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ABSTRACT
HYDROGEOLOGIC ANALYSIS OF FACTORS THAT INFLUENCE PITCHER
PLANT BOG VIABILITY AT THE JOSEPH PINES PRESERVE SUSSEX, VIRGINIA

John M. McLeod
Old Dominion University, 2013
Director: Dr. Richard Whittecar
The purpose of this research is to analyze a hydrogeologic setting that supports native
pitcher plant bogs in the coastal plain of Virginia, and evaluate the effects that watershedwide alterations to the vegetation have on groundwater dynamics. Longleaf pine savanna
and pitcher plant bog ecosystem complexes were once common in Virginia’s coastal
plain, but fire suppression and other factors contributed to a significant decline in these
wetlands. Because re-creation and maintenance of these savannas, such as the ones at the
Joseph Pine Preserve in Sussex County, Virginia, require considerable effort and
expense, effective management plans must be based upon a comprehensive
understanding of the interaction between the geologic, hydrologic, and biotic elements
that formed them. The tidal-flat facies of the Bacons Castle Formation underlie the
rolling landscape of the Preserve. Analysis of split-spoon cores and vibracore samples
revealed bogs in that setting formed at toeslopes where groundwater seeps from extensive
sand layers sandwiched between thick clay beds. Examination of bog stratigraphy across
the toeslope using ground-penetrating radar reveals colluvial sand sheets overlie dense
clay layers. Diurnal water table fluctuations reflected evapotranspiration cycles.
Hydrographs from monitoring wells in the sand beds show relatively stable water table
elevations above the bog root zone in 2010 and 2011. No evapotranspiration signal was
observed in the Bog Toeslope monitoring well installed in the sand. The lack of Et signal
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in the hydrograph suggests that the groundwater conducted through the sand originates
from a source deeper than the vegetation root zone, or that the rate of groundwater
discharge is great enough to overcome the effects of evapotranspiration drawdown.
Comparisons of annual ET rates between adjacent areas with different vegetation
densities indicates the average volume of groundwater withdrawn by the sparselywooded longleaf pine savanna is roughly half the amount withdrawn by the dense mixed
pine/deciduous hardwood forest. These results suggest long-leaf pine savanna ecosystems
managed with annual prescribed burning withdraw less groundwater than loblolly pine
woodlands, effectively increasing the volume of water available to supply the pitcher
plant bog with about 2 million liters annually. This study will provide resource managers
with information critical for restoring these rare wetland habitats.
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CHAPTER I
INTRODUCTION
Hillside seepage bogs in the southeast United States contain higher species richness and
support a unique community of plants and animals specially adapted to live in longleaf
pine savannas and forests (Walker and Peet 1983). Frequent fires in longleaf pine forests
create ideal environmental conditions for hillside toeslope seepage bogs by reducing
vegetation cover and increasing the groundwater supply to the wetland (Hoctor et al.
2006). In the Atlantic and Gulf Coastal Plains, bogs typically form on terraces of low-tomid slope containing saturated, strongly acidic (pH ca. 4.5 - 5.5), nutrient-poor, fine
sandy loams or loamy fine sands (Plummer 1963; LDWF 2005). These environmental
conditions restrict many species from obtaining the nutrients required to survive within
these habitats (Plummer 1963). A variety of rare carnivorous pitcher plant species survive
in these wetland habitats.
The hydrogeology of a hillside seepage bog controls its viability as pitcher plant
habitat. The area suitable for pitcher plant bog habitat is restricted by the volume of
water entering the wetland and the availability of that water to wetland plants.
Sustainable bog habitat is a function of the bog’s position within the landscape, the
elevation of the water table, and the location of any restrictive soil layers that impede
water flow downward through the bog (Folkerts 1982). Annual groundwater seepage to
toesploe bogs is controlled by the area of the watershed, upland soil infiltration rates, rate
of saturated flow in the soil, the upland and bog soil water storage capacity, and the rate
of water loss from the bog through evapotranspiration or surface and subsurface flows
(Folkerts 1982; LDWF 2005). Watershed soil infiltration rates and bog soil water storage
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capacities control whether a watershed can maintain sufficient seepage to preserve
pitcher plant habitat during drought conditions. As a result bog viability as pitcher plant
habitat is highly sensitive to watershed land management activities that disrupt natural
hydrologic regimes (LDWF 2005).
The relationship between a landscape’s hydrology and the overlying vegetative
cover is intuitive but not well studied in longleaf pine-pitcher plant bog communities. The
volume of precipitation that can enter the groundwater system depends on the amount
removed by plant cover through evapotranspiration, and is affected by interception
rooting depth, surface roughness, and albedo (Riekerk 1983; Douglass 1968). Studies
have indicated that regardless of the exact species composition within the forest structure,
stand density and height are the critical features controlling both interception and
evapotranspiration of precipitation within the watershed (Herbst et al. 2008). Both of
these conditions are controlled either directly or indirectly by the conditions of the
dominant vegetation covering the terrain (Riekerk 1983).
Steven and Toner’s (2004) research revealed that in the Coastal Plain of South
Carolina the elevation of groundwater feeding a toeslope bog is most strongly controlled
by the dominant vegetation of the uplands. Theoretically, reducing the vegetation
density through prescribed burning in a toeslope bog watershed should increase the
volume of precipitation entering the groundwater system. Since the forest structure of
longleaf pine communities is characterized by scattered pines with an understory of short
mixed forbs and graminoids (Walker and Peet 1983), longleaf pine/savanna ecosystems
are less densely vegetated than the mixed deciduous hardwood/southern pine forests.
Restoration of watersheds back to longleaf pine in the southeast United States has
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resulted in a higher groundwater table and consequently more water available to support
the toeslope discharge (Winston 1995; Rirkerk 1983). Based on these studies restoration
of a longleaf pine savanna ecosystem will likely result in a high percentage of
precipitation entering the groundwater system and more stable spring discharge that
could supply water to pitcher plant bogs in the toeslope setting. The present study
attempted to quantify the volume of groundwater added to such a system after converting
the bog watershed from mixed deciduous hardwood back to native longleaf pine savanna.
Longleaf pines are a temperate-to-subtropical species and reach the northern extent
of their habitat range in southeastern Virginia; winter temperatures restrict the spread of
the ecosystem north beyond the James River (Schwartz 1907; Sheridan et al. 1999). A
history of land alterations in southern Virginia ranging from timber harvest, land
cultivation, and urbanization to fire suppression and the impacts of exotic species have
extirpated nearly all the native longleaf pine-pitcher plant ecosystems in Virginia (Frost
1993). Historically longleaf pine covered an estimated 1.5 million acres in Virginia, but
surveys completed by the Meadowview Biological Station in 1998 revealed that only
4432 longleaf pine trees remained in the entire state (Sheridan et al. 1999). Because
pitcher plant bogs in Virginia depend on the lack of competition created in mature
longleaf pine forests, as well as precise hydrologic conditions, the number of pitcher
plant bogs declined along with the longleaf pine (Sheridan et al. 1999). Sheridan (2002)
reported that only 2 natural sites remain in Virginia containing fewer than 100 clumps of
yellow pitcher plant, Sarracenia flava. To manage or restore these rare and declining
habitats, resource managers need a comprehensive understanding of the dynamic
interaction between the abiotic and biotic elements that contributed to the formation of
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these ecosystems.
SITE DESCRIPTION
Located in the stream-dissected outer Costal Plain of southwestern Virginia, the Joseph
Pine Preserve in Sussex County, Virginia was established in 2004 to restore extirpated
fauna to native habitats (Figure 1). The landscape across the 64-acre Preserve contains
weathered Coastal Plain deposits underlying a gently rolling topography.

