
ABSTRACT 
KREISER, GARY SCOTT.  A Wetland Restoration Project:  Water Budget and Nutrient 
Analysis of a Drained Carolina Bay.  (Under the direction of Michael J. Vepraskas.)  
 
 Hydrology is the most important variable in the creation and maintenance of 

wetlands and wetland processes.  As part of a wetland restoration project, the hydrological 

conditions are being measured to evaluate the restoration plan as well as to predict off-site 

impacts of restoration.  This study developed a water budget, which accounts for all water 

inputs and outputs, for a drained Carolina bay in Robeson County, NC during a 13-month 

period. Sources for water inputs and outputs were measured or determined by difference, 

to establish the current hydrological conditions.  Precipitation was the major source of 

water input totalling1014 mm of water.  The main sources of output were 

evapotranspiration and surface outflow, with 845 mm and 727 mm respectively.  

Groundwater inflow was estimated to range from 171 to 563 mm, which indicates that 

Juniper Bay has a significant groundwater inflow that could possibly influence the 

restoration project.  The water budget indicates that the bay is now acting as a discharge 

wetland, but will act as a flowthrough wetland once restoration is complete, which may 

cause off-site impacts.  

 Nutrient cycling is strongly influenced by the hydrologic conditions of an 

ecosystem.  A study was conducted to determine the inputs and outputs of nutrients to 

determine if these nutrients may cause a water quality issue.  The nutrients NH4
+-N, NO3

--

N, TKN, PO4
3-, TOC, Ca2+, Mg2+, K+, as well as Na+ were measured in precipitation, 

groundwater and surface water.  During 2002 to 2003 there was very little change in the 

surface water nutrient concentrations except during rain events of greater than 5 

centimeters in a day.  During these large rain events the nutrient concentrations rose by at 
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least 2 times and in some instances rose by as much as 4 times the base flow conditions for 

TOC and calcium.  In most instances the surface water levels of P and N were below the 

levels that cause water quality degradation.  However, during large rain events there could 

possibly be periods of high nutrient levels and short-term eutrophication.  Nutrient levels 

in precipitation on average were quite low, except for PO4
3-, NH4

+-N, NO3
-N, and TKN 

indicating possible deposition of nutrients from outside sources.  
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Introduction 
 

 A drained Carolina Bay is in the process of being restored to a wetland.  As part of 

this research the hydrology and nutrients of the bay were studied in order to determine if 

there might be any off-site impacts after restoration.  The scope of this research was to 

create a water budget for the Carolina Bay in order to determine the hydrologic condition 

pre-restoration and to make predictions of the effect restoration would have on the 

hydrology of the bay.  Also, part of this research focused on the nutrients that were being 

imported and exported out of the bay in order to determine if there might be potential off-

site impacts.  Not originally part of this research, but was born out of necessity, was the 

work done on using a fence system as a tool for beaver management.   

 Contained within are the results of the hydrologic study and nutrient analysis as well 

as information on a beaver management practice. 

 
LITERATURE REVIEW 

 
Carolina Bays 

 Carolina Bays are elliptical depressions of unknown origin that lie in a northwest to 

southeast orientation (Johnson 1942).  An estimated 500,000 bays are found along the 

Atlantic coastal plain from Maryland to northern Florida (Knight et al. 1985).  The 

maximum concentration of bays occurs in southeastern North Carolina and northeastern 

South Carolina, where the bays may account for more than 50 percent of the ground 

surface (May and Warne 1999).  These depressions were first referred to as �bays� by 

Glenn (1895), because of the occurrence of bay trees and shrubs inside the depression 

(May and Warne 1999).  Melton and Schreiver first proposed the term Carolina Bay in 



2 
 

 

1933.  The name was derived from the fact that the depressions were first studied in the 

Carolinas and the depressions commonly contained bay trees (Frey 1949).  Other names 

have been proposed; such as Neptune rings (Cooke 1945), but by that time the name of 

Carolina Bays was apparently the preferred description (Pettry et al. 1979). 

 There have been numerous studies on Carolina Bays in order to determine their 

origin.  Some of the more notable theories include: Craters of meteor swarm (Melton and 

Schriever 1933; Prouty 1952; Wells and Boyce 1953); solution basins of artesian springs 

with lee dunes (Johnson 1942); fish nest made by giant schools of fish waving their fins 

over submarine artesian springs (Grant 1945) and comet fragments exploding above the 

earth�s surface and their shock waves creating depressions (Eyton and Parkhurst, 1975).  

To this day, there has been no universally accepted theory and the debate still continues. 

 Throughout the years the focus of study on Carolina Bays has shifted from the 

origins and geologic characteristics to ecological/biological and soils of the bays.  Current 

research is studying the biological life associated with Carolina Bays in order to gain a 

better understanding of the ecosystems (Ross 1987).  For example, between 1938 and 

1947, 72 percent of research on Carolina Bays was about the theories of origin, 26 percent 

concerned geologic characteristics and only 2 percent examined ecological/biological 

studies.  However, between 1978 and 1987, only 12 percent of the research examined 

origin theories, 8 percent concentrated on geologic characteristics, 64 percent focused on 

ecological/biological research and 16 percent reviewed soils (Ross 1987). 

 Carolina Bays can be easily distinguished from other types of depressions in the 

Atlantic Coastal Plain by a series of unique characteristics (Sharitz and Gibbons 1982).  

These characteristics include the northwest to southeast orientation and elliptical shape of 



3 
 

 

the bays.  Carolina Bays also have a shallow depth and usually have a sandy rim around 

the perimeter (Sharitz and Gibbons 1982).  The sandy rim is typically 1 to 5 meters high 

and is best developed on the east and southeastern parts of the bay (May and Warne 1999).  

Another characteristics of Carolina Bays are their consistent parallelism in the northwest to 

southeast direction (Shartiz and Gibbons 1982).  However, some dispute this claim and 

report that even thought the predominant axis was in the northwest to southeast, there is 

quite a range of directional deviation (Johnson, 1942; Shartiz and Gibbons 1982). 

 There seems to be little information available about the soils in and around Carolina 

Bays (Schalles et al. 1989; Richardson and Gibbons 1993; Reese and Moorehead 1996).  

This relates back to the fact that until recently there have been few studies performed on 

the soils of Carolina Bays.  The studies of soils that have occurred show that there is a 

wide variety of soil types in Carolina Bays ranging from organic to clay-loams (Frey 

1950).   Glenn (1895) reported that there was a clay layer 8 m thick beneath the sand layer 

of bays around Darlington, SC (Sharitz and Gibbons 1982).  Byrant and McCraken (1964) 

found clay layers in 15 Carolina Bays in Scotland County, NC, which contained a surficial 

sand layer over a clay layer (Sharitz and Gibbons 1982).  Other studies report that Carolina 

Bays appear to be restricted to sandy surface deposits and mention nothing about a deep 

clay layer (Gamble et al. 1977).  May and Warne (1999) report that bays are commonly 

filled with organic sediments that range in depth from 1 to 5 m deep.  Due to the wide 

variety of soil types found in Carolina Bays, Reese and Moorehead (1996) suggest that 

Carolina Bays cannot be treated as homogenous units with uniform soil characteristics. 

 Due to recent growth in urban and agricultural development, many Carolina Bays are 

succumbing to land development (Knight et al. 1985).  Land development of Carolina 
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Bays interferes with their intrinsic value as unique and important wetland habitats 

(Richardson 1981; Richardson and Gibbons 1993).  In addition, Carolina Bays have also 

recently been sites for significant upland archeological sites (Brooks et al, 1996).  

However, because the process that created Carolina Bays is still unknown, there are still 

questions regarding the bays cultural resource potential and long-term wetland capacity 

(May and Warne 1999).   

Precipitation 

 Precipitation is the main mechanism for distributing water over the earth�s surface, 

which includes all forms of water that falls from the atmosphere to the surface of the earth 

(ASCE 1996).  The characteristics of precipitation, which include mean annual amount, 

intensity, duration, and precipitation form are of interest in determining the hydrology of a 

wetland.  Measurement of these precipitation characteristics allows for sampling of the 

distribution of precipitation in space and time (ASCE 1996).  Two types of gauges are used 

in measuring precipitation, recording and non-recording.  Recording gauges automatically 

record the precipitation accumulation, while the non-recording gauge consists simply of a 

cylindrical container and a measuring stick (Maidment 1993).   

 Determining the �exact quantity� of precipitation that falls to the ground has been the 

main concern for many reports for the last 200 years (ASCE 1996).  In 1769, Heberden 

showed that elevated rain gauges recorded less rainfall than gauges that where lower to the 

ground.  The lower rainfall amounts in elevated gauges are due to the wind effect.  In order 

to eliminate this wind effect Stevenson, in 1842, developed a Pit gauge with an opening at 

ground level (Rodda 1967).  Pit gauges provide probably the most accurate measure of 

precipitation when it is properly situated and protected against splash (Rodda 1970).  
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However, Pit gauges are not suited for large networks, can fill with leaves, and are prone to 

damage (ASCE 1996).    

 The National Weather Service (NWS) uses non-recording and recording gauges in its 

climatic studies (ASCE 1996).  Two non-recording gauges are the 8-inch gauge and the 4-

inch gauge.  The 8-inch gauge; has an 8-inch diameter orifice, with a funnel that directs 

precipitation into a measuring tube, and an outer container.  The measuring tube is 20 

inches tall and holds 2 inches of precipitation (ASCE 1996).  The 4-inch gauge is similar to 

the 8-inch gauge, with the inner container made of clear plastic and a calibrated scale on 

the side. 

 One type of recording gauge that is commonly used is the tipping bucket gauge.  The 

tipping mechanism is an event counter that records the time of each tip of a bucket, usually 

.01 inches (ASCE 1996).  A data logger then records the time of the tip electronically.  

Rainfall intensity may be determined by knowing the time of tip, but they cannot 

determine the exact beginning and ending times of a storm event (ASCE 1996). 

 Measurement of true precipitation amounts is critical in order to develop accurate 

hydrologic assessments of a watershed (ASCE 1996).  Precipitation measurements have 

two types of error, random and systematic (ASCE 1996).   Random error is due to the 

differences in topography and vegetation around rain gauges, as well as inadequate 

network density to account for the spatial variability of rainfall.  Establishing a gauge 

network that can take into account the spatial differences in rainfall can control random 

error.  Inherent to any type of rain gauge is systematic error, or instrument error. 

Systematic error is considered to be the most important source of error for rain gauges.  

