Apr-05 3.3 2.9 3.73 2.1 1.8 3.20 1.7 1.6 1.24 
May-05 2.5 1.6 3.10 1.7 1.4 1.86 1.5 0.1 1.33 
Jun-05 1.9 1.7 3.23 1.4 1.2 1.81 0.0 0.0 1.25 
Jul-05 1.8 1.1 3.13 1.5 1.2 2.06 0.0 0.0 1.66 

Aug-05 1.9 1.4 4.23 2.0 1.5 1.99 0.0 0.0 1.37 
Sep-05 3.1 2.2 NA 2.2 2.0 2.01 0.0 0.0 1.27 
Oct-05 3.6 2.9 3.43 2.5 2.2 2.12 0.4 0.1 1.49 
Nov-05 4.1 3.1 NA 2.7 2.2 0.00 0.8 0.5 NA 
Dec-05 2.8 2.6 4.07 1.7 1.5 1.87 1.3 1.1 1.70 
Jan-06 3.0 2.7 5.10 1.4 1.3 2.18 1.4 1.2 1.93 
Feb-06 3.3 3.0 5.50 1.3 1.3 2.36 1.6 1.3 1.93 
Mar-06 4.6 3.7 5.10 1.8 1.5 2.28 2.1 1.8 1.50 
Apr-06 5.7 5.3 5.17 2.2 2.1 2.00 1.8 1.2 1.55 
May-06 5.0 3.9 4.77 2.1 1.7 1.86 1.3 -0.1 1.17 
Jun-06 3.8 2.7 4.47 2.1 1.7 1.78 0.0 0.0 1.27 
Jul-06 2.5 2.0 NA 1.9 1.7 0.00 0.0 0.0 NA 

Aug-06 2.9 2.4 3.83 2.7 2.3 1.91 0.1 0.0 1.73 
Sep-06 2.3 1.9 4.20 1.7 1.6 1.72 0.2 0.0 1.47 
Oct-06 2.4 2.1 4.27 1.7 1.6 1.78 0.2 0.0 1.68 
Nov-06 2.5 2.3 4.83 1.5 1.3 1.61 0.6 0.4 1.74 
Dec-06 3.2 2.7 5.83 1.3 1.2 1.57 0.8 0.7 1.72 
Jan-07 3.4 3.2 5.73 1.1 1.0 1.70 0.7 0.6 1.77 
Feb-07 3.9 3.6 5.83 1.1 0.9 2.10 0.8 0.7 1.72 
Mar-07 4.0 3.6 5.97 0.9 0.9 2.23 0.7 0.6 1.65 
Apr-07 5.1 4.1 5.60 1.2 1.0 1.67 0.8 0.6 1.65 
May-07 5.3 4.9 7.05 1.6 1.2 1.92 0.4 -0.1 1.30 
Jun-07 5.0 4.2 4.10 2.4 1.7 1.77 0.0 0.0 1.27 
Jul-07 4.5 3.4 NA 2.4 1.9 1.75 0.0 0.0 1.28 

Aug-07 4.2 3.8 NA 2.5 2.4 NA 0.0 0.0 1.42 
Sep-07 6.0 4.7 NA 2.8 2.5 NA 0.0 0.0 1.20 
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Table 99. continued 
 

Oct-07 7.8 6.9 NA 3.7 3.0 NA 0.2 -0.1 1.47 
Nov-07 10.9 8.7 NA 4.6 4.3 NA 0.4 0.3 1.50 
Dec-07 13.3 11.7 NA 5.3 4.8 NA 0.6 0.2 NA 
Jan-08 10.5 7.5 NA 5.3 4.3 NA 1.8 1.0 NA 
Feb-08 7.2 6.0 NA 4.1 3.5 NA 2.7 2.4 NA 
Mar-08 8.0 5.9 6.67 3.4 3.2 1.69 2.8 2.6 1.70 
Apr-08 11.3 8.9 6.75 4.3 3.6 1.59 2.8 2.5 1.44 
May-08 11.2 8.8 6.41 4.1 3.3 1.46 2.0 -0.1 1.28 
Jun-08 13.8 12.0 6.26 4.5 4.0 1.56 0.0 0.0 1.43 
Jul-08 11.9 8.5 NA 3.6 2.6 1.44 0.0 0.0 1.36 