Map of the Joseph Pines
Addison Bog

Preserve

Figure 1. Map of the Joseph Pine Preserve, Sussex County, Virginia (2012)

The geological formation that underlines this region - the Bacons Castle
Formation - has storativity and transmitivity characteristics that both retain and transmit
the groundwater that seeps into the lowland bog. The Bacons Castle Formation sediments
were deposited in a fluvial-deltaic setting; these stream and tidal-flat deposits resulted
from marine transgressions during interglacial high stands that occurred during the late
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Tertiary (Johnson and Bailey 1999). Extending from the Suffolk Scarp east to Richmond,
Bacons Castle deposits are described by Mixon and others (1989) as gravel grading
upward into sand and sandy clayey silt. The Bacons Castle unit is subdivided into two
members, Tb1 and Tb2. Tb1 deposits contain “massive to thick-bedded pebble and
cobble gravel grading upward into cross-bedded, pebbly sand and sandy and clayey silt,
and Tb2 is predominantly thin-bedded and laminated clayey silt and silty fine-grained
sand” (U.S. Geological Survey, 1993).
Soil maps of the preserve indicate that the Emporia-Slagle soil complex covers
the watershed. These soils consist of sandy loams derived from marine deposits that are
moderately well drained to well drained (Table 1). The average depth to compact soil
features in the Emporia soil is typical more than 80 in (203 cm) deep with an average
depth to water table of about 36 -54 inches (91.4 – 137.4 cm) . Emporia soils readily
transmit water with a Ksat value for the most limiting layers ranging from moderately
high to high values (Ksat = 0.20 to 1.98 in/hr). The average depth to restrictive features in
the Slagle soil is typical more than 80 in (203 cm) deep with a average depth to water
table of about 18-36 in (45.7 – 91.4 cm). Slagle soils transmit water less effectively than
Emporia soils, with a Ksat value for the most limiting layers ranging from moderately
low to moderately high values, Ksat = 0.06 to 1.98 in/hr (0.15 to 5.03 cm/hr) (Table 1).
See Appendix A for more data from the soil survey report. Because bogs generally
represent a small fraction of the overall land area, frequently the hydric soils within small
wetlands such as Addison Bogs are not shown on soil survey maps (USDA 2011). A 40foot (13-meter) change of elevation exists between the dry longleaf pine habitat draped
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over the Preserve’s hilltops and the wet toeslope pitcher plant bog habitats in the
lowlands. Prior to clearing and savanna restoration in 2004, site vegetation consisted
of a mixture of loblolly pine and mixed deciduous hardwoods with a dense understory.
The goal of the Preserve managers is to restore the property to “pre-settlement conditions
while at the same time preserving rare biological diversity in Virginia” (Meadowview
2010).

Table 1. Typical soil profile of Emporia and Slagle soils, (SSS 2010)
Typical Emporia Soil Profile

Typical Slagle Soil Profile

0 to 6 inches: Fine sandy loam

0 to 8 inches: Fine sandy loam

6 to 14 inches: Loamy fine sand

8 to 41 inches: Sandy clay loam

14 to 18 inches: Fine sandy loam

41 to 70 inches: Sandy loam

18 to 41 inches: Sandy clay loam
41 to 54 inches: Sandy clay
54 to 72 inches: Stratified sandy loam to
sandy clay loam
6 to 14 inches: Loamy fine sand
14 to 18 inches: Fine sandy loam

Restoration efforts began by clearing the land of existing vegetative cover through
a combination of chemical and mechanical methods and prescribed burning
(Meadowview 2010). Longleaf pine is a fire-dependant species and the health of the
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ecosystem complex requires frequent small brush fires (Chapman 1950). Over 3000
native longleaf pine seedlings planted at the site thrive in upland habitats; replanted
representatives of the last six remaining populations of Virginia yellow pitcher plants, as
well as a variety of other bog species, now grow in three toeslope bog habitats. The
watershed supporting one of these habitats, the Addison Bog, contains longleaf pine
saplings less than 7 years old and indigenous graminoids. Starting in 2004 preserve
managers have used prescribed burning annually to manage the property vegetation.
Property adjacent to the Preserve contains a dense and immature mixture of
deciduous hardwood and southern pines, vegetation similar to that present in the bog
watershed prior to restoration efforts. Monitoring stations within this forest can serve as
reference sites for comparison with restored areas. A 131-acre section of that land was
purchased in 2012 and is scheduled for restoration to longleaf pine-pitcher plant habitat
in spring 2013. Thus this study site, with its variety of landscape settings, geological
conditions, and history of land use change, provides an opportunity to evaluate potential
hydrogeologic and anthropogenic effects upon the viability of pitcher plant bogs.

RESEARCH OBJECTIVES AND GOALS
The goal of this research was to characterize the hydrologic dynamics and geologic
setting that supports native pitcher plant bogs at the Joseph Pines Preserve in the Coastal
Plain of Virginia and evaluate the effects that watershed-wide alterations to the
vegetation can have on groundwater dynamics. This research goal required three main
objectives, each with a testable hypothesis. The first objective was to conduct a detailed
analysis of the stratigraphy within the watershed supporting the Addison Bog at its
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position within the landscape. The null hypothesis for this objective is that many
restrictive aquitards exist in the local stratigraphic sequence that generate spring
discharge and surface runoff at multiple positions on the hillside. The second objective
was to measure and evaluate the dynamics of the hydrogeologic system that supports the
Addison pitcher plant bog. The null hypothesis for this objective is that numerical
analyses of the bog’s hydrogeologic system reveal that the system is an ephemeral
wetland supplied by seasonally-fluctuating groundwater flows. The third objective was to
determine the effects of watershed-wide alterations to vegetative cover on groundwater
elevations. The null hypothesis for this objective is that daily evapotranspiration rates in
the original, densely vegetated forest equal the daily ET withdrawal rates in the restored
long-leaf pine savanna, and thus restoration of the savanna vegetation will not alter the
watershed’s hydrology.

METHODS
This study analyzed the major components that control the groundwater flow to the
Addison Bog by generating models to predict how water supplies vary under different
vegetation types and precipitation patterns. To create the model I analyzed watershed
form and stratigraphy, hydrogeological processes, monitored groundwater elevations,
determined soil textures and specific yields, conducted soil hydraulic conductivity tests,
determined precipitation and evapotranspiration rates, and calculated watershed recharge.
Watershed Form and Stratigraphy
I employed a variety of techniques to describe watershed form and stratigraphy and the
hydrogeologic system at the Joseph Pines Preserve. I used a Garmin handheld GPS to
map the boundary of the bog watershed and the border of the bog. The resulting GPS data
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were imported into Google Earth and adjusted to produce Figure 2. The locations of the
monitoring wells and the channels of the unnamed ephemeral tributaries were mapped
using a handheld GPS and the locations were added to a Google Earth image of the site
(Figure 2). Watershed stratigraphy was determined using hand auger, vibrocorer, and
drilling rig. The locations of all coring sites are identified on Figure 2. A hand auger was