The major sources for systematic error in precipitation measurements are the wind field 
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effect caused by elevated gauges, adhesion of water to the surface, evaporation of water, 

and rain splash (ASCE 1996). 

 The effect of wind on precipitation measurements has been known for hundreds of 

years.  It was observed by Heberden in 1769 that elevated rain gauges caught less rainfall 

than gauges near the ground (ASCE 1996).  Jevons in 1861 showed that the decreased 

catch was due to the effects of wind speed with height.  He noted that obstacles placed in 

the wind caused the air to sweep around the sides and over the top with increased speed.  

This increase in speed allows for the deflection of rain particles from their original paths 

(ASCE 1996).      

 Wetting and evaporation of water from the surface of the gauge is another possible 

cause of systematic error.  Rain that adheres to the surface of the gauge and may evaporate 

after the storm event is called the wetting loss and is unavoidable (ASCE 1996).  The 

smoother the material of the gauge the less likely it is for the water to adhere to the surface; 

gauges made of polished metal or plastic will have lower wetting losses than gauges made 

of galvanized metal (ASCE 1996).  Evaporation of the precipitation from the gauge will 

underestimate rainfall amounts.  This is normally not a major problem, unless there is light 

rainfall onto a warm gauge (Snow and Harley 1988).  Wetting and evaporation losses are a 

major concern for non-recording gauges, but not a real problem for a recording gauge, such 

as a tipping bucket gauge (ASCE 1996). 

 The possibility of rain splash into a rain gauge is also a point of concern for 

systematic error.  Rain splash height is correlated to the intensity of rainfall as well as the 

surface characteristics (ASCE 1996).  Walklate (1989) showed that the maximum splash 

height is proportional to the velocity and diameter of the raindrop.  It was shown that a 1 
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mm diameter droplet with a velocity of 10 m/s could reach a height over 1 m.  Rain splash 

can be avoided by placing the gauge opening above the highest level of rain splash  (ASCE 

1996).  However, there is a tradeoff between increasing the height of the gauge to avoid 

rain splash and decreasing the height of the gauge in order to reduce the effect of wind on 

rain catchment. 

Surface Outflow 

 Surface outflow or stream flow is water that is flowing on the surface of the earth, 

either as overland flow or by flow in channels, or streams.  Surface outflow is a continuous 

process in which water flows from higher elevation to lower elevations by the force of 

gravity and is usually expressed in either terms of volume or flow rate (ASCE 1996).  

Measurement of stream flow involves the determination of the average velocity in the flow 

section and the application of this average velocity to the area of flow (ASCE 1996).  

Measuring average velocity and area of flow introduces several sources of errors in the 

final estimation of discharge rates (ASCE 1996).  There are two methods to determine 

surface outflow rates: direct and indirect measurements. 

 Direct measurements involve measuring the width, depth, and velocity of flow in 

subsections of the stream in order to determine the average discharge for the stream (ASCE 

1996).  The most common direct measurement method is to use a current meter that 

measures the velocity of the stream by counting the number of revolutions per unit time 

(ASCE 1996).  It is often difficult to measure extreme discharge events by direct methods.  

Another problem with direct measurements of surface outflow is that it also requires that 

someone be on site to measure flow rates. 
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 Indirect methods are able to measure discharge rates without having to have someone 

actually be there.  Some common types of indirect measurements are slope-area, weirs, and 

embankments (ASCE 1996).  One of the most common methods of indirect measurement 

in the United States is the Manning formula, which relates discharge rates to the slope and 

area of the stream (ASCE 1996).  A field survey is needed in order to determine the cross 

sectional area, hydraulic radius, and to estimate a roughness coefficient.  Reliable results 

from the slope-area method are reduced if there are questions as to the cross sectional area, 

hydraulic radius, and the roughness coefficient (ASCE 1996).  Riggs (1976) showed that 

an experienced hydrologist was only within 30% of known discharge rates when using the 

slope-area method. 

 The use of a weir is one of the oldest methods used to measure surface outflow 

indirectly.  Weirs are defined as overflow structures built perpendicular to an open channel 

that is used to measure the flow rate of water (USBR 2003).  Weirs create a control section 

in which the discharge is related to the upstream water-surface elevation.  Some 

characteristics of weirs are accuracy, cost of construction, and its flexibility of its shape 

(ASCE 1996).  

 Common weir types are rectangular, trapezoidal, and triangular (V-notch) (USBR 

2003).  Free flow occurs when a thin-plate weir has free access of air under the falling jet 

of water.  When free flow occurs, head measurements at an upstream location determine 

the discharge with respect to the weir size and shape (USBR 2003).  In order to make a 

weir discharge measurement, the head or depth of an upstream point must be known.  Then 

an equation for the specific weir type is used to determine the discharge rate (USBR 2003). 
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Evapotranspiration 

 Evapotranspiration (ET) is the combination of evaporation of water from soil and 

water surfaces and the transpiration from growing plants. It is the major process that 

returns precipitated water back to the atmosphere (ASCE 1996).  The primary force for ET 

is energy from the sun.  Other factors that affect evapotranspiration include the differences 

in reflectance of radiation, differences in heat storage, and the aerodynamic roughness of 

water and vegetation which affects the transfer of sensible and latent heat  (ASCE 1996).  

ET estimations are probably the hardest to compute of all the water budget components. 

 During the 20th century, major work was accomplished in linking the processes of 

evapotranspiration with energy exchange.  Most notable was the work done by Penman in 

1948 that related ET to meteorological variables (ASCE 1996).  Penman combined the 

energy balance component that is required to sustain evaporation with the mechanism that 

is used to remove water vapor.  Since Penman, many others have continued to expand on 

his theory, with particular interest on the aerodynamic aspects and the affect that it has on 

ET (ASCE 1996). 

 Potential ET as defined by Penman (1948) is the, �amount of water transpired in unit 

time by a short green crop, completely shading the ground, of uniform height and never 

short of water� (Penman 1948).  However, Monteith (1981) defined potential ET as, 

�evapotranspiration from vegetation having a saturated surface.�  This latter definition by 

Monteith is correct, however it has been difficult to measure and apply in the field (ASCE 

1996).   The greatest challenge in estimating ET is predicting ET in situations where it is 

much lower than the potential rate due to low soil water availability (ASCE 1996).   
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 According to the ASCE (1996), �Today, the most basic and practical equation for 

estimating evapotranspiration is commonly known as the �Penman-Monteith� method.�  

The most common application of the Penmen-Monteith equation for estimating ET has 

been the reference ET approach (ASCE 1996).  In areas where precipitation is generally 

greater than potential ET for a vegetative cover, ET can be readily estimated using the 

reference ET concept along with crop coefficients (ASCE 1996).  This is a two step 

process that involves: (1) the determination of the reference ET (ETo), and (2) multiplying 

the ETo by a crop coefficient (Kc), to obtain actual ET for a particular crop or surface 

condition as shown in Equation 1: 

ETc=KcETo   [1] 

 The reference ET approach can still be used in estimating ET in hydrologic studies 

that have natural vegetation under rain-fed conditions (ASCE 1996).  For these cases, Kc 

might be more appropriately called the �cover� coefficient instead of a �crop� coefficient.  

The usage and application of the �cover� coefficient would be the same as the �crop� 

coefficient (ASCE 1996).  The value of the coefficient depends on the relative roughness, 

leaf area, and albedo of the actual vegetation in relation to the same characteristics of the 

reference surface (ASCE 1996).   

 The type of method used to estimate ET depends on the type of application and the 

quantity and accuracy of the data (ASCE 1996).  For applications, such as water budgets, 

the use of a crop coefficient-reference ET may be appropriate (ASCE 1996).  This method 

can be the best overall approach to estimate the ET since the use of a reference ET 

provides for a measure of general energy available for evapotranspiration, and the Kc can 
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account for a wide assortment of physiological and environmental factors that affect ET 

rate, including plant density, and soil evaporation (ASCE 1996). 

 
 Change in Storage 

 
 Change in storage is not extensively discussed in the literature, but it is still an 

important component of the water budget.  The change in storage is simply the change in 

the water table depths during a specific time period.  The storage capacity of a wetland is 

essentially how much water a wetland can hold.  In most wetlands the change in storage is 

small or zero indicating that for the study period the water level was close to where it was 

at the beginning and end of that period (Mitsch and Gosselink 1993).  Even though the 

change in storage component might appear to be insignificant, it is important for the ability 

of some wetlands to help control flooding.  Those wetlands that are able to intercept storm 

runoff and store this water slow the amount of discharge over a greater period of time, 

which reduces the risk of flooding (Mitsch and Gosselink 1993).  

 
Groundwater 

 
 Groundwater is the subsurface water that is within the saturated zone of the earth�s 

surface.  It cannot be considered separate from the other phases of the hydrologic cycle 

(ASCE 1996).  Groundwater flows through the interconnected void spaces, such as 

microcracks between grain boundaries and in larger fractures (Maidment 1993).  The 

movement of groundwater is in response to differences in total potential.  Groundwater 

flows from regions of high hydraulic head to areas of lower hydraulic head. 

 The groundwater component for a water budget is one of the most difficult 

components to estimate (Carter et al. 1978; Carter 1986).  Monitoring gauges and 
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piezometers must be properly placed in order to determine the groundwater potential 

(Carter et al. 1978; Carter 1986).  Complicating the measuring of groundwater is the 

poorly understood hydraulic conductivity of organic soils (Mitsch and Gosselink 1993).  If 

the groundwater component is being calculated as the residual of the water budget, then 

there can be errors or misinterpretations if there is no error analysis (Winter 1981).  

Another complication of the groundwater component is its temporal variability indicating a 

necessity for long-term rather than short-term hydrologic studies (McKay et al. 1979; 

Winter and Carr 1980; Carter 1986).   

 The recharge and discharge function has often been cited as one of the most 

important functions performed by wetlands (Mitsch and Gosselink 1993).  However, this is 

not always the case, as some wetlands have very little influence from groundwater (Mitsch 

and Gosselink 1993).  A wetland is classified as a recharge wetland when there is 

groundwater outflow; the water leaves the wetland and replenishes the groundwater 

(Mitsch and Gosselink 1993).  A discharge wetland is one that has net groundwater inflow, 

that there is more groundwater entering the wetland and leaves as surface outflow (Mitsch 

and Gosselink 1993).  Some wetlands may actually have alternate periods of recharge and 

discharge (Lichtler et al. 1976; O�Brien 1977; McKay et al. 1979) other wetlands may have 

a complex groundwater flow system having both recharge and discharge regions (Winter 

and Carr 1980). 