Aug-08 12.0 10.3 NA 3.6 3.1 1.63 0.0 0.0 1.44 
Sep-08 10.7 10.6 NA 3.3 3.2 1.59 0.0 0.0 1.22 
Oct-08 10.9 10.7 NA 3.3 3.2 1.70 0.0 0.0 1.30 
Nov-08 10.7 7.9 NA 3.5 3.3 1.62 0.4 0.1 1.25 
Dec-08 8.8 8.1 5.06 3.4 3.0 0.55 1.1 0.6 1.67 
Jan-09 8.0 7.7 4.56 3.2 3.0 1.29 2.5 1.7 1.97 
Feb-09 9.0 8.1 5.35 3.8 3.3 0.73 3.2 2.4 2.07 
Mar-09 9.0 8.4 6.02 3.8 3.6 1.16 2.9 2.4 1.97 
Apr-09 11.8 9.0 5.19 4.5 3.7 1.11 2.6 2.3 1.70 
May-09 12.4 11.5 4.17 4.9 4.2 0.59 1.7 -0.4 1.40 
Jun-09 11.7 11.4 NA 4.2 4.0 0.87 0.0 0.0 1.65 
Jul-09 11.7 11.5 NA 4.2 4.0 1.87 0.0 0.0 1.69 

Aug-09 12.5 12.0 NA 4.7 4.3 1.84 0.0 0.0 2.69 
Sep-09 12.5 10.2 NA 6.1 5.2 1.85 0.9 0.2 2.98 
Oct-09 11.5 0.5 NA 6.8 6.3 1.82 2.3 1.4 2.85 
Nov-09 12.5 4.5 NA 8.9 3.8 1.62 4.2 3.0 2.90 
Dec-09 7.2 4.9 4.6 7.0 5.1 0.41 3.7 3.3 0.88 
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Table 100. Comparison of simulated monthly (mean± standard deviation) NO3-N 
concentrations with one measured monthly grab sample for site 2 buffer (46 m) 
 

Month M+SD M-SD MS M+SD M-SD MS M+SD M-SD MS 

Zone 3 Zone 2 Zone 1 

Jan-05 37.5 31.2 15.9 4.4 2.2 3.45 1.7 0.7 0.70 
Feb-05 28.2 22.5 18.5 4.8 2.6 4.42 0.3 0.0 0.80 
Mar-05 23.1 21.7 6.43 7.7 5.8 3.22 0.3 0.0 0.78 
Apr-05 23.1 21.7 8.48 11.8 8.5 6.43 0.6 0.5 0.35 
May-05 21.2 18.4 9.8 5.5 4.2 5.10 0.6 0.0 0.50 
Jun-05 21.6 19.1 12.7 5.4 3.4 5.40 0.0 0.0 0.80 
Jul-05 24.0 22.2 NA 3.5 3.0 2.82 0.0 0.0 0.99 

Aug-05 25.1 22.7 NA 3.4 2.7 5.03 0.3 0.0 0.90 
Sep-05 29.4 27.1 NA 6.4 4.4 NA 1.5 0.6 1.28 
Oct-05 29.8 28.5 NA 8.4 7.4 11.1 3.9 2.4 0.93 
Nov-05 29.0 27.2 NA 10.6 8.9 NA 5.0 3.3 NA 
Dec-05 23.2 19.9 47.1 7.5 6.1 6.50 4.8 4.1 1.04 
Jan-06 23.7 20.9 48.1 8.3 6.6 2.53 3.6 3.0 1.16 
Feb-06 25.9 24.0 35.0 13.3 10.0 5.01 2.8 2.7 0.86 
Mar-06 27.9 26.9 19.8 8.0 7.3 7.38 2.7 2.4 0.97 
Apr-06 29.9 28.5 NA 7.3 7.1 10.2 2.4 2.2 0.85 
May-06 29.3 27.5 NA 6.8 4.9 8.14 2.3 0.1 0.95 
Jun-06 27.1 19.0 12.7 4.6 2.8 7.73 0.3 -0.1 0.15 
Jul-06 18.6 17.2 NA 5.0 3.2 NA 0.0 0.0 0.00 