Figure 2. Map of the Addison Bog watershed with the location of cores, hand augers,
and split spoon samples taken at the Joseph Pines Preserve, Sussex County, Virginia.
Note the location of area shown in Figure 6.
used to take samples of the upland stratigraphy and the bog. Samples were laid on a tarp,
described, measured, and photographed (see Appendix B, Core Photograph b1-b5). The
limiting depth at each auger site was determined by hole collapse from “running sands,”
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the depth of the water table, or presence of hydrologically restrictive features such as a
dense clay bed.
A vibracorer was used to obtain samples in saturated soils, both in the bog and
along the small seasonal stream that feeds the bog. Sample depths were limited by dense
clay and collapsing layers. Core lengths ranged from roughly 1 to 2 meters (3 to 6 feet)
deep. Cores were split lengthwise in the lab using a skill saw to cut the cores and
aluminum sheath and putty knives to split the core in half. Core stratigraphy was visually
described in terms of color and texture.
To obtain deep cores in the watershed uplands a crew using a truck-mounted
drilling rig drove a split-spoon sampler to obtain 40-foot (12 meter) cores at two locations
(Appendix C, Figure c1). Cores samples were wrapped in cellophane, labeled, boxed and
transported to the lab for analysis (Appendix C, Figure c2).
Hydrogeologic Procedures
Measurements of hydraulic head in monitoring wells formed the basis of hydrogeologic
analyses at the Joseph Pines Preserve. These analyses included determination of flow
patterns, hydraulic conductivity, and evapotranspiration estimates. Results of computer
modeling (Ground Water Vista) were used to characterize the hydrogeologic conditions
of the watershed and predict the effects that future changes in vegetation will have on
groundwater resources.
Groundwater Monitoring
Five monitoring wells constructed in hand auger holes ranged between 1.2-2.0 meters (46.5 feet) deep. Wells consisted of 1.2-1.8 meters (four to six foot) long sections of 5.08
centimeter (2-inch) diameter PVC pipe glued to 0.76 meters (2.5 feet) of 0.003 meter
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(0.01 inch) slotted PVC Johnson well screen. Pipe and screen were inserted into the
borehole and a filter pack of medium sand was added to fill the space between the well
pipe and borehole wall. The top one-foot space between borehole wall and well pipe was
filled with bentonite clay to seal the well from surface water. Figures g1-g5 in Appendix
G provide detailed well completion reports and descriptions of construction techniques
for each well installed. Groundwater elevations were recorded hourly using monitoring
wells equipped with Solinst Levellogger transducers. Using a technique described by
McLaughlin and Cohen (2011), a Solinst Barologger was installed in a dry monitoring
well to eliminate the effects of potentially large temperature fluctuations that can occur in
the upper portion of the riser (instead of using the manufacturer’s recommend procedures
for barologger placement). Barometric influences were subtracted from the levellogger
data to generate the record of groundwater heads over time. Groundwater heads in each
well were converted to relative head elevations to ease comparing hydrographs. Four
monitoring wells were located at comparable positions within the landscape on the
managed longleaf pine-savanna habitat and two were installed in the unmanaged mixed
deciduous forest (Figure 3). An elevation, based on an arbitrary datum “1050 m”, was
measured for each monitoring well riser using a Trimble laser level and a tape measure.
The relative head height for each monitoring well was calculated based on this survey.
Three peizometer nests were installed in the bog watershed (Figure 3) to document the
vertical hydraulic flow patterns of groundwater across the watershed. Peizometer well
construction techniques were the same as previously described for monitoring wells.
Each peizometer nest consisted of a shallow well and a deep well located less than a
meter apart. The deep well was at least half a meter deeper than the shallow well. Water
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elevations in these wells were measured using a Slope Indicator water level to the nearest
0.01 foot (0.03cm). Differences of these head data determined if the peizometer nest was
located in a discharge or recharge zone during any sampling period.
Well sites in different landscape positions allowed comparisons of the effects of
landscape alteration on groundwater elevations and ET rates. Reference site wells,

Figure 3. Map of the location of monitoring wells used to measure hydraulic heads and
calculate evapotranspiration rates at the Joseph Pines Preserve, Sussex, Virginia.
located approximately 30 meters from the study site bog (Figure 3) sit in the same
stratigraphic package present in the bog watershed. Forest Hill Slope and Forest Toeslope
wells are located near an unnamed tributary of the Joseph Swamp.
Field Hydraulic Conductivity Test
Utilizing the Hvorslev method (Fetter 2001) five slug-tests were performed on the
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Savanna Toeslope monitoring well located adjacent to the Addison Bog. The well was
filled to capacity and a transducer recorded head pressure every second as the well water
level recovered. The well averaged 62 seconds to recover from each slug test.
Slug test data were graphed using Microsoft Excel and hydrologic conductivity
(K) values in meters per day was calculated using the equation described below.
K = [r2 ln (Le/R] / [2(Le*t37)]
where (r) is the radius of the well casing, (R) is the radius of the well screen, Le is the
length of the well screen and t37 is the time required for the water level to fall to 37% of
the initial change (P. 194, Fetter 2001). To determine t37 for each monitoring well I first
determined the ratio of “ the height of the water above static level at some time, t, after
the slug is lowered is h. The height to which the water table rises immediately after
lowering the slug is ho” (Fetter 2001). The ratio of h/ho then was plotted versus time on a
semilog scale and the time it took for the water level to fall to 37% of the initial change
(t37 ) was recorded to use in the above equation. The results of the slug tests provided a
minimal estimate for the hydraulic conductivity values used to construct and calibrate
groundwater flow models of the bog watershed.
Precipitation and Evapotranspiration Study
The amount of water that infiltrates the soil and passes down to the water table is equal to
the precipitation minus losses due to evaporation on the surface and transpiration by the
plants. Daily precipitation (Ppt) and Penman evapotranspiration (PET) totals from
6/1/2010-10/1/2011 were provided by the RAWS USA Climate archive website (RAWS
2011). The Penman PET values and precipitation totals were obtained for the James
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River, Virginia weather station in Prince George County, approximately 10 miles north of
the study site.
Penman values represent PET - potential evapotranspiration - the maximum
amount of evapotranspiration possible, an estimate based on the meteorological
conditions and an unlimited water supply (Fetter 2001). During the dry months, when the
water table in the soil and root zone is nearly depleted, PET values will exceed the actual
ET (AET) losses significantly. Estimates of AET can be made from detailed well records
because phreatophytic vegetation consumes groundwater resulting in daily diurnal
fluctuations in the groundwater table (Luatz 2008, Gerla 1992; Loheide et al. 2005;
Rosenberry and Winter 1997). The White hydrograph method (1932) estimates AET
using these fluctuations. For the time period when these oscillations appear on the
hydrograph, the white method is more useful than Penman AET because it provides a
measure of how well the landscape vegetation can access and withdraw a limited
groundwater supply.
A variation of the White method (1932) described by Davis and DeWiest (1966)
was used to calculate rates of AET for all monitoring wells based on diurnal fluctuation
in groundwater elevation. The rate of AET withdrawal (inches per day) was measured
using this equation:
AET= en ((ΔS1avg/ΔT1)+(ΔS2/ΔT2)
where ΔS1avg is the average daily response (feet), ΔT1avg is the average daily response
time (hours), ΔS2 is the long term response (feet), ΔT2 is long term response time
(hours) and en is the root zone soil porosity (dimensionless) (Davis and DeWiest 1966)
(Graph 1). To calculate ΔS1 for each day I chose the points where the groundwater
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elevations were highest and lowest during the daily diurnal fluctuation. These daily
results were averaged for a 3-10 day sequence to produce ΔS1avg . ΔT1 was determined
by counting the number of hours between the highest and lowest groundwater elevation