 There is a debate as to whether Carolina Bays have a significant groundwater 

component.  The prevailing theory is that Carolina Bays are rain-fed wetlands (Sharitz and 

Gibbons 1982).  However, others have shown that Carolina Bays do have a groundwater 

component.  Newman and Schalles (1990) state that some Carolina Bays do have a 
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significant interaction with surficial groundwater that affects the water chemistries of the 

Bays and one Bay might even have a deeper groundwater influence.  This groundwater 

exchange is thought to be primarily lateral rather than vertical (Schalles and Shure1989).  

It is thought that the clay layer below the wetland acts as an aquitard allowing for this 

lateral groundwater exchange (Johnson 1942).  The lateral exchange of groundwater is 

important in other types of wetlands such as, prairie potholes (Sloan, 1972), and Florida 

cypress domes (Heimberg 1984).  Relating local topography with long-term measurements 

of evapotranspiration, precipitation, groundwater levels, and soil permeability with the 

changes in water level would be a valuable tool in determining if there is a groundwater 

influence (Sharitz and Gibbons 1982).  
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WATER BUDGET 
 

Introduction 
 

 Hydrology is the most important variable in the creation and maintenance of different 

types of wetlands and wetland processes (Mitsch and Gosselink 1993).  For the 

classification, assessment, and restoration of wetlands, there is a need to know the amounts 

and timing as well as the sources of water (Owen 1995).  Even though hydrology is known 

to be important, it is often overlooked and the least understood aspect of wetlands.  This 

may be due to the fact that assessing hydrology is a complex and time-consuming process.  

 Early wetland studies concerning hydrology dealt with the relationship between 

wetland productivity and species composition (Mitsch and Gosselink 1993).  In the last 

twenty years, numerous papers have dealt with the various broad aspects of hydrology in 

wetlands (Carter et. al 1978; Carter 1986; Carter and Novitzki 1988).  However, there have 

been few studies that have described the detailed hydrologic characteristics within specific 

types of wetlands.  Exceptions to this include studies of northern peatlands, salt marshes, 

cypress swamps, and large-scale wetland complexes (Mitsch and Gosselink 1993).   

 Hydrologic studies must be well planned in order to quantify the temporal and spatial 

distribution of water, and must consider all possible inputs and outputs of a wetland.  This 

process for accounting all of the water sources and sinks within a defined site is commonly 

called a water budget (Roig 2000).  Figure 1 illustrates the components of a wetland.  

Water budget equations are often used in detailed hydrologic assessment of wetlands 

(Rykiel 1984; Hyatt and Brooks1984).  Water budgets are also useful for the calculation of 

nutrient budgets.  In addition, they can be used to estimate unknown hydrologic 
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components such as groundwater flow and for the prediction of the effects of natural and 

anthropogenic changes on water inputs and outputs (Carter 1986; Roig 2000). 

 The general components of a water budget equation showing the water storage, 

inflows, and outflows of a wetland may be expressed as (Mitsch and Gosselink1993): 

    ∆V/∆t=Pn+Si+Gi-ET-So-Go±T [2] 

where: 
∆V/∆t = change in volume of water storage in wetland per unit time, t 
Pn = net precipitation 
Si = surface inflows, including flooding streams 
Gi = groundwater inflows 
ET = evapotranspiration 
So = surface outflows 
Go = groundwater outflows 
T = tidal inflow or outflow 

 
It is important to note that not all variables occur in all wetlands.  There are many different 

forms of this equation, all of which are essentially the same (Carter et. al. 1978; Roig 

2000).   

 The water budget (Eq 2) at first glance seems deceptively simple, where water inputs 

equals water outputs, plus or minus the change in storage, but care must be taken when 

using it to establish the hydrology of a wetland (Winter 1981).  The central problem in 

determining water budgets for a wetland is how well the individual inputs, outputs, and 

change of storage can be measured or estimated and the magnitude of the associated errors 

(Dooge 1972; Winter 1981; Carter 1986).  For most hydrologic studies, it is desirable to 

measure or estimate all of the components in order to calculate a water budget (Dooge 

1972; Hyatt and Brook 1984; Carter 1986).  However, this is not always possible due to 

the difficulties in making hydrologic measurements, and one component is calculated as 

the residual of the water budget equation (Eq 2).   
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 The inherent problem with the residual component is that it contains the sum of all 

errors from the other terms in the budget.  Errors can be classified into two categories of 

either measurement or interpretation (Winter 1981).  Measurement errors occur from trying 

to take measurements using imperfect instruments, inadequate sampling design, and data 

collection procedures.  Interpretation errors occur as a result from using point data in order 

to estimate quantities for a longer period of time (Winter 1981).    These errors can have a 

significant effect on the calculations of a water budget.  However, error analysis is not 

commonly used and the residual term is given a great deal of interpretation and 

importance, even though the residual term has little meaning.  Winter (1981) recommends 

that any hydrologic budget, however derived, include error analysis in order to allow for 

realistic use of water budgets.  By including error analysis Equation 2 becomes: 

    ∆V/∆t=Inputs-Outputs±error   [3] 

The inputs and outputs are the same as in Equation 2.  Error is calculated from the standard 

deviations of measurement and the known instrument error and then is summed up in the 

final water budget equation (Owen 1995). 

 Water budgets are useful because they provide �a first approximation of inputs and 

outputs as a basis for nutrient balance and energy studies, hydrologic models, and 

predictions of impact� (Carter 1986).  Carter (1986) notes that water budgets are 

commonly used in wetland analysis.  While there are known errors associated with 

calculating a water budget, water budgets provide an initial base for further detailed 

analyses of wetland hydrology.   

 In order to determine the sources of water occurring at Juniper Bay, the hydrology is 

being studied.  To determine the hydrologic inputs and outputs into the bay, a water budget 
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is being used.  The objectives of this research are to establish a water budget, compute the 

magnitude of water inflow and outflow into the bay, and predict possible impacts of the 

restoration. 

Materials and Methods 

 The North Carolina Department of Transportation (NCDOT) is in the process of 

restoring a drained Carolina Bay in Robeson County.  The project will provide 

compensatory wetland mitigation in the Lumber River Basin of southeastern North 

Carolina, which will offset wetland impacts from road construction projects in the river 

basin (Hauser 2001).  The site, known as Juniper Bay (Figure 2), is composed of 300 

hectares of an extensively drained Carolina Bay that was used for agricultural production.  

The goal of the restoration project is to restore the site back to a wetland, thus recreating 

the functions and values of a Carolina Bay.  As part of this restoration project, North 

Carolina State University is investigating the hydrologic, soil and vegetative changes that 

occur in Juniper Bay as a result of this restoration project.   

 Juniper Bay is located approximately 16 kilometers southeast of Lumberton, NC 

(Figure 3).  The bay contains an extensive network of ditches that were installed in order to 

drain the bay for agricultural production (Figure 4).  All of the surface water exits the bay 

through a perimeter ditch and a large main ditch.  The soils of the bay were classified 

during the summer of 2001 with Juniper Bay having both organic and mineral soils.   
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Precipitation 

 Precipitation was measured using three tipping bucket gauges that were located 

within the bay (Figure 4).  Gauges located in the NW and SE measured rainfall to the 

nearest .01- inch, while the gauge at the weather station measured rainfall amounts to the 

nearest 0.1-millimeter.  The rain gauges at NW and SE were Davis Instruments, Rain 

Collector II.  The event recorder used a HOBO Event Logger, by ONSET Computer 

Corporation.  The rain gauge at the weather station was Texas Electronics, Inc. TE525MM.  

Monthly totals for all rain gauges were computed and then compared.  Gauges that 

obviously had inaccurate totals for a month were discarded.  The remaining gauges were 

then used to determine the average monthly total of precipitation for the entire bay. 

 

Evapotranspiration 

 Data that were used to estimate PET were collected at the weather station located 

near the center of bay (Figure 4).  Measurements included hourly readings of direct 

radiation, net radiation, wind speed, and wind direction. Wind speed and wind direction 

were measured with Climatronics Wind Speed and Direction Sensors (Model CS 800-L).  

Net radiation was measured with a REBS Net Radiometer (Model Q7_1).  Direct radiation 

was measured with a LI-COR LI200SZ Silicon Pyranometer.  Air temperature and relative 

humidity were measured using Valsala-Temperature and RH probe Model HMP45C.  All 

measurements recorded were stored in a Campbell Scientific CR-10X data logger.  

 Reference ET was calculated using software from University of Idaho at Kimberly 

(University of Idaho at Kimberly 2002).  The reference crop was assumed to be a short 
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cool-season grass, which gave a reference ET (ETo).  Potential evapotranspiration was 

calculated by using the Penman-Monteith equation where: 

ET = ∆(Rn-G) + ρacp(e
o

z-ez)/ra    [4]    
   ∆ +γ(1+ rs/ra)   
where: 
Rn = net radiation 
G = soil heat flux 
∆ = slope of satruation vapor pressure 
γ = psychrometric constant 
eo

z =  mean saturation vapor pressure 
rs = bulk surface resistance 
ra = aerodynamic resistance 
ez = actual vapor pressure of air 
ρa = air density 
cp = specific heat of dry air 

 

 The hourly weather data was used to calculate hourly ETo values, which were then 

summed to get a monthly total.  A crop cover coefficient was applied in order to get 

estimated ETc (using equation ETc=EToKc).  A crop (cover) coefficient was constructed 

using the procedure outlined in ASCE Hydrology Handbook (1996).  The Kc curve was 

constructed by dividing the growing season into four parts that describe the growth stages: 

the initial period, development period, midseason period, and late season period. 

  One of the dominant plant species at Juniper Bay during the study was Dog Fennel 

(Eupatorium capillifolium L.).  Dog Fennel is an aggressive weed species that is native to 

the southeastern United States, which commonly occurs on sites such as old fields, ditches, 

and disturbed pastures (Van Deelen 1991).  Dog Fennel is often described as an annual that 

can grow to heights of 4 to 5 feet (1.2-1.5 m).  Using information from the ASCE 

Hydrology Handbook (1996), a crop similar to dog Fennel was picked in order to get the 

crop coefficient.  Millet (Panicum miliaceum L.) was listed as a crop with a maximum 

height of 1.5 m, which is similar to dog fennel.  Using the numbers for millet, a Kc curve 
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(Figure 5) was developed for Juniper Bay.  Using the Kc graph, crop coefficients were 

picked for each month, which are listed in Table 1.  Using the reference equation of ETo 

multiplied by Kc will provide a monthly estimated ETc for Juniper Bay.  