Aug-06 18.1 17.5 4.60 5.8 2.5 5.91 0.4 0.1 0.95 
Sep-06 16.0 14.1 2.50 2.8 2.0 4.51 0.6 0.4 0.73 
Oct-06 13.2 12.0 10.0 5.7 3.8 4.65 0.4 0.2 0.73 
Nov-06 11.6 11.1 20.0 7.8 7.0 13.0 0.2 0.0 0.35 
Dec-06 12.5 11.4 15.8 10.2 8.7 8.67 0.9 0.2 0.43 
Jan-07 11.9 11.6 13.9 11.5 10.4 9.87 1.3 1.0 0.35 
Feb-07 11.8 11.4 9.83 13.1 12.2 9.83 2.2 1.6 0.60 
Mar-07 11.5 10.8 8.05 11.4 3.9 8.33 3.4 2.8 0.49 
Apr-07 10.5 9.5 11.2 3.9 3.0 6.83 4.4 2.6 0.63 
May-07 9.2 8.5 9.50 3.2 2.8 6.73 0.1 -0.1 0.73 
Jun-07 11.2 8.8 8.70 3.6 3.0 6.70 0.0 0.0 0.90 
Jul-07 14.8 13.1 8.17 4.4 3.5 6.57 0.0 0.0 0.87 

Aug-07 22.8 16.5 8.50 5.2 3.9 6.10 0.7 0.2 0.87 
Sep-07 29.4 27.2 12.2 6.7 5.5 6.40 1.6 1.0 1.27 
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Table 100. continued 
 

Oct-07 36.5 7.7 12.2 9.4 7.3 8.70 2.1 -0.6 1.37 
Nov-07 30.3 29.7 21.0 7.7 6.3 5.93 3.6 2.8 1.51 
Dec-07 29.2 28.4 21.0 10.1 8.3 NA 3.6 1.4 0.22 
Jan-08 26.3 21.8 NA 7.1 6.6 NA 4.6 3.7 NA 
Feb-08 20.3 18.3 NA 8.4 7.8 NA 3.8 3.5 NA 
Mar-08 17.0 15.5 NA 7.4 5.1 NA 4.2 3.6 NA 
Apr-08 14.6 12.9 6.86 4.0 2.3 1.55 3.4 2.8 0.42 
May-08 11.6 10.2 11.46 1.0 -0.1 3.24 1.7 -0.2 0.85 
Jun-08 11.1 10.2 9.76 0.0 0.0 2.90 0.0 0.0 1.85 
Jul-08 10.9 10.4 6.44 0.5 0.2 4.27 0.0 0.0 0.76 

Aug-08 11.1 10.6 12.17 1.5 0.8 4.99 0.8 0.3 0.92 
Sep-08 11.2 10.8 10.29 2.2 1.7 4.85 1.8 1.5 0.90 
Oct-08 12.2 11.2 12.37 4.1 2.8 NA 2.1 1.8 1.33 
Nov-08 12.7 11.9 13.21 5.7 5.0 5.40 3.8 2.5 0.73 
Dec-08 11.3 10.4 14.13 5.9 5.4 4.62 4.0 3.6 2.18 
Jan-09 9.9 9.4 14.47 5.5 5.5 8.73 3.4 2.9 3.20 
Feb-09 9.1 8.8 12.21 5.9 5.6 4.83 2.6 2.3 1.77 
Mar-09 9.3 9.0 21.24 5.4 3.5 5.17 3.4 2.8 0.54 
Apr-09 8.9 8.5 21.62 3.8 2.8 8.88 2.3 1.8 0.42 
May-09 8.2 7.4 13.37 1.9 1.2 2.97 1.2 -0.3 0.80 
Jun-09 7.5 7.0 14.28 1.2 0.6 5.40 0.0 0.0 1.32 
Jul-09 8.3 7.9 9.28 1.4 0.7 8.93 0.4 0.0 1.24 

Aug-09 9.1 8.3 13.90 2.9 2.2 3.72 2.2 0.9 1.41 
Sep-09 12.5 10.1 10.36 3.6 2.8 NA 3.4 2.5 1.07 
Oct-09 16.4 14.3 19.08 5.4 4.2 11.6 2.7 0.6 1.62 
Nov-09 17.9 16.9 10.33 6.2 2.8 5.50 7.1 2.7 0.77 
Dec-09 15.9 13.5 10.11 1.7 0.3 4.57 4.2 2.3 0.76 
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APPE�DIX E: Fertilization rates in the control (no-buffer) 

Total inorganic fertilizer application rates and nitrogen, NH4-N and NO3-N in kg/ha at site 1 
 
   In-organic fertilizer such as ammonium nitrate and anhydrous ammonia were applied in the 

upland adjacent to the riparian site 1 (blocks 1 and 2). The upland was divided into fields 1,  

2, and 3 and different crops were planted in three fields. For more details please refer Messer 

(2010). Three types of crops grown in fields 1, 2, and 3 adjacent to the riparian buffer site 1 

(43 m and 60 m) were corn, cotton, and soybeans from 2005 to 2009. As described earlier, 

the riparian buffer site was field monitored for hydrology and water quality from January 

2005 to May 2010 (Messer, 2010). We do not have information about the crops planted in 

2005 and 2006. In field 1, corn was planted in 2007 and 2008, soybeans in 2009 and cotton 

in 2010. While in fields 2 and 3, cotton was planted from 2007 to 2009.  