Graph 1. Graph displaying method to calculate evapotranspiration rates using a variation
of the White (1938) method on the Forest Toeslope monitoring well and the Savanna Bog
monitoring well based on diurnal flucuations in the groundwater table at the Joseph
Pines Preserve, Sussex County, Virginia.
during the daily diurnal fluctuations. These results were averaged to produce ΔT1avg.
In order to obtain accurate measurements of AET using the White method, four
assumptions must hold true: (1) plant evapotranspiration causes hydrograph diurnal
fluctuations of well hydrograph, (2) groundwater influx is great enough to overcome
evapotranspiration rate between roughly 00:00 and 04:00 (overnight), (3) daily
groundwater influx is constant, and (4) root zone soil porosity correctly depicts the
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amount of water removed from the root zone, per water table decline, per unit area (Lautz
2008; Loheide et al. 2005).
Visual observation of the water table hydrograph confirms that assumption (1)
and (2) hold true at Joseph Pines. Precipitation is the only source of water to affect the
water table at Joseph Pines. To account for assumption (3) AET was calculated only on
descending water tables sufficiently removed in time from precipitation events
Choosing the appropriate root zone porosity (en) value and fulfilling assumption
(4) for the White AET calculation is difficult and likely the greatest source of error for
the evapotranspiration calculation (Loheide et al. 2005). In this study to simplify this
issue I followed Bear (1979) and used specific yield (Sy) as an estimate of root zone
drainable porosity in the White equation calculation. Specific yield, commonly referred
to as effective porosity, reflects the volume of water that is not trapped by capillary forces
and is capable of draining from an unconfined aquifer under gravity forces (NCDENR
2012). Specific yield (Sy) values based on soil texture are readily available and more
accurately represent the volume of water accessible for uptake by plant roots and lost
through drainage.
Gerla (1992) and Rosenberry and Winter (1997) studied the relationship between
groundwater elevation and wetlands and reported that inappropriate soil specific yields
frequently results in overestimated AET rates. Other workers who advise caution for
those using the White method include Troxell (1936), Nichols (1993) and Laczniak et al.
(1999), who criticize the White method as overly simplistic. However, studies by
Gatewood et al. (1950), Tromble (1977), and Farrington et al. (1990) compared
alternative estimates of AET to the White method, and reported that White method AET
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values were similar to values generated by other techniques, with some notable
exceptions.
I used a Malvern particle size analyzer to determine soil texture based on grain
distribution of hand auger samples taken adjacent to each monitoring well and the same
depth of the well screens. See Appendix G, Figures g1-5 for the exact depth of each well
screen and soil sample depth. In the lab three 5-gram samples were take from the depth
of the well screen, analyzed per well and the results were averaged to determine the
percentage of sand, silt and clay. The resulting average soil composition was compared
to a soil textual triangle to determine the soil texture for each well.
Soil textures for each well were compared to studies by Johnson (1967), Carsel
and Parrish (1988) and Loheide et al. (2005) who provided specific yield (Sy) values for
a wide range of material types (Table 2). Values from these studies were averaged per
material type and the resulting specific yield (Sy) was substituted for effective porosity

Table 2. Average specific yield (en ) values obtain from studies by Johnson (1967) and
Loheide et al. (2005).
Soil Texture
Sand
Loamy Sand
Sandy Loam
Loam
Silt
Silt Loam
Clay Loam
Silty Clay Loam
Sandy Clay

Johnson (1967)
0.34
0.26
0.19
0.10
0.06
0.07
0.04
0.03
0.03

Loheide et al. (2005)
0.32
0.26
0.17
0.08
0.03
0.04
0.02
0.01
0.03

Average (Sy)
0.33
0.26
0.18
0.09
0.05
0.06
0.03
0.02
0.03
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(en) in the White equation to calculate evapotranspiration rates. However, these specific
yield (Sy) values generated with this technique were viewed with caution considering that
several variables such as soil structure and macropores that influence the permeability of
a soil body are not accounted for.
To compare the AET rates between wells located in different vegetation types we
calculated the water budget for the bog watershed by using the equation
VTotal (m3/year) = A (hectares) * [P(mm/year) – AET (mm/year)]
where VTotal is the total volume of water entering the watershed, A is the area of the
watershed, P is the annual precipitation volume (mm/year) and AET (mm/year) is the
annual evapotranspiration rate calculated for the specific land cover. It is noted that
interception is a significant variable in this equation, but was purposely neglected to
simplify the study. We used an annual evapotranspiration rate calculated using the White
equation for each well to determine how managing vegetation affects the water budget
for the watershed supplying the groundwater to the bog. The results were graphed per
each well to visually compare differences in water budgets.
Computer Modeling the Wetland Hydrology
A multilayered, 2-dimensional, finite-difference flow model of the watershed was
produced using Groundwater Vista 3.0. Steady state conditions were modeled in the
watershed-and-wetland system. The values used to calibrate the model were obtained
from a variety of sources. Monthly precipitation data and potential evapotranspiration
values calculated using the Penman method were obtained utilizing the RAWS website
(2011) from the James River weather station, Prince George County, Virginia. Hydraulic
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conductivity values generated from slug test analysis and values reported by Fetter (2001)
for interbedded sands and clays were assigned to each stratigraphic group in the model.
To mimic the dimensions of the watershed the model was designed with 1 by 1
meter cells, 12 m deep by 240 m long (Figure 4). The profile was split into 3 zones. The
top layer was designed as a 10 meter (32.8 feet) thick layer of stratified sands and clays.
The middle layer was designed as a 2 meter (6.6 feet) thick layer of clean fine to medium

Groundwater Model Design
K=???

K=???
K=???