 

Surface Outflow 

 Surface outflow was measured at the main outlet using dual compound weirs (Figure 

4).  Dual compound weirs were selected because they measure both low and high flow 

events, and also because a cement structure was already in place to support two weirs.  

Compound weirs consist of a rectangular notch with a V-notch cut into the center of the 

crest.  Determining discharge from compound weirs requires the use of two different 

equations.  Which equation is used depends on whether the discharge is contained in the 

V-notch or rectangular portion of the weir.  If there are high flow events that are contained 

in the rectangular portion of the weir then the following equation is used (USBR 2003): 

Q=3.9h1
1.72-1.5+3.3Lh2

1.5         [5] 

Where: 
Q= discharge in ft3/s 
h1= head above the point of the V-notch in ft 
L = combined length of the horizontal portions of the weir in ft 
h2= head above the horizontal crest in ft 
 
However, if the flow is confined to only in the V-notch portion of the weir then the 

standard V-notch equation is used (USBR 2003) 

Q = 2.49 x h1
2.48       [6] 

 In order to determine the stage of the water, pressure transducers were located above 

and below the weir.  Knowing the elevation of the weir invert and the height of the water 

above the weir gives the height of water that is passing over the weir.  This height of water 
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determines what part of the weir the water is in and this then determines which equation is 

used.  A Campbell Scientific CR-10X is used to run the calculations and to store the data. 

Surface outflow volumes were converted to equivalent depths of water by dividing by the 

surface area of the bay.  The outflow measurements were then summed in order to get 

monthly totals.   

 During failure of the primary outflow measurement system, surface outflow was 

estimated by comparing the water elevations during the failure with water elevations 

during non-failure periods.  This assumes that similar water elevations would have similar 

outflow amounts.  Using this assumption, surface outflow was estimated when there was 

system failure.  

Water Table Depth 

 Sixteen automatic monitoring wells (Remote Data Systems, Inc., Wilmington, NC) 

were installed inside the bay (Figure 6).  Wells were installed by boring a hole 4 inches in 

diameter to a depth of 80 inches.  The area around the well screen was back filled with 

sand in order to prevent clogging of the screen.  A layer of bentonite was placed on top of 

the sand layer in order to seal the well from surface water.  A conical mound of soil was 

then placed on top of the bentonite as a preventive measure to keep surface water away 

from the well.  Water table depths each well were recorded hourly.  In order to get average 

water table depth for the whole bay, all the well depths were averaged together.   The 

average water table depth was then used in calculating the change in storage of the bay for 

each month.   
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Change in Storage 

 Change of storage was determined from the differences in water table depth at the 

beginning and end of each month.  Change in storage was determined by multiplying the 

change in the average water table depth by the average drainable porosity of the soils.  

Drainable porosity is the amount of water drained for a given drop in the water table 

(University of Minnesota 2003).  Drainable porosity is affected by the soil texture and 

structure, with sands having larger drainable porosities and clays having smaller drainable 

porosities (University of Minnesota 2003).  Most of the soils in Juniper Bay have been 

classified as either sandy clay or sandy loam (Ewing and Vepraskas unpublished).  

According to the FAO Irrigation and Drainage Paper 38 (1980) the drainable porosity for 

these types of soils is between 0.03 and 0.12 cm3/cm3.  A drainable porosity of 0.1 was 

used as an average drainable porosity of the whole bay.  Multiplying the average drainable 

porosity by the change in water table depth for each month gave the monthly change in 

storage for Juniper Bay. 

Groundwater 

 Groundwater inflow and outflow were estimated as the residual of the water budget 

equation (Eq 2).  Using a modified version of Equation 2 groundwater was calculated 

where: 

Inputs-Outputs=∆Storage 
∆Storage=(Precip + Gi) �(ET+Go+So) 
Precip + Gi = ET + Go +So + ∆Storage 
Gi-Go = ET +So + ∆Storage � Precip 

 
The groundwater component of the water budget is the net groundwater movement in the 

bay and it was estimated for each month.  The term Gi-Go was computed as a length 

measurement, but can be converted to a volume by multiplying by the area of the bay. 
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Statistics 
 

  Statistical software (SAS) was used to perform summary statistics and multivariate 

correlation on all components of the water budget. 

 
 
 

Results and Discussion 
 

Precipitation 
 

 Average monthly precipitation amounts are shown in Figure 7.  These are the average 

values determined from the rain gauges at Juniper Bay.  Long-term normal rainfall levels 

are also shown in Figure 7.  Seven months had lower than normal rainfall, particularly 

from April through July.  Rainfall after August was generally normal or wetter than 

normal.    

Evapotranspiration 

  There was a seasonal trend in the amount of PET (Figure 8).  The total amount of 

ET was estimated at 845 mm for the year.  This seems to be a reasonable estimate since 

others have estimated ET in the coastal area of North Carolina to be approximately 900 

mm (van Bavel and Verlinden 1956).  Evapotranspiration has a negative correlation with 

surface outflow (R2= -0.5805).  In months when there was high ET there was a low amount 

of surface outflow.  In the summer months of June, July and August the highest rates of ET 

were calculated for Juniper Bay.  During these months there were corresponding low 

amounts of surface outflow.  ET is the biggest sink and accounts for 54 percent of all water 

leaving the bay. 
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Change in Storage 

 Throughout the year the monthly change in storage was quite variable as expected 

(Table 2).  A negative number represents a drop in the average water table at Juniper Bay 

during that month and a positive number indicates a rise in the water table (Figure 9). The 

two main driving forces for the fluctuation of the change in storage appear to be 

precipitation and ET.  Table 2 shows that when ET was greater than precipitation during 

the month, in most instances, there was a negative change in storage.  Likewise, when 

there was more precipitation than ET during the month, the change in storage was positive, 

representing a rise in the water table.  However, statistical analysis did not show this 

relationship to be significant.  There was no significant correlation between change in 

storage and ET (R2= -0.0127).   There was however, a significant correlation between the 

change in storage and the amount of rainfall during a particular month (R2=0.9364).  This 

seems reasonable, as precipitation is the main hydrologic input into Juniper Bay.  Since 

precipitation is the main input into the system it is logical that the system would respond 

the most to precipitation.  A possible explanation as to why ET was not statistically 

significant may be that precipitation is the main driving force for change of storage and 

only when there is little rainfall will ET cause a drop in the water table.   The small amount 

for change in storage is consistent with the fact the over a long time period the change in 

storage equals about zero; that is, there is almost no net change in the water tables.   

Surface Outflow 

 Monthly surface outflow was also quite variable and followed a trend opposite to that 

of ET (Figure 10). There was failure of the primary system during a two-week period in 

April of 2002 that required the estimation of outflow during that period.  Outflow was 
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estimated and added to the monthly total for April. The summer months had the lowest 

outflow and amounts increased in the fall and winter.    During the summer months there 

was little surface outflow when there was little precipitation and high amounts of ET.  

There were higher outflow amounts during the fall and winter when there was adequate 

rainfall and lower ET rates.   

Net Groundwater Input 

 The groundwater input and output were estimated as the residual of the rest of the 

water budget equation as mentioned in the method section.  For this reason, groundwater is 

calculated as the net groundwater input, which could be either positive or negative.  The 

net groundwater input was calculated as 563 mm for this year.   This means that more 

groundwater was entering the bay than leaving and the excess groundwater was leaving as 

surface outflow.  When the groundwater component was negative, more groundwater was 

leaving the bay than entering, and Juniper Bay was acting as a recharge wetland.  Figure 11 

shows that for most of the year Juniper Bay had a positive net groundwater movement and 

was acting as a discharge wetland.  The net groundwater component accounts for 35 

percent of the total water inputs into Juniper Bay.   The groundwater component is large 

suggesting that Juniper Bay has a significant groundwater input. 

Error Analysis 

 All components in the water budget that were measured contain errors that are 

propagated through the water budget equation and are contained within the residual term; 

in this case groundwater.  Significant errors in interpretation can occur if the residual term 

is used without respect to errors that are inherent to it.   Table 3 lists all the associated 

errors for each component and the range.  Errors were taken from the literature (Winter 
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1981; Owen 1995).  All the errors combined equal to 171 mm.  If all the errors are either 

added or subtracted, the range for groundwater is 392 mm to 734 mm.  Even with all the 

errors associated with using the residual, the groundwater component is still positive 

indicating net groundwater movement into Juniper Bay.   

 The ET calculation has by far has the largest potential for error, and could have the 

biggest effect on the estimate of groundwater input.  Taking that into consideration, ET 

was calculated with different percent error and graphed with the assumption that all other 

components remained the same.  Figure 12 shows that if ET calculations were off by fifty 

percent there would still be a net positive groundwater component of 141 mm for the year.   

 

Groundwater Flow into Juniper Bay 

 After taking into consideration all of the errors associated with the water budget, 

even in the worst-case situation of being off by fifty percent in the ET calculation there still 

is a positive net groundwater component.  This raises the question as to where the 

groundwater comes from.  In order to determine the possible sources of groundwater it is 

important to look at the topography of Juniper Bay and the surrounding area. 

 Juniper Bay lies at an intermediate landscape position, at 112 feet above sea level 

(Figure 13).  Uplands occur to the east and west of Juniper Bay with elevations of about 

124 to 131feet.  Lowlands occur to the south and north of Juniper Bay with elevations 

around 112 feet.  These differences in elevation create a hydraulic gradient that might 

account for groundwater inputs into the bay.  The higher elevations or uplands would be 

possible sources for groundwater inputs and the lower elevations would be possible 

locations for groundwater output. 
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 Two possible sources for groundwater into Juniper Bay are local and regional 

groundwater.  The difference between precipitation (1014 mm) and ET (845 mm) provides 

an estimate for the amount of water recharging the groundwater.  In this case, 169 mm of 

water has the potential to become groundwater for this year.  The volume of water entering 

Juniper Bay was figured as the amount of groundwater multiplied by the bay�s area.  The 

recharge area needed to supply this amount of water was calculated as the volume of the 

bay divided by the potential amount of groundwater. 

 The adjacent uplands are the areas to the east and west of Juniper Bay and only 

account for about 16 percent of the area needed to meet the water requirements for 

groundwater.  The only other possible source for groundwater is from more distant or 

regional sources.  If that is the case then the regional sources account for over 80 percent of 

the groundwater entering Juniper Bay. 

 If actual ET were 50 percent of ET then the net groundwater input would be less.  If 

the PET calculations were equal to ET then there would be a groundwater inflow of 563 

mm a year, which accounts for 35 percent of the total inputs into the bay (Figure 12).  