      The in-organic fertilizer application rate for crops such as cotton and corn varied from 

200 pounds per acre to 330 pounds per acre. These fertilizer rates for cotton and corn are 

typical rates used by most growers in North Carolina (Cahill et al., 2010). For simulating 

control (no buffer) having a width of 43 m, inorganic fertilizer was added in change (.cng) 

file in REMM buffer zones 3 and 2. No fertilizers were added in stream edge zone 1 as it was 

thought that grower won’t apply too much fertilizer near the stream as it could be quickly 

washed off with surface runoff or overbank flow into the stream.  

Average fertilizer application rate of 335 pounds per acre (376 kg/ha) was used for 

simulating control (no buffer). The most common fertilizer such as ammonium nitrate was 

applied at rate of 376 kilograms per hectare twice each year for 33 year period. Total 

nitrogen content in the ammonium nitrate is 33-34 % which accounts to 128 kg/ha. The
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 in-organic nitrogen such as NH4-N and NO3-N is 50 % of 128 kg/ha which accounts to 

 64 kg/ha. It was known that growers applied ammonium nitrate twice a year which resulted 

in simulated control (no buffer) receiving (64+64) kg/ha of NH4-N and NO3-N each year for 

33 year period.  

Total poultry litter application rates and nitrogen, �H4-� and �O3-� in kg/ha at site 2        

    Poultry litter was applied in the upland adjacent to the site 2 buffer in early spring each 

year from January 2005 to May 2010. The broadcasted poultry litter was applied at a rate of 

2200 kg/ha (Wiseman, 2011). The grazing of cows in the upland and their excreta was a 

source of nitrogen to the buffer but was not quantified. Not much information was available 

about nitrogen constituents in the poultry litter. Using the above application rate, the total 

nitrogen, NH4-N and NO3-N were computed using the values derived from broiler house 

whole litter characteristics derived from animal waste management systems programs and 

live stock manure characterization databases at Biological and Agricultural Engineering 

department, NC State University. The link to the database can be found at website address 

http://www.bae.ncsu.edu/programs/extension/manure/awm/program/barker/a&pmp&c/conte

nt.htm. This link will open a list of tables which describes animal and poultry litter 

characteristics. Table 61 was chosen as it best represented the poultry litter application rates 

in the upland adjacent to the site 2 buffer (Personal communications, Sanjay Shah, March 

2012). Table 61 gives the minimum, maximum, median, and mean concentrations for TKN 

(lb/ton), NH4-N (% TKN) and NO3-N (lb/ton). The mean concentrations from Table 61 were 

used for computing total nitrogen, NH4-N and NO3-N in the poultry litter. The total nitrogen,  
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NH4-N and NO3-N in the poultry litter were found to be 78 kg N/ha, 13 kg/ha and 1.1 kg/ha 

respectively. The actual poultry litter land application rates for common Bermuda grass in 

Halifax County, NC is 40-50 lb N/dry ton (Zublena et al., 1996). While the crop yields for 

common Bermuda grass on Emporia-Wedowee complex soils present in the agricultural area 

adjacent to site 2 buffer is 4.1 tons N/ acre. This will result in total application rate of  

160-200 lbs N per acre which is 179-224 kg N/ha/yr (Zublena et al., 1996). Since there was 

lot of uncertainty about actual application rates in the upland adjacent to buffer site 2, the 

total N rate was kept within 179-224 kg N/ha/yr (Zublena et al., 1996). The final nitrogen 

application rate at the upland adjacent to buffer site 2 was 210 kg N/ha/yr. It was assumed 

that buffer site 1 will receive 187 kg NH4-N/ha/yr and 23 kg NO3-N/ha/yr from poultry litter 

for 33 year period (2010-2042). More information about the nitrogen application rates in 

each NC County can be found here:  http://nutrients.soil.ncsu.edu/yields/index.php#county. 
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