Figure 4. Illustration of the model design and variables used to construct a transit model
to simulate the groundwater pathways found at the Joseph Pines Preserve Sussex,
Virginia.
sands. Data in Fetter (2001) suggest that values for hydraulic conductivity (K) for the
clean sands should be approximately 10 times larger than for the interbedded sands and
clays. The bottom layer was designed as a 3 meter (9.8 feet) thick layer of dense clay. A
drain was inserted into the conductive sand of layer 2, 0.1 meters (0.33 feet) above the
dense clay. The left, right, and bottom of the model were designed as no-flow zones, and
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recharge was added to the top of the model. Figure 4 diagrams the variables used to
construct the finite-difference model.
Initially the three stratigraphic layers were assigned K values based on the
sediment stratigraphy observed at the site. The models was calibrated by entering the
recharge value calculated for a normal Ppt year under Longleaf Pine Savanna condition
into the model and adjusting the hydraulic conductivity values until the height of the
modeled groundwater curve mimicked water table elevations recorded at the site during a
normal Ppt year.
To model how bog hydraulic conditions change as a result of managing the
watershed vegetation, I calculated steady-state water table positions to be anticipated
during the widest expectable range of annual precipitation. I estimated recharge
(precipitation – evapotranspiration) using annual precipitation rates for Wet, Normal and
Dry years and ET rates calculated for the Forest Toeslope and Savanna Hill Slope
monitoring wells. I ran the model using very wet-to-very dry precipitation rates to study
how the bog hydraulic system will react to a wide range of precipitation years. Very wet,
Wet, Normal, Dry and very dry years were determined by obtaining the 2010-2011
WETS table and precipitation data, recorded at the Lawrenceville weather station located
approximately 35 miles southeast of the study site (USDA 2011). The 30-year
precipitation data obtained from the RAWS site were used in a calculation described in
Appendix D that statistically ranks and selects yearly precipitation records to be
representative of Wet, Normal or Dry conditions for that site. We used the wettest and
driest years in the thirty-year record to represent the most extreme precipitation rates (i.e.
very wet, very dry) at the location. These two wells were selected to represent hydraulic
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conditions in the managed watershed prior to land management in 2004 (forest setting)
and after land management in 2011 (savanna setting). The AET rates chosen represent the
approximate maximum and minimum AET rates possible at the site based on forest
density. Use of the widest range of annual total precipitation in the model to demonstrate
how the bog hydrogeology will react to a range of recharge as the watershed
evapotranspiration rate changes due to landscape management decisions.
RESULTS AND DISCUSSION
The results of analyzing the watershed soil stratigraphy to determine hydrogeology
properties and groundwater flow patterns were combined with precipitation and
evapotranspiration studies to accurately model how the groundwater supplying the
Addison Bog will change over time. Combining the effects of changing vegetation
densities and precipitation patterns with the landscape hydrogeology characteristics in a
model provides a comprehensive tool for resource managers to predict how groundwater
elevation will change over time affecting wetland viability.
Stratigraphy of Watershed
Analysis of two 40-foot (12.2 m) core samples taken at the watershed hill top provided a
detailed stratigraphic profile for the watershed upland, thus revealing the hydrologic
pathways of precipitation from the watershed uplands to the bog. The two cores consist
of finely stratified layers of sand and clay ranging in thickness from less than 3 - 4 mm
(1/8 inch) to over 0.3 m (1 foot thick). In the upper third of the core, sands dominate the
profile; clay layers become more prevalent lower in the profile. On the day of drilling
(3/23/11) the watertable sat at a depth 4.3 m (14 feet) below the surface, roughly 7.9 m
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(26 feet) above the bog elevation. Several thick layers of saturated sands occurred at
depths between 8.2 m (27 feet) and 12.2 m (40 feet), laminated between dense layers of
clay. These sand layers readily conduct groundwater and where they are exposed at the
hill toeslope, springs form supplying the pitcher plant bogs.
A series of hand auger samples taken between the bog and the hilltop revealed a
similar stratigraphic profile as that found in upland split spoon samples. Core pictures b1b5 in Appendix B and Bore hole records g1- g8 in Appendix G display borehole logs for
cores taken throughout the watershed.
The main characteristic of the strata beneath the uplands are alternating layers of
sand and clay of thickness varying from a few tenths of an 2-5 mm (1 inch) to almost 0.6
m (2 feet). Several seemingly over-consolidated layers of clay were encountered at
depths ranging from 1.2 – 3.7 m (4-12 feet). Saturated sand layers that transmitted
groundwater were common throughout the subsurface. However some of these sands
were encountered between layers of dry clay. Cracks and crack-filling ribbons of sand
surrounded by oxidized color patterns provide evidence that groundwater penetrates these
dense clay layers through these pathways (see Appendix Core Photo b5 for example).
Saturated root canals up to 25 mm (1 inch) in diameter also penetrated some dense dry
clay layers providing a route for precipitation to penetrate. Soils adjacent to these root
channels were saturated and heavily mottled while surrounding soils were dry and
uniform in color.
Six vibracore samples were taken at three soggy sites in an ephemeral creek bed
and three in the Addison Bog (see Figure 2 for vibracore sample location). The water
table was reached in all 6 samples at depths ranging from 0 – 0.91 m (0 to 3 feet). The
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top half meter of most samples reveal a mixed, unstratified sediment package. Saturated
orange-red medium-to-fine sand composed the layers where the water table was
encountered. In all samples except vibracore F a dense clay layer was encountered that
restricted the vibracore from penetrating any deeper. Vibracore F, taken at the bottom of
the Addison Bog, penetrated a soupy peat layer at least 0.61 m (2 feet) thick that could
not be retained in the bottom of the vibrocore as we extracted the sample from the
ground.
A fence diagram (Figure 5) constructed to illustrate sediment stratigraphy
displays the extent and elevation of sediments underlying the landscape. Overall the
stratigraphy consists of alternating layers of sands and clays. The thickness and degree of
interbedding and/or mixing of sands and clays varies greatly from very thin (1-2 mm)
lamination of pure sand or clay to thick, well-mixed clayey sands. Many of the units with
very thin laminated layers have been grouped together as sandy clay to simplify the
illustration in Figure 5.
The sediment profile found at the site differs from those described for the location
by Mixon et al. (1989) who mapped the region as Tb1, the older, gravelly member of the
Bacons Castle Formation. Sediments in the cores taken across the study site closely
resemble those described for the upper member (Tb2). Deeper boreholes in the area
penetrate the coarser member (Tb1) (C.R. Berquist, personal communication, 2012).
Determining Groundwater Flows
Comparing the elevation of the groundwater table to the stratigraphic layers’ elevations
reveals the hydrogeologic pathways that rainfall likely travels from the watershed hilltop
to the springs supplying the pitcher plant bogs. Figure 6 is a cross-sectional diagram of
26
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Figure 6. Cross-sectional diagram of the stratigraphy and depth to groundwater for the
watershed supplying the Addison Bog at the Joseph Pines Preserve, Sussex County,
Virginia.
the stratigraphy uphill of the Addison Bog which shows the elevation of the groundwater
surface draining to the bog. Saturated layers of fine and clayey sand were found
throughout the landscape at roughly the same elevation. The elevation of the fine sand
exposed at the hill toeslope is at the same elevation where springs occur that supply the
pitcher plant bog.
Samples taken throughout the bog reveal that the surface substrate consists almost
entirely of saturated fine-to-medium sand. This result suggests the flat topography within
the arcuate half-depression where the bog is found may have formed by spring sapping, a
process where groundwater springs slowly erode broad shallow valleys into the hill slope
over geologic time (e.g Higgins 1984).
Piezometer nests located in the bog, toeslope and hill slope reveal the vertical
direction of groundwater flow at those locations (Figure 7). Each piezometer nest was
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Piezometer Head Elevations

Figure 7. Results of head measurement taken in the spring and fall of 2011 for three
peizometer nests located in the hill slope, toeslope and Addison Bog at the Joseph Pines
Preserve, Sussex County Virginia. The location of each peizometer is shown in Figure 3.
sampled twice in the spring and once in the summer and fall of 2011. The flow directions
were consistent for each well across the seasons. Piezometer nest 1 located in the hill
slope showed higher groundwater elevation in the short well indicating that groundwater
was down-welling at the site, while peizometer nest 2 contained higher head
measurements in the deep well indicating that groundwater was upwelling at that site.
Results for piezometer nest 3 located in the Addison bog showed equal hydraulic heads
indicating that water was traveling laterally at the site.
The groundwater elevations on May 15, 2011 at each monitoring well were mapped in
Figure 8 to reveal hydraulic head patterns across the landscape during the spring growing
season. Groundwater elevation contour lines were drawn based on head elevations. Flow
lines were drawn to show the general pathways of groundwater as it travels from the
watershed uplands to the bog in the lowlands. The landscape topography and
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groundwater flow patterns reveal that the bog lowland receives surface water flows and
shallow groundwater inputs from three directions. The bog’s position within the
landscape, relatively flat topography, and the occurrence of fine-grain materials in the

Groundwater Contour Map

Figure 8. Groundwater contour map and flow lines showing hydraulic heads measured in
May 2012 in seven monitoring wells located throughout the Addison Bog watershed at
the Joseph Pines Preserve, Sussex County, Virginia.
subsurface near the bog’s outlet act to retard groundwater flows causing ponding and
wetland soils.
Sediments and Hydrologic Properties
To quantify the rate that groundwater discharges from the springs along outcrops of the
prominent sand layer at the hill toeslope, I used sediment textural data, derived from the
Malvern sediment analyzer, and average values derived from a textural triangle (USDA
2012) to determine soil texture adjacent to each monitoring well. A range of soil textures
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including loam, loamy sand, sandy loam and sand exist at the wells (Table 3). Using the
soil textures ascertained for each monitoring well, we assigned a specific yield to each

Table 3. Average results of Malvern analysis of soil compositions and texture
descriptions for fifteen samples analyses from five monitoring wells at the Addison
Bog, Joseph Pines Preserve, Sussex County, Virginia.
Location
Savanna Hill Slope
Well (SHW)
Savanna Bog Well
(SBW)
Forest Toeslope
Well (FTW)
Forest Hill Slope
Well (FHSW)
Savanna Toeslope
Well (BTW)

%Clay

%Silt

%Sand

Soil Texture

Specific Yield

3.8

6.7

89.5

Sand

0.34

13.9

38.9

47.2

Loam

0.18

6.2

22.6

71.2

Sandy Loam

0.26

8.2

27.9

63.9

Sandy loam

0.26

4.8

7.9

87.3

Loamy sand

0.32

well based on studies by Johnson (1967), Carsel and Parrish (1988) and Loheide et al.
(2005). Since specific yield values can be used as a proxy for root zone drainability
(Bear 1979) these specific yield values were used in place of root zone drainability, as
described in the methods section, to calculate AET using the White (1932) method.