However, if the ET calculations were off by 50 percent then there would be groundwater 

inflow of 141 mm a year, which accounts for about 11 percent of the total inputs into 

Juniper Bay.  Even if there is a 50 percent error in the ET calculations there still is a 

groundwater inflow that could be significant in the restoration project. 

 Monitoring wells located in the east and west of Juniper Bay suggest that there is 

groundwater inflow into the bay.  Wells 1 and 17 are in locations where it is thought that 

there is groundwater inflow.  During a two-week period of no rainfall in August of 2002 

the wells show evidence of groundwater inflow (Figure 14 and 15).   These two figures 
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show that during the day there is a draw down in the water table that is caused by ET.  At 

night, when there is no ET, the water level rises due to groundwater input from outside the 

bay.   For a well that is located further inside Juniper Bay there is not that cyclic pattern of 

water table falling and rising in twenty-four hours.  Figure 16 shows well 10 that is located 

near the center of the bay, and unlike the other two wells there is not a replenishing of the 

groundwater.  For well 10 during the same time period there is a steady drop in the water 

table caused by ET. 

Other evidence of groundwater inflow into Juniper Bay is that there are organic soils 

located in the center of the bay (Figure 17).  Organic soils form when soils are saturated 

long enough at the surface for significant organic matter to accumulate.  This suggests that 

where there are organic soils in Juniper Bay, breaks in the clay layer allow for the 

upwelling of groundwater.  Early findings of ground penetrating radar have shown that 

these areas of organic soils in Juniper Bay do have an indication of breaks in the clay layer 

(Szuch, personal communication 2003). 

Implications 
 

 The water budget analysis suggests that Juniper Bay is currently acting as a discharge 

wetland, where groundwater is entering the bay and leaving as surface outflow.  

Topographically Juniper Bay lies at an intermediate elevation and in a natural setting it 

could be acting as a flowthrough wetland.  Figure 18 represents the topographic 

relationship of Juniper Bay to the surrounding areas.   

 There are two possible scenarios after restoration for what effect groundwater will 

have on restoration.  If the perimeter ditch is left open, then wetland hydrology can be 

restored, and the excess water will be taken away as surface outflow.  The bay will 
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continue to function as a discharge wetland.  Figure 19 shows that with the main ditch 

closed and the perimeter ditched left open, the perimeter ditch can still remove the excess 

groundwater.  

  However, if the perimeter ditch is closed (Figure 20), then there will be no outlet for 

the groundwater, and the water levels might rise above the present soil surface.  Water 

levels may rise because it has been estimated that the subsidence of organic soils could be 

as great as 80 cm (Ewing and Vepraskas 2003).  Which means that previously the soil 

surface at Juniper Bay was higher.  Restoration of Juniper Bay with the perimeter ditch 

closed could possibly raise the water table above the surface and also might cause 

groundwater outflow, which might raise the water table in the surrounding area.  Such 

instances of hydrological trespass could be a potential problem for the restoration project. 

Conclusion 

 This study utilized a water budget in order to determine the potential of a drained 

Carolina Bay to be restored into a wetland.  Measured components of the water budget 

included: precipitation, ET, surface outflow, and change in storage.  Groundwater was 

estimated as the residual from the water budget equation.  

 A water budget for Juniper Bay was estimated for 2002 to 2003.  There was a 

significant relationship between rainfall and change in storage as well as a negative 

correlation between surface outflow and ET.  In addition, there was a positive relationship 

between surface outflow and groundwater.  These findings indicate that Juniper Bay has a 

significant groundwater component and that this groundwater inflow could possibly 

influence the restoration project.  
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  Two possible scenarios upon restoration of Juniper Bay must be evaluated in light of 

this information.  In scenario one, the main ditch is plugged while the perimeter ditch 

would remain open.  Under this scenario, wetland restoration would occur, and the 

perimeter ditch would intercept the excess groundwater.   

 Under scenario two, the perimeter ditch would be closed resulting in groundwater 

entering the bay and possibly raising the water table above the soil surface.  This excess 

water might cause groundwater outflow into the lower surrounding areas.  The movement 

of groundwater into neighboring areas could possibly cause hydrologic trespass.   

 Upon restoration, it appears that Juniper Bay will function as a flowthrough wetland 

with the groundwater entering and leaving the bay.  These findings indicate the restoration 

project must take into account the groundwater component of the site.  If the mitigation 

project does not address the ground water component, it may have adverse effects to the 

surrounding areas even if it provides mitigation credits for NCDOT. 
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Table 1.  Crop Coefficient for each month taken from the Kc curve in Figure 
6.The crop coefficient term is used in the reference ET equation of 
ETc=KcETo

Month Kc 
  

February 0.3 
March 0.3 
April 0.4 
May 0.6 
June 1 
July 1 

August 1 
September 0.8 

October 0.4 
November 0.3 
December 0.3 
January 0.3 
February 0.3 
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Change in 
Storage 

Potential 
Evapotranspiration 

Surface 
Outflow Precipitation Net 

Groundwater 
      
 mm mm mm mm mm 

February -9.52 23.10 32.00 52.96 -7.38 
March 12.89 32.70 60.00 106.17 -0.58 
April -60.38 58.80 64.50 39.54 23.38 
May -12.25 93.00 22.20 43.05 59.90 
June -9.42 164.00 3.40 70.10 87.88 
July -12.17 169.00 0.06 59.94 96.95 

August 87.26 133.00 4.90 171.07 54.09 
September -55.19 66.64 19.30 33.91 -3.16 

October 43.60 29.86 97.38 147.20 23.64 
November 3.55 18.91 239.74 79.12 183.08 
December 16.89 17.14 59.71 83.30 10.43 
January -35.70 19.93 43.10 25.02 2.31 
February 36.50 18.43 80.33 103.13 32.13 

      
Total 6.06 844.50 726.60 1014.51 562.65 

Table 2.  Monthly totals for February 2002 to February 2003 for all water budget components.
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Table 3. Sensitivity analysis for all water budget components.  Percent error for 
each component taken from literature. 

Component Estimate % Error Error Range 

 mm  mm mm 

Precipitation 1014 5 ±50.7 963-1065 

Change in Storage 6.1 5 ±0.305 5.8-6.4 

Surface Outflow 727 5 ±35.4 692-762 

Evapotranspiration 845 10 ±84.5 761-930 

Total error  25 ±171  
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Figure 1.  Schematic diagram representing some of the possible inputs and outputs 
into a wetland.  Oval represents wetland, with arrows indicating direction of water 
movement.
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Figure 2.  Map of North Carolina showing location Robeson County. 
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Lumberton, NC 

Juniper Bay 

Figure 3.   Map of Robeson County showing Juniper Bay location in 
relationship to Lumberton, NC. 



41 
 

 

 

 

Figure 4:  Map of Juniper Bay showing location of instrumentation.  
There is perimeter ditch and one main outflow ditch.  The main outflow 
point is the location of the weirs.  Circles represent location of rain 
gauges along with the weather station near the center of the bay. 
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Figure 5.  Crop coefficient Curve for Juniper Bay.  Constructed using the ASCE 
Hydrology Handbook procedure.  Crop coefficient is used in the ETc=EToKc 
equation. 
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Figure 6.  Map of Juniper Bay showing locations of monitoring wells. 
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Figure 7. Precipitation totals for each month during February 2002 to February 2003 
compared to normal year precipitation totals.  Totals are the average of rain gauges at 
Juniper Bay.  Bar in normal year precipitation totals is the maximum values for month 
during normal year.  
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Figure 8.  ET totals for each month during February 2002 to February 2003 
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   Figure 9.   Monthly totals for change in storage at Juniper Bay.  Positive numbers 
   indicate a rise in the water table.  Negative numbers indicate a fall in the water table. 
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 Figure 10.  Monthly totals for surface outflow at Juniper Bay. 
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Figure 11.  Monthly totals for Net Groundwater at Juniper Bay.  Positive numbers indicate 
Juniper Bay acting as a discharge wetland.  Negative numbers indicating Juniper Bay 
acting as a recharge wetland. 
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Figure 12.  Estimated Net Groundwater versus Evapotranspiration (ET) as a percent of 
potential evapotranspiration (PET).  If PET was off by as much as 50 percent there is 
still a positive net groundwater.  Estimates of ET are needed to compute the water 
budget, but PET was estimated from meteorological data.  Gi-Go is the residual of the 
water budget equation and is considered the groundwater component.



50 
 

 

Figure 13.  USGS topographical map of Juniper Bay and surrounding area-showing elevation 
(in feet above sea level).  Higher elevations are to east and west and lower elevations are to 
north and south. 
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Figure 14.  During two-week period of no rainfall, water table indicates ET draw down during the 
day and replenishing of water by groundwater at night.  Well 1 is located in the west, where it is 
thought that there is possible groundwater inflow. 

  

  Figure 15.  Well 17 located in the eastern part of bay.  Also has the cyclic pattern of ET draw   
  down and groundwater inflow. 
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  Figure 16.  Well 10 located in center of bay.  It does not have the cyclic pattern of ET and 

  groundwater inflow indicating that there is no groundwater inflow in center of bay. 
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Figure 17.  Soil types of Juniper Bay.  Areas with organic soils are possible areas 
with breaks in clay layer allowing for groundwater inflow. 
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Discharge 
Flowthrough 

Recharge 

Gi<Go Gi=Go

Gi>Go 
Figure 18.  Topographical relationship of Juniper Bay with surrounding area.  When 
Groundwater inflow is less than outflow, there is recharge of the groundwater.  When 
groundwater inflow is greater than outflow, there is a discharge of surface water.  
Flowthrough situations occur when groundwater inflow and outflow are equal.  Juniper Bay 
is in the intermediate elevation and should be a flowthrough wetland.  However, due to the 
ditch network Juniper Bay is acting as a discharge wetland.   
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Figure 19.  Schematic diagram of Juniper Bay after restoration if the perimeter ditch is left 
open.  Groundwater from Aquifer 1 will be intercepted by perimeter ditch and leave as 
surface outflow.  Groundwater from Aquifer 2 will seep into Juniper Bay and restore 
wetland hydrology. 
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Figure 20.  Schematic diagram of Juniper Bay after restoration if perimeter ditch is closed. 
The water table might rise above the surface of the soil.  Since there is no outlet for the 
groundwater inflow, there could be groundwater outflow that might have offsite impacts.
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NUTRIENT ANALYSIS 
 

  Introduction 

 Many points through the nutrient cycle are strongly influenced by the hydrologic 

cycle (Bormann and Likens 1967).  Inputs and outputs of nutrients are directly related to 

the amounts of water that move in and out of an ecosystem (Bormann and Likens 1967).  

The biological uptake of nutrients by plants and the release of nutrients by decomposition 

are related to the amount and pattern of water availability.  The rate and nature of 

weathering and soil formation are influenced by the hydrologic regime, since water is 

essential to major chemical processes (Bormann and Likens 1967). 

   Nutrient cycling in wetlands can be defined in the context of water budgets.  The 

source, velocity, quantity, and distribution of water directly control the spatial 

heterogeneity of the nutrients (Carter 1986).  However, relatively few studies have been 

performed on nutrient exports and imports based on water budget studies (Carter 1986).  

 Water quality in unaltered wetlands reflects the quality of the water into the wetland 

and the interaction of this water with the soils and vegetation (Carter et. al. 1978).  

Wetlands affect water quality through element cycling, sediment deposition, and ion and 

molecule adsorption (Carter 1986).  Wetlands can act as a filter, where the quality of the 

water leaving the wetland may differ significantly from that of the water entering the 

wetland. 

 Carolina Bays are the only abundant lentic systems of natural origins in the coastal 

plains of North Carolina (Newman and Schalles 1990). Lentic is defined as being 

associated with still water systems.  These systems occur in basins and lack a defined 

channel or floodplain (Alberta Natural Heritage Information Centre 2002).  Even though 
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Carolina Bays are very numerous, Schalles and Shure (1989) state, �Carolina Bays are 

poorly studied with respect to hydrology, community structure and succession, trophic 

dynamics, and mineral cycling.� Carolina Bays typically have water chemistries that are 

soft and acidic.  Biological production is low to moderate (Sharitz and Gibbons 1982; 

Newman and Schalles 1990).    

 The United States Environmental Protection Agency (USEPA), in its 1996 National 

Water Quality Inventory, claimed that 40 percent of streams or rivers surveyed were 

impaired because of the nutrients N and P (USEPA 1998).  Concerns about excess 

nutrients include adverse effects on humans and domestic animals, aesthetic impairments, 

negative impacts on aquatic life, and excessive nutrient input into downstream systems 

(Dodds and Welch 2000).  Eutrophication, which is the addition of excessive nutrients, can 

cause proliferation of algal masses that can cause degradation of water quality (Dodds and 

Welch 2000). 

 Sources for pollution come from either point or non-point sources.  Non-point 

sources include agriculture, residential and urban (Osmond et. al. 1995).  Point sources 

include industries that use nitrates in manufacturing and sewage treatment plants.  In the 

southeastern United States, the main source of nitrogen pollution comes from agricultural 

fertilizers and animal manure (Osmond et. al. 1995).  Limits suggested for the maintenance 

of drinking water for Nitrate is 10 mg/L (Osmond et. al. 1995).  Adverse health effects of 

nitrate include methemoglobinemia (blue baby syndrome) if the concentrations are greater 

than 10 mg/L.   

 Phosphorus in freshwater systems mainly exists either in a particulate or dissolved 

phase.  Particulate matter includes living and dead aquatic organisms, precipitates of 
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phosphorous, and amorphous phosphorus.  The dissolved phase includes inorganic 

phosphorus, which is generally in the soluble orthophosphate form, and organic 

phosphorus (Osmond et. al. 1995). 

 The EPA water quality criteria for phosphates states that levels should not exceed 

0.05 mg/L if streams discharge into lakes, 0.025 mg/L within in a lake, and 0.1 mg/L in 

streams or flowing water not discharging into lakes in order to control algal growth 

(Osmond et. al. 1995).  Phosphates do not have notable adverse health effects (USEPA 

1986).   The primary anthropogenic nonpoint sources of phosphorus include runoff from 

land areas being mined for phosphate, agricultural areas, and urban/residential areas.  Point 

sources of phosphorus include sewage treatment plants, and industrial waste products 

(Osmond et. al. 1995). 

 Many bodies of fresh water are experiencing influxes of both phosphorus and 

nitrogen from point and nonpoint sources.  The increased concentrations of available 

phosphorus allows for more assimilation of nitrogen before the phosphorus is depleted.  

Although levels of orthophosphate between 0.08 to 0.10 mg/L may trigger periodic algae 

blooms, long-term eutrophication will be prevented if total phosphorus and orthophosphate 

levels are below 0.5 mg/L and 0.05 mg/L, respectively (Osmond et. al. 1995).   

 The environmental effects on freshwater systems of the addition of N and P are that 

the growth of macrophytes and phytoplankton is stimulated.  Generally, phosphorus (as 

orthophosphate) is the limiting nutrient in freshwater aquatic systems.  If all phosphorus is 

used, plant growth will cease, no matter how much nitrogen is available (Osmond et. al. 

1995).  The natural levels of orthophosphate usually range from 0.005 to 0.05 mg/L. 
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 The objective of this study was to examine a drained Carolina Bay that was in 

agricultural production to 1) determine the possible inputs and outputs of nutrients into the 

bay; 2) determine the overall nutrient status of the bay; and 3) determine if the nutrients 

leaving the bay in surface outflow could be a possible source for water quality degradation. 

Materials and Methods 

 The North Carolina Department of Transportation (NCDOT) is in the process of 

restoring a drained Carolina Bay in Robeson County.  The project will provide 

compensatory wetland mitigation in the Lumber River Basin of southeastern North 

Carolina, which will offset wetland impacts from road construction projects in the river 

basin (Hauser 2001).  The goal of the restoration project is to restore the functions and 

values of a Carolina Bay.  As part of this restoration project, North Carolina State 

University is investigating the hydrologic, soil and vegetative changes that occur in Juniper 

Bay as a result of this restoration project.   

 The site, known as Juniper Bay, is composed of 300 hectares of an extensively 

drained Carolina Bay that was limed and fertilized to enhance agricultural production.  The 

nutrient enrichment of Juniper Bay raises the concern that the increased nutrients might 

lead to high levels of nutrients exiting in the surface outflow from the bay and cause water 

quality degradation. 

 Nutrient analysis was performed on bulk precipitation, surface outflow and 

groundwater.   Water samples were sent to the Soil Science Analytical Service Laboratory 

where they were tested for NH4
+-N, NO3

--N, PO4
3-, TOC, Ca2+, K+, Mg2+, and Na+.  

Phosphate, NH4
+-N, NO3

--N, and TKN were measured using Lachat Quickechem 8000 



63 
 

 

slow injection auto analyzer.  TOC was measured using a Total Organic Analyzer. Ca, K, 

Mg, and Na were measured using ICP (Inductively Coupled Plasma - Mass spectrometry). 

Bulk Precipitation 

 Bulk precipitation was collected at three locations, next to the rain gauges in Juniper 

Bay (Figure 21).  Bulk precipitation was collected weekly and combined monthly for each 

location.  The samples were collected following the system of Likens et al. (1967) where 

there is a funnel to collect precipitation, tubing and reservoir (Figure 22).  The reservoir 

container is isolated from the atmosphere by the vapor barrier placed in the tubing.  The 

vapor barriers were used in order to eliminate concentration of solutes by evaporation 

(Johnson and Swank, 1973).  Samples that were contaminated with leaves, bird feces, etc. 

were discarded.  A dilute hydrochloric acid solution was added to the reservoir as a 

preservative (Radtke 1999). 

 Surface Outflow  

 Surface outflow samples of 100 mL were taken with an ISCO 3700 sampler, which 

took samples about every 48 minutes.  Each bottle could hold ten samples with about 3 

bottles a day being collected.  Hydrochloric acid was added to the bottles as a preservative.  

Bottles were collected weekly and stored at 4oC until filtering and testing.  Weekly pH 

readings were made of the surface water using an Accumet AP62 pH/mv/Ion meter.  

 At the laboratory, the bottles were combined based on outflow data.  Bottles that 

represented low flow events, rising limb, or peak of events were sampled together.  

Outflow measurements were plotted against time and the bottles� sample time was plotted 

against time.  By using the graph, individual bottles were then placed together for testing 

(Figure 23). The point of this technique was to sample storm events in order to test whether 
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there is a difference in nutrient levels in the surface outflow during these events.   Samples 

were filtered through a 0.45µm filter to remove particulate material that would interfere 

with the analysis.   

Groundwater  

 Groundwater samples were taken monthly from piezometers located near cores 1, 3, 

17 and 25 (Figure 24).  These locations were selected because it is thought that these 

locations might be the general area of groundwater inflow or outflow at the bay.   

 Samples of groundwater were retrieved using a hand bailer.  Groundwater pH was 

taken in the field by using an Accumet AP62 pH/mv/Ion meter.  Dilute hydrochloric acid 

was added as a preservative and samples were stored in cold room until analyzed.  Samples 

were filtered using a 0.45 µm filter, in order to remove any sediment.    

 

Results and Discussion 

Surface Outflow 

 Over a period of one year the surface outflow nutrient levels did not significantly 

differ.   The only instance of differences in nutrient concentrations in surface outflow 

occurred during large rain events.  In particular, there was a dramatic increase of nutrients 

when there were more than 5 centimeters of rainfall in a day.  To illustrate this point, 

nutrient levels from several periods of no rainfall where averaged together.  Table 4 lists 

the average nutrients for these periods.  As shown by Table 4 the nutrient levels in the 

surface outflow are in general quite low.  

 To compare the effect of rainfall on the nutrient concentrations, several storm events 

of less than 5 centimeters a day were averaged together.  These storm events represent 
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rainfall as little as 0.13 cm to as much as 4.5 cm in a day.  Table 5 shows that when there 

were rain events of less than 5 cm a day, the nutrient concentrations were similar to the 

periods of no rainfall.  This indicates that rain events of less than 5 cm do not have a 

significant impact on the nutrient concentrations in surface outflow.   

 There were two rain events that had amounts greater than 5 cm of rainfall in a day.  

During these periods, the nutrient concentrations increased dramatically in the surface 

outflow (Table 6).   For most nutrients, the concentrations increased by at least two times 

the non-rainfall values.  Some of the biggest increases in nutrient concentrations include 

TOC and calcium -- an increase of four times the concentrations in base flow conditions.   

 The pattern of nutrient increase that occurs is that a couple of days after the large rain 

event the nutrient concentrations peak.  The nutrient concentrations in the surface outflow 

stay elevated for several days after the rain event.  Figures 25 and 26 show TOC and 

calcium levels in the surface water before and after a rain event greater than 5 cm in a day.  