Slug Test Results
Graph 2 displays the field data from five consecutive slug tests completed on the Savanna
Toeslope monitoring well. In all of the test runs at wells across the site, the data from the
period immediately after water levels were raised were used to calculate the hydraulic
conductivity (K) for that site (Graph 2). The head rations (h/ho) for each slug test shown
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in Graph 3 were plotted on a semi-log scale and the length of time it took for the water
level to fall 37% of the initial peak (t37) was recorded (Graph 3). Calculated

Graph 2. Graph showing five slug test analysis performed on the Savanna Toeslope well
and the resulting hydraulic conductivity values calculated per test at the Joseph Pines
Preserve, Sussex County, Virginia.
hydraulic conductivity values ranged from 19.2 meters per day to 19.6 meters per day;
these values are in agreement with K values reported in other studies (USDA 2012) for
fine to medium sand like that present at the Savanna Toeslope well. The five slug test
results were averaged to produce a hydraulic conductivity value of 19.3 m/day for the
conductive sand layer located at that hill toeslope.
The K values calculated for the Savanna Toeslope well were initially used in
Groundwater Vista to calibrate the model but experimentation with the model revealed
that hydraulic conductivity values increase with the scale of the measurement procedure.
The final hydraulic conductivity values used in the model were roughly 2 orders of
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Graph 3. Plot of the head ratio (h/h0) versus time for a slug test performed on the
Savanna Toeslope monitoring well. The time it took for the water level to fall 37% (t 37)
of the sudden rise was recorded to use to calculate hydraulic conductivity using the
Hvorslev method.
magnitude greater than the values calculated using the slug test method.
Evapotranspiration Calculation
Graphs of each time period used to calculate AET is available in Appendix E (Figures e1e9). A hydrograph showing hydraulic heads in all wells measured for the
two-year study (Graph 4) indicate that with the exception of some minor deviations, the
wells at Joseph Pines closely mirror one another in their hydrogeologic response to
change. The most apparent changes are the rapid water level movements following
rainfall events and slower water level decline due to drainage towards springs and
streams. In the Forest Hill Slope well the water level dropped lower than the transducer in
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June and July 2011 limiting the amount of data available to complete the
evapotranspiration calculations.

The Forest Toeslope and Savanna Bog wells were not

constructed until spring 2011.

Graph 4 Groundwater hydrograph displaying changes in relative head elevations
recorded in five monitoring wells located throughout the Joseph Pines Preserve, Sussex
County, Virginia. Nine boxed areas of the hydrograph indicate time periods used to
calculate evapotranspiration rates based on declining water tables.
Nine time periods ranging from three to twelve days demonstrated the correct
hydrologic condition to calculate evapotranspiration rates based on diurnal groundwater
fluctuations (Graph 4). The results of all evapotranspiration calculations reveal several
trends during the nine time periods (Graph 4). Potential ET (Penman) rates far exceed
Actual ET rates (White method) for every calculation period. The pattern of withdrawals
are similar between PET and AET but the amount of AET withdrawal for any well during
any tested period ranged between 10-50 percent of the PET rates reported (Graph 5).
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Graph 5. Bar graph displaying Penman potential evapotranspiration (PET) calculated for
take the James River Weather station, and actual evapotranspiration rates (AET)
calculated using the White Method (1932) for nine time periods for five monitoring wells
located in the Joseph Pine Preserve, Sussex Virginia.
Because wells were located in settings with shallow water tables, where accessible
groundwater is essentially unlimited, these results suggest that the PET rate reported
averages 80 percent greater than the actual amount of groundwater withdrawal that is
occurring.
Comparing the AET for all monitoring wells reveals that the Forest Toeslope well
registered the strongest AET signature for all calculated time periods except 9/119/14/2011, a period when the Forest Hill Slope well measured a higher rate (Graph 5).
Because the Forest Toeslope well is positioned approximately 2 meters from a perennial
tributary of Joseph Swamp in the most mature forest setting for all wells, I expected to
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calculate the highest evapotranspiration rate at this site. The results for the Forest Hill
Slope well show the second greatest evapotranspiration signature (Graph 5). This
monitoring well is located approximately 5 meters away from the Joseph Swamp
tributary and 76.2 cm (2.5 feet) higher in elevation than the Forest Toeslope well. During
the summer of 2011 and 2012 the Forest Hill Slope well ran dry several times.
The Savanna Toeslope and the Savanna Bog wells show notable differences in
AET rates (Table 4). Strongly upwelling groundwater at the Savanna Toeslope well may
dampen the effects of vegetation groundwater withdrawal on the water-table elevation
and calculated AET rates. Both the Savanna Toeslope and Savanna Bog monitoring
wells are surrounded by vegetation of similar height but the Savanna Toeslope well is
surrounded by upland vegetation, while the Savanna Bog well is surrounded by wetland
vegetation. Differences in vegetation type and density could account for different rates
calculated. Wet conditions in the bog wetland during prescribed burning, confirmed
through visual observation, may have also caused the landscape surrounding the Savanna
Toeslope and hill slope monitoring wells to burn more intensely than the vegetation near
the Savanna Bog monitoring well. The less intensely burning fire resulted in greater plant
stem density, larger understory plants and more mature vegetation (visual observation)
earlier in the growing season in the wetland habitat versus the longleaf pine savanna. The
size and density of the vegetation that survived the prescribed burning is a likely cause
for the higher AET rates in the Savanna Bog habitat, versus the longleaf pine savanna.
Soil texture may also play a role in the difference between the savanna bog, hill slope and
toeslope wells. The Savanna Hill Slope well and Savanna Toeslope wells are installed in
sand and loamy sand while the Savanna Bog well is in a loam. The difference in
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hydraulic conductivity between these soil textures could account for variation in the
calculated AET rate as well.