As seen in the figures it takes about a week for the nutrient concentrations in the water to 

drop back down to base flow conditions.   

 A possible explanation of this phenomenon is that during heavy rainfall events, the 

water entering the soil is greater than the infiltration rate of the soil, and runoff occurs.  

The extra water carries the higher nutrient levels in the topsoil and enters the ditch network 

raising the nutrient levels of the surface water.  The slow response of the nutrient levels to 

return to base flow conditions is that Juniper Bay is quite large and it takes a while for the 

surface runoff to reach the outflow point.  Figure 27 shows a possible scenario with the 

different color areas representing a possible time frame for the drainage of the bay.  The 

area closest to the outflow point would drain the fastest and areas further away (in the red) 
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from the outflow point would take up to a week to drain.  This delay in drainage would 

result in the long time frame where nutrient levels would remain elevated in the surface 

outflow.      

 A comparison of nutrient levels by season was also made (Table 7).  There was no 

significant difference in the nutrient amounts based on season.  A simple test of ANOVA 

was performed on all the nutrients by season and the test reveals that there is no difference 

in the means.  More significantly, it indicates that there are no differences in nutrient levels 

throughout the year, even with the large rainfall events that occurred in the summer and in 

the fall. 

pH 

 The pH was measured weekly at the surface outflow.  Throughout the year the pH  of 

the surface water ranged from 3.7 to 6.4 (Figure 28).  The median value of pH for the year 

is 5.1.  Newman and Schalles (1990) report that for 49 bays that have been studied the 

average pH is 4.6.  The liming of the soils for agricultural production probably causes the 

higher pH for Juniper Bay. 

Precipitation 

 Table 8 compares the three bulk rain gauges and shows little spatial variation in 

nutrient levels in the rainfall.  The nutrient levels in the precipitation are generally lower 

than the amounts of nutrients in the surface water showing that precipitation is not a major 

source of nutrients entering the bay.  In fact, the nutrient levels are lower than the nutrients 

in the surface outflow, representing the fact that there is leaching of nutrients from the soil 

into the surface water.  The only nutrients that are higher in the rainfall than the surface 

outflow are NH4
+-N, NO3

--N, PO4
3-, and TKN.  This suggests that there might be some sort 
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of deposition of these nutrients from outside sources into the bay.  The fact that these 

higher levels of NH4
+-N, NO3

--N, PO4
3-, and TKN do not make it to the surface water 

could result from the fact that the nutrients are either assimilated by plants or immobilized 

in the soil. 

Groundwater 

 Groundwater was sampled from possible sites of groundwater input and output from 

the bay.  Table 9 lists the average nutrient levels for each piezometer for the year.  

Concentrations of NH4
+-N, NO3

--N, PO4
3- in the groundwater were low.  However, in 

piezometer 17 there were high levels of calcium.  Cores collected at the site showed that a 

shell layer occurred at this location at a depth of 7 to 8 meters.  Piezometer 1 had high 

levels of TOC, which might be caused by buried organic materials, which are also known 

to occur at the site.  According to core descriptions taken at this location at around 10 feet 

there was evidence of charcoal and wood fragments, which is the depth of the water 

samples. 

 The occurrence of high levels of nutrients at locations where it is thought that there is 

groundwater inflow could indicate that there is groundwater movement into Juniper Bay.  

For most nutrients, all of the piezometers were either two to three times higher than the 

nutrient levels in the surface outflow.  The higher levels at these locations could be diluted 

by the inflow of water, which would then show up in the surface outflow having lower 

nutrient levels.  Schalles and Shure (1989) indicate that the dilute chemistry of surface 

waters in Carolina Bays could suggest that subsurface hydrologic exchange must occur.   

 The pH recorded for all of these locations in general is higher than the pH of the 

surface outflow (Figure 29).  This is due to the high amount of cations in the groundwater 
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at these locations.  Piezometer 17 particularly had the highest levels of calcium and also 

had the highest pH.   Piezometer 3 has the lowest pH and has the lowest amount of calcium 

in samples.  

Implications 

 On average the nutrient levels of P and N in the surface water were not a concern for 

water quality degradation and eutrophication. Base flow values for NH4
+-N were 0.26 

mg/L, NO3
--N were below detection limits, TKN values were 1.21 mg/L, and PO4

3- were 

0.02 mg/L.  Outflow values for storm events less than 5 cm a day had nutrient levels 

similar to those of the base flow.  Rain events larger than 5 cm a day increased the 

concentrations of nutrients by two to three times the base flow conditions, and did raise the 

levels to where there might be short term algae blooms.  However, these raised phosphorus 

levels were low enough not to cause long-term eutrophication.  On average the level of P 

in the surface water was within the natural level limits of 0.05 to 0.05 mg/L.  Since the 

phosphorus concentrations are so low, there should not be any excess algae blooms that 

would lead to water quality degradation. 

 Sampling surface outflow by looking at the differences in nutrient levels during 

storm events showed that only large (> 5 cm a day) storm events needed to be sampled 

separately.  These two large storms that occurred accounted for over two thirds of the total 

mass of nutrients exported from the bay (Table 10).  This indicates that large storm events 

are a significant source of nutrient export and is important to measure these events.  

Sampling during periods of baseflow condition could be done less frequent and still get 

good results. 
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 Juniper Bay on average during base flow conditions has almost three times the 

amount of calcium in its surface water than those bays that were sampled by Newman and 

Schalles (1990).  This higher level in the surface outflow could be a result of the lime and 

fertilizer applications that occurred at Juniper Bay during agricultural production.  Since 

the halt of agricultural production, the nutrients are being leached out of the soil and are 

leaving the bay in surface water.   

 It seems that there is a steady decrease in nutrient levels and pH in Juniper Bay since 

the end of agricultural production in 2000.  The pH of Juniper Bay is not known during 

agricultural production, but it is thought that is was higher than the current average pH of 

5.1.  Since the application of nutrients has stopped, the cations are leaching out of the soil 

allowing for the pH to return to natural levels. 

 Schafale and Weakly (1990) report that Carolina Bays are wet and nutrient poor 

communities.  It seems that with the lack of nutrient inputs from precipitation, Juniper Bay 

will become more nutrient deficient in time and will resort back to natural bay nutrient 

levels.  This loss of nutrients is a good indication that Juniper Bay is in the process of 

returning to a nutrient poor community.  The loss of nutrients will mean that plants that are 

native and adapted to such sites will have a good chance of being reestablished as part of 

the mitigation project. 

Conclusion 

 Nutrient analyses were performed on the water entering and leaving a drained 

Carolina Bay in order to determine the nutrient input and outputs, and to determine if there 

was the potential to cause water quality degradation.  Our findings indicate that 

precipitation is not a major source of nutrient input into the bay.  The groundwater nutrient 
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analysis revealed higher levels than in the surface water indicating a possible dilution of 

nutrients by groundwater inflow. 

 Surface outflow nutrient levels on average where quite low with little concern that 

the water leaving Juniper Bay will cause eutrophication.  There was little difference 

between base flow conditions and rain events less than 5 cm a day.  However, for rain 

events greater than 5 cm a day there was a two-fold increase in nutrient concentration in 

surface outflow.  This increase can be attributed to the heavy rain that exceeded the 

infiltration rate of the soil and caused surface runoff.  These nutrient levels stay elevated 

for about 1 week because of the time it takes for the whole bay to drain.  There could 

possibly be short-term water quality degradation with these storm events but long-term 

eutrophication should not be a problem. 

 The sampling scheme at Juniper Bay could be such that surface water samples are 

taken less frequent, except during large storm events.  These large storm events even 

though they were few and infrequent, still accounted for a significant amount of the total 

export of nutrients from the bay and are an important component to measure.   

 With the loss of nutrients from Juniper Bay, the natural nutrient conditions are 

returning to this site.  This return to a nutrient poor community is indicates that plants that 

are adapted to these conditions will be able to reestablish at the site and allow for Juniper 

Bay to be restored back to its original community.  
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 PO4 NH4 NO3 TKN TOC Ca K Mg Na 
Base flow    (mg/L)      

Day 45-50 0.02 0.00 0.00 1.45 44.00     

Day 54-59 0.01 0.00 0.00 0.67 44.30     

Day 142-147 0.02 0.17 0.00 1.07 27.50 4.90 4.05 2.42  

Day 166-170 0.02 0.44 0.00 1.25 19.50 4.55 3.83 2.25  

Day 181-183 0.03 0.25 0.00 0.84 14.00 4.00 3.15 1.90 3.40 

Day 240 0.01 0.69 0.00 2.00 21.00 4.40 4.40 2.00 5.30 

          

Mean (6) 0.02 0.26 0.00 1.21 28.38 4.46 3.86 2.14 4.35 
 
 
 
 
 

 PO4 NH4 NO3 TKN TOC Ca K Mg Na 
Stormflow    (mg/L)      

<5 cm          

Day 173-174 0.02 0.38 0.00 1.08 15.00 4.25 3.65 2.05 3.45 

Day 165 0.02 0.41 0.00 0.98 12.00 3.20 2.60 1.60 3.20 

Day 121-128 0.02 0.26 0.00 1.06 40.00     

          

Mean (3) 0.02 0.35 0.00 1.04 22.33 3.73 3.13 1.83 3.33 

Table 4.  Nutrient concentrations in surface outflow for several periods during the 
year with no rainfall (baseflow) conditions 

Table 5.  Nutrient concentrations in surface outflow for several periods during 
the year that there was rainfall less than 5 cm in a day. 
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 PO4 NH4 NO3 TKN TOC Ca K Mg Na

Stormflow > 5 cm    (mg/L)      
          

Day 241 0.05 0.12 0.13 2.70 85.00 12.40 9.30 5.30 3.00

Day 285 0.13 0.23 0.27 2.2 74 17 8 6.2 3.00

Mean (2) 0.09 0.18 0.20 2.45 79.50 14.70 8.65 5.75 3.00

Season PO4 NH4 NO3 TKN TOC Ca K Mg Na 

    (mg/L)      

Winter 0.02 0.01 0.04 1.44 40.23 9.53 7.37 5.97 3.67 

          

Spring 0.02 0.09 0.00 0.91 39.04 5.08 4.93 2.54 3.16 

          

Summer 0.03 0.33 0.00 1.47 30.95 5.86 4.41 2.70 3.54 

          

Fall 0.04 0.40 0.06 1.87 50.24 8.96 6.37 4.47 4.28 

Table 6.  Nutrient concentrations in surface outflow for the two rain events 
that were greater than 5 cm of rain in a day. 

Table 7.  Average nutrient concentrations based on Season at Juniper Bay 
in outflow water. 
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 PO4 NH4 NO3 TKN TOC Ca K Mg Na 
    (mg/L)      
NW 0.23 1.83 0.12 2.90 7.62 0.82 1.12 0.28 1.82 
SE 0.30 1.88 0.15 3.87 5.70 0.98 1.45 0.35 2.35 
WS 0.16 1.36 0.09 2.68 6.43 0.77 0.87 0.22 1.45 
          
 
 
 
 
 
 

  PO4 NH4 NO3 TKN TOC Ca K Mg Na 
 Well 

no. 
   (mg/L)      

inflow 1 0.07 0.50 0.00 5.48 155.20 40.78 16.74 2.48 11.08 
outflow 3 0.02 0.49 0.02 1.84 35.60 9.63 7.35 1.95 6.93 
inflow 17 0.00 0.22 0.06 0.94 35.33 99.70 3.70 2.10 6.18 
outflow 25 0.32 0.59 0.04 2.33 63.40 17.53 15.93 5.78 12.18 

Table 8. Average nutrient concentrations for bulk precipitation gauges located in 
Juniper Bay 

Table 9.  Average nutrient concentrations for groundwater for four locations in Juniper 
Bay. 
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Table 10.  Comparison of storm events and mass export of nutrients out of bay.  The two 
large storm events accounted for a significant amount of nutrient export. 

 
 PO4 NH4 NO3 TKN TOC Ca K Mg Na 
     (kg/yr)     
< 5 cm 4.00 52.00 0.00 242.00 5676.00 892.00 772.00 428.00 870.00 

          
> 5 cm 10.62 21.24 23.60 289.10 9381.00 1734.60 1020.70 678.50 354.00 
          
TOTAL 
(kg/yr) 

14.62 73.24 23.60 531.10 15057.00 2626.60 1792.70 1106.50 1224.00 

          
> 5cm 
as % of 
total 
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Figure 21.  Map of Juniper Bay showing locations of bulk precipitation 
collectors. 
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Figure 22:  Schematic diagram of Bulk Precipitation Collector  
(Modeled after Liken et al. 1967). 
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Figure 23.  Graph of surface outflow and bottle numbers.  This method was used to 
composite sample bottles together that represented similar periods in the hydrograph. 
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Figure 24.  Juniper Bay showing location of where groundwater was sampled.  
Numbers represent piezometers that where used for collection of groundwater.
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Figure 25.  Total organic C concentrations during a rain event greater than 5 cm in 
a day.  Increase of nutrient occurred a couple of days later and nutrient levels 
remained high for a week. 
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Figure 26.  Calcium concentrations during rain event greater than 5 cm in a day.  Calcium 
peaks a couple of days after rain event and takes a week for level to almost return to base 
flow conditions. 
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Figure 27. Juniper Bay showing possible drainage regions, which could be a 
possible explanation as to why it takes so long for nutrient levels to decrease 
after large rain event.  The areas closest to the main outflow point would drain 
the fastest. The area shaded in red is farther away and would take about a week 
to drain. 
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Figure 28.  Weekly pH readings for surface water at main outflow.  The average pH for the 
year is 5.1 
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Figure 29.  pH measurements for groundwater at different locations in Juniper Bay.  17 had 
the highest pH and had the highest amounts of Calcium.  3 had the lowest pH and had the 
lowest amounts of Calcium. 
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BEAVER MANAGEMENT 
 

Introduction 
 
 Beavers are the largest rodents in North America and are best know for their ability 

to construct sturdy dams (Beaver Management 2001).  In some cases beavers have been 

used to help in the wetland restoration process (Brown et. al. 2001).  However, the 

damming activities of beavers are usually a detriment to the objectives of the restoration 

project (Brown et al. 2001).  This unwanted beaver activity requires that some type of 

management practice be in place in order to control the damming activities of beavers.   

 In most areas, beaver management includes trapping.  Trapping is the primary way 

that beavers are kept from damming critical areas, such as road culverts.  Efforts to 

improve habitat and to install flow devices to protect property are rare (Lisle 1999).  There 

are a few alternative methods to control beaver activity that do not require trapping.  These 

methods use structures that are either designed to prevent damming, regulate water levels 

upstream of beaver dams, or a combination of both (Brown et al. 2001).   

 One such control structure is the �Beaver Deceiver�, which was designed by  

Skip Lisle, a wildlife biologist in Maine.  It is a non-lethal, beaver management method 

that is commonly used in the northeastern part of the United States.  The intent of this 

system is to prevent damming and make the damming environment difficult and unnatural 

(Lisle 1999).  It is also used as a filter that eliminates the sensation and sound of moving 

water, which are both a stimulus for beaver damming (Lisle 1999).   

 The Lisle method uses a fence system that discourages damming due to its large 

perimeter and unnatural shape.  The large perimeter of the fence eliminates the stimulus of 

moving water by forcing the beavers away from the source.  The idea behind the fence 
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system is that beavers will dam near the fence at the source of water movement, but give 

up as they move further away from the stimulus of moving water.  The fence system is also 

unnatural to beaver activity because they do not like to build dams in an upstream 

direction, but instead prefer to dam perpendicular to the stream flow (Callahan and 

Callahan 2001). 

 As depicted in Figure 30 the Lisle method requires the building of a fence at the 

upstream end of the culvert.  Fences are usually constructed of wooden posts and 6-gauge 

mesh fencing (Brown et al. 2001).  The perimeter length depends on the size of streams, 

with longer fences used in larger streams, since there is a stronger stimulus of water 

movement.  The sides of the fence should at least be twenty feet long, so that beavers will 

not continue to dam the entire length of fencing (Callahan and Callahan 2001).  Also, to 

avoid enticing the beavers to dam the front of the fence, the fence should never block the 

entire stream channel (Lisle 1999).   

 The optimum shape for the fence is a trapezoidal shape, however some sites might 

require narrow rectangles or pentagons (Lisle 1999).  The trapezoid shape has a longer 

perimeter than similar-sized rectangles, which means beavers have more fence to dam.  

Trapezoidal fences are also more stable than triangles, and are simpler to build than 

pentagons (Lisle 1999).  Lisle also notes that the flared shape of the trapezoid also creates 

an unnatural direction for beaver damming.  

Materials and Methods 
 
 The site is a drained Carolina Bay located in Robeson County, North Carolina.  The 

bay has an extensive network of ditches that drain into one main ditch, were the surface 

water leaves the bay.  This surface outflow is being measured as one component of a water 
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budget being estimated for the bay.  However, due to the damming activities of beavers 

(Castor canadensis L ) at the site, the surface outflow measurement device has been 

blocked, causing inaccurate outflow measurements. 

 Following the design of the Lisle method, a fence system (Figure 31) was installed at 

Juniper Bay in September of 2001.  Materials used in construction of the fence included 8-

foot 2x4 inch lumber and wire mesh. The 2x4 inch lumber was used as posts with the ends 

cut to a point and driven into the ground.  The wire was 10 gauge mesh fence with 6 inch 

by 6 inch openings and 5-feet tall.  Due to the narrowness of the ditch, a trapezoidal shape 

fence was not quite possible.  The shape of the fence was more of a rectangle with the 

sides of the fence measuring 20-feet and 10-feet on the front. 

Results and Discussion 
 
 Before the installation of the beaver fence, the culvert was completely blocked by a 

beaver dam (Figure 32).  The initial installation of the fence did not have a floor to the 

fence system.  The bottom of the ditch has soft, easily dug sediment, in which the beavers 

burrowed under the fence and continued damming the outflow device.  Lisle (1999) stated 

that in such situations more fencing could be added to act as a foot in order to deter beavers 

further.  Using the same wire material, a foot was added to the fence.  Taking the fence 

material and bending it 90 degrees allowed for the fencing to rest on the bottom of the 

ditch preventing the beavers from getting under and continuing their damming activities. 

 After the fence floor modification, there was still some beaver activity coming in 

from the downstream side of the outflow device.  The original installation did include a 

fence on the downstream side of the outflow, but it was difficult to install due to the large 

rocks that were used to stabilize the sides of the ditch next to the road.  The downstream 
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fence was modified so that only the opening of the culvert was fenced.  The resulting 

modification to the downstream fence stopped the beaver intrusions. 

 Even with the 6-inch openings in the fence there was still occasional buildup of 

debris that required removal.  In most cases debris was cleared away before any damage 

was done to the fence.  However, there was a period of heavy rain that washed a lot of 

debris into the fence and plugged all openings.  Once the fence became clogged, the 

pressure from the water caused the fence to collapse and destroyed the front of the fence 

system.  This required a new installation of the front of the fence with added support 

beams to offer better protection against such events.   

 The installation of the fence dramatically reduced the level of beaver activity at the 

outflow device.  As evident in Figure 32, there was significant damming before the 

installation of the beaver fence.  After the fence was installed, the damming activity was 

reduced significantly (Figure 33).  While not all the beaver activity was eliminated at the 

outflow device, the fence did stop the beavers from damming the device and causing 

inaccurate outflow measurements.  

Conclusion 
 
 Since September of 2001 the beaver fence system has been an effective alternative 

method of controlling beaver activity.  Installation of the fence system dramatically 

reduced the level of beaver activity at the outflow measurement device.  However, there 

was still beaver activity in other portions of the bay that required trapping and dam 

removal.  During this two-year period, 32 beavers were removed and 3 dams were 

destroyed. 
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 Even with the problems that occurred during the construction and maintenance of the 

fence, it appears that non-lethal methods, particularly the Lisle design, are effective in 

beaver management.  Modifications made after the initial installation of the fence may be 

offset by regular maintenance and removal of debris from the fence.  In circumstances 

where non-lethal beaver management is practical, the trapezoidal fence system can have a 

wide range of application for controlling beavers.  This system can be installed around 

weirs, culverts, ditches and other water flow structures allowing for the trapezoidal fence 

system to become a widely used means of beaver control.  
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 Figure 30.  Schematic diagram of �Beaver Deceiver� showing idealized fence 
            system placement and shape ( After Callahan and Callahan 2001). 
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Scale:  0.5 inch = 10 feet 

Figure 31.  Overhead diagram of installation of fence system at Juniper Bay. 
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Figure 32.  Road culvert and beaver dam before installation 
of beaver fence.  The recording gauge shown is 7 feet long.  
Height of beaver dam is about 3 to 4 feet high. 
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Figure 33.  Culvert and weir after installation of beaver fence.  Fence 
posts are 8 feet long.  The water level is about 3 feet high.   
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