Table 4. Penman potential evapotranspiration (PET) calculated from the James River
Weather station, and actual evapotranspiration rates (AET) calculated using the White
method (1932) in meters per day for nine time periods for five monitoring wells.
Average AET rates for each monitoring well and the ratio of AET to PET for each date
at the Joseph Pine Preserve, Sussex Virginia.
Date

6/18-6/22/2010
10/10-10/14/2010
4/23-4/26/2011
5/17-5/23/2011
6/7-6/11/2011
7/1-7/4/2011
7/12-7/20/2011
8/1-8/13/2011
9/11-9/14/2011
Average AET
Ration of AET to PET

Forest
Toeslope

Savanna
Toeslope

Savanna
Bog

Forest Hill
Slope

NA
NA
0.011
0.025
0.029
0.031
0.037
0.022
0.021
0.017
0.215

0.015
0.022
0.011
0.014
0.016
0.012
0.028
0.027
0.008
0.020
0.141

NA
NA
0.006
0.021
0.027
0.028
0.027
0.019
0.011
0.025
0.164

0.039
0.030
0.007
0.021
Dry Well
Dry Well
0.030
0.020
0.025
0.0134
0.203

Savanna Penman
Hill Slope
PET

0.015
0.009
0.008
0.014
0.016
0.013
0.021
0.008
0.017
0.121
0.111

0.069
0.034
0.062
0.053
0.066
0.072
0.630
0.061
0.050
0.026
NA

An additional monitoring well, the Bog Toeslope well was constructed in coarse
sand at the toeslope where strong spring discharge was observed. No diurnal fluctuation
was ever recorded in this well. A lack of diurnal fluctuation in the Bog Toeslope well
hydrographs (Appendix E, Figure e1-e9) indicates that groundwater sources to this well
originate from a source deeper than the vegetation root zone or that the rate of
groundwater discharge negates the effect of AET withdraw on the water table.
Wet, Normal or Dry (W/N/D) Precipitation Year
The nearest compete weather record to Joseph Pines Preserve was obtained from the
Lawrenceville weather station located approximately 35 southeast of the site. Statistical
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analysis of the 30-year (1961-2001) precipitation record, using the procedure explained in
Appendix D, revealed that 1962 was a typical wet year, 1960 was a typical normal year,
and 1981 was a typical dry year. The year 1972 had the highest annual Ppt in the record
and was used as the very wet value and 1954 had the lowest annual Ppt values in the
record and was used as the very dry value (Table 5).

Table 5. Very wet, wet, normal, dry, and very dry precipitation years determined for
the Joseph Pines Preserve, Sussex, Virginia.
Precipitation Category
Year

Very Wet

Wet

Normal

Dry

Very Dry

1979

1962

1960

1981

1954

Hydrologic Model Results
Hydrologic models of the hillside and bog successfully mimic the groundwater
conditions observed at the site. Once they are calibrated these models become tools both
to estimate basin-wide hydraulic conductivity rates and to predict how groundwater
elevations change under various combinations of vegetation density and precipitation
rates. Due to the available data and ease of design a steady state model was used in this
study. The steady state model successfully mimics annual-scale variations in conditions
in the bog and was much easier to construct and calibrate versus a transient model.
Calibration of the steady state hydrographs models involves finding a non-unique
combination of aquifer thickness and hydraulic conductivities (K) that generate hydraulic
head values that are a suitable match for measured heads. Since the hill top (HT),
Savanna Toeslope, and Savanna Bog monitoring wells create a transect from the
watershed hilltop to the bog habitat, head elevations measured for these wells on March
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15, 2011 were used to calibrate the model water table elevation. I elected to use head
elevations recorded in 2011 to calibrate the model because precipitation patterns were
statistically normal compared to a 30 years (1961 - 2001) precipitation record.
Values of K generated from the slug tests were used in the initial model trials but
the water table elevations generated using these hydraulic conductivity values were
unrealistically high. The final calibrated model results indicate the hydraulic
conductivity for the entire watershed is two orders of magnitude greater than the results
of the slug test calculation. This result confirms findings of previous studies indicating
that hydraulic conductivity increases with the scale of measurement procedure in
heterogeneous materials (Schulze-Makuch et al. 1999). Measurements of K on small
scale samples, obtained in a permeameter for example, tend to be smaller than K values
derived from landscape-scale analysis. Hydraulic pathways such as cracks, root channels
and other openings (megapores) provide routes for water to penetrate layers that seem
impermeable otherwise. As noted earlier several of these pathways were observed in the
narrow (10.1 cm wide) split spoon samples taken throughout the watershed at a variety of
depths. Figure 9 diagrams the variables used to construct the finite-difference model.
Three stratigraphic layers were assigned K values based on the sediment stratigraphy
observed at the site.

Following the model calibration, I generated the results for ten scenarios (Table 6). Each
scenario used recharge (R) values calculated by removing the annualized
evapotranspiration rates generated for both the Savanna Toeslope and Forest Toeslope
monitoring wells from the annual precipitation rates for very wet, wet, normal, dry, and
very dry years (Table 6). Since the Savanna Toeslope and the Forest Toeslope wells are
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Groundwater Model Parameters

Figure 9. Illustration of the model design and variables used to construct a transit model
to simulate the groundwater pathways found at the Joseph Pines Preserve Sussex,
Virginia.
located in the most sparse and most dense vegetation, respectively, at the Joseph Pine
Preserve, the evapotranspiration rates calculated for these wells approximate the

Table 6. Values used as inputs to the groundwater flow models. Annual
precipitation (Ppt), actual Evapotranspiration (AET) and recharge (R) in meters per
day for the Savanna Toeslope (STS) and Forest Toeslope (FTS) monitoring well,
located at the Joseph Pines Preserve, Sussex, Virginia.
Year

Very Wet

Wet

Normal

Dry

Very Dry

Precipitation (Ppt)
FTS Annual AET
STS Annual AET
FTS Recharge
STS Recharge

1.64
0.51
0.31
1.13
1.33

1.39
0.51
0.31
0.88
1.08

1.17
0.51
0.31
0.66
0.86

0.91
0.51
0.31
0.40
0.60

0.66
0.51
0.31
0.15
0.35
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maximum and minimum evapotranspiration rates expected for the landscape. Figure 10
shows the different ground water elevation curves produced using evapotranspiration
rates for the Savanna Toeslope and FHS monitoring wells. The model results show a
A.
Savanna
AET annual = 0.00086 m/day

B.
Forest
AET annual = 0.0016 m/day

Figure 10. Groundwater Vista models results using very wet, wet, normal, dry, and very
dry precipitation years, Joseph Pines Preserve, Sussex, Virginia. (A.) Water table profiles
generated using AET rates measured in Savanna Toeslope (STS) well. (B) Water table
profile generated using AET rates measured in forested toeslope (FTS) well.
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clear difference in groundwater elevations generated by using AET rates for the forest,
and for the savannas. Regardless of the precipitation volume used in the calculation, the
savanna models generated water table elevations roughly one meter higher under the
watershed hilltop than the forest model using identical precipitation rates. The elevation
of the water table near the drain for both monitoring wells was similar in all model runs
except the dry and very dry runs. During the dry and very dry runs of the Forest Toeslope
well model a water table approximately one meter lower than that of the Savanna
Toeslope well causes the water table to drop into the more conductive sand layer below.
This decrease in flow resistance may account for a slightly flatter curve for those two
Forest Toeslope well model runs.
To determine the different volume of recharge (Graph 6) in millions of liters

Annual Water Budget

18
16

Annual Precipitation
STS Monitoring Well
FTS Monitoring Well

Litters (Millions)

14
12
10
8
6
4
2
0
Very Wet

Wet

Normal

Dry

Very Dry

Precipitation Category

Graph 6. Comparison of annual precipitation and total recharge infiltrating into the
watershed study area. AET rates calculated at the Savanna Toe well represent savanna
conditions; those at the FTS monitoring well represent forested conditions. Precipitation
values are for very wet, Wet, Normal, Dry, and very dry years for Joseph Pines Preserve,
Sussex, Virginia.
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entering the watershed annually I multiplied the area of the watershed and the results by
the recharge entering the system. Examination of this graph shows a very clear tread
between the water budgets for the monitoring well. Regardless of the annual volume of
precipitation falling at the site about 2.1 million litters more recharge enter the watershed
under the current vegetation density (sparse longleaf pine savanna) versus the denser
vegetation (dense mixed deciduous hardwood) that existed prior to conversion
CONCLUSIONS
This study addressed three primary research objectives, rejecting the null hypothesis of
each objective. The first objective required a detailed stratigraphic analysis of the
watershed that supports the Addison Bog. The null hypothesis for this objective stated
that vertical and horizontal groundwater flow was restricted so much by multiple
aquitards within the stratigraphic package that springs would discharge at a variety of
elevations and locations within the landscape. Analysis of the site did reveal alternating
layers of clayey silt and silty sands in the watershed upland, lithologies consistent with
the Bacon’s Castle Formation Tb2 member. This stratigraphic package does allow water
to easily infiltrate sandy soils across the watershed surface, and numerous clay layers do
slow water percolation through the system. However, percolating rainfall is able to
penetrate most clay layers through megapores such as open cracks, and cracks filled with
sand, and different forms of bioturbation including root channels.
Cores reveal a laminated, thick medium-coarse sand overlies a thick, very dense
clay throughout the lower portions of the watershed. The Addison Bog is positioned in a
topographical flat located at approximately the same elevation as the coarse sand
exposure at the hill toeslope and is underlined by the same retarding clay layer.
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Groundwater seeping from the sand exposure provides a sufficient supply of groundwater
to establish a pitcher plant bog habitat similar to slope wetlands defined by Jacobs et al.
(2008). The only locations across the watershed with known springs occur at the same
elevation as the exposed sand layer at the hill toeslope. The layers of alternating sand and
clay found within the watershed stratigraphy increases storativity resulting in a slow
release of groundwater, which provides consistent spring flow at the hill toeslope even
during drought conditions. This steady flow was verified by field observations during the
dry 2010 growing season. Model runs demonstrated the bog should have a sufficient
water supply even during short-term extreme drought conditions.
The hydrologic pathways through megapores increased the watershed hydraulic
conductivity by about two orders of magnitude compared to the values generated from
field slug tests on monitoring wells. This difference in measured (slug test results) versus
modeled (Groundwater Vista) hydraulic conductivity results is consistently with the
findings of Schulze-Makuch et al. (1999), who described a significant increase in
hydraulic conductivity with an increased scale of measurement.
The second objective of this study was to map the hydrogeologic system that
supports the Addison pitcher plant bog and test the null hypothesis that numerical
analyses of the Addison Bog hydrogeologic system reveals that the system is ephemeral,
supplied by seasonally fluctuating groundwater flows. Consistently high groundwater
elevations and a lack of an AET signal in the bog toeslope monitoring well hydrograph
provide evidence to contradict this null hypothesis. The Bog Toeslope monitoring well is
installed in coarse sand at the base of the toeslope. A lack of diurnal fluctuation in the
bog toeslope monitoring well hydrographs indicates that groundwater is conducted
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through this sand layer at a rate strong enough to negate the effects of evapotranspiration
drawdown or that source of groundwater supplying this sand layer is deeper than the
vegetation root zone. Since no diurnal fluctuation in groundwater elevations were
recorded throughout the entire year and water levels recorded for the well were
consistently within 45.7 cm (1.5ft) of the landscape surface, I can conclude that strong
ground water discharge at the site is not seasonal but occurs year round.
All model runs produced for both the Savanna Toeslope and Forest Toeslope
monitoring wells provided evidence to reject this null hypothesis; they indicated that
groundwater should discharge at the toeslope year-round under a wide range of expected
weather conditions. Model results were verified in the field by visual observation and by
piezometer nests located in the toeslopes that indicated upwelling ground water in every
season.
The results of the Savanna Toeslope and Forest Toeslope model runs suggest
groundwater withdrawal by vegetation is not sufficient during a single year to cause the
toeslope springs to dry up enough to significantly affect the bog habitat, even during very
dry precipitation years. Although I did not produce multiple year model runs it is
important to speculate about the possible effects that prolonged droughts could have on
the bog habitat. Since the FTS model runs produced a water table elevation 7.7 meters
below the watershed hilltop surface, only 0.3 meters above the conductive sand lenses
that supplies the bog, it seems reasonable to conclude that multiple years of dry or very
dry precipitation could lower the groundwater table into the sand lens. Such an extreme
drought could significantly decrease the volume of groundwater discharged from the
toeslope, and potentially negatively impact the health and size of the bog habitat.
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Limitations in model sensitivity may have overestimated the volume of
groundwater withdrawn during dry summer months with low water tables. Plant
physiological acclimation to the dry weather patterns during the 2010 study seasons may
have caused a small amount of error in the AET calculations and thus to the model
accuracy for predicting groundwater elevations. When plants are physically stressed
from drought and the water table drops below the root zone, many species react by
limiting water lost through evapotranspiration (Loredana et al. 2011). Since the Addison
Bog watershed is vegetated by a variety of species and the depth to groundwater varies
greatly throughout the watershed, I was not able to accurately predict and model how
these variations in limited water supply change evapotranspiration rates. A likely
assumption is that the evapotranspiration rate will decrease as the water table falls below
the root zone. I suspect that the evapotranspiration rate calculated for the drought dates
were less than the rates that would occur given adequate water supply and similar
meteorological conditions. This difference may have caused model error generating
water table elevation higher than would actually occur.
The third objective was to determine the effects that watershed-wide alterations to
vegetative cover have on groundwater elevations. The null hypothesis for this objective is
that evapotranspiration rates are similar for both the densely vegetated mixed deciduous
hardwood forest and the less densely vegetated restored long-leaf pine savanna and will
therefore have similar effects on groundwater elevations. Direct comparison of
evapotranspiration rate for the different vegetation types revealed a large difference in the
volume of groundwater withdrawn by each ecosystem.
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Groundwater Vista models created using evapotranspiration rates for the Savanna
Toeslope and Forest Toeslope monitoring wells reveal that the proportion of groundwater
withdrawal at the site depended on two factors; the density of the overlying vegetation,
and the species type present in the ecosystem. This study recognizes that individual plant
species have significantly different interception and AET rates, especially between
decidous hardwood and evergreen conifers, but for this study I grouped the plants into
general ecosystem categories to simplify the study. A future study should include a plant
population and density study surrounding each monitoring well to more accurately define
the plant communities withdrawing groundwater.
The Savanna Toeslope model runs for savanna conditions produce water table
elevations roughly 0.9 meters higher than the Forest Toeslope model runs for the forest
conditions using the same rainfall rates. Calculations determined that the volume of water
resulting from this 0.9 meter difference in head elevation is equal to an annual difference
in recharge of approximately 2.1 million liters. The additional recharge resulting from
the conversion of the upland vegetation from mixed deciduous hardwood forest to long
leaf pine savanna could be critical to support the pitcher plant bog habitat during extreme
drought conditions.
As the vegetation in the Addison Bog watershed continues to mature the
evapotranspiration rates will likely increase. I speculate that the rate will not rise higher
than the rates calculated for the mixed deciduous hardwood forest. Two facts support this
argument. First, since the watershed is managed through annual prescribed burning it is
reasonable to assume that the understory vegetation (savanna habitat) species
composition and stem density will remain similar in the long term if the land is managed
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using the same burning regimen. Second, the overstory vegetation will change
dramatically in the long term as the long leaf pine trees grow from their current height of
1.5 – 3 meters to over 40 meters tall at maturity (Longleaf Alliance 2012). The stem
density should remain similar to present day conditions, but the larger trees will increase
evapotranspiration rates. Since one of the major factors affecting evapotranspiration rates
across landscapes is vegetation density (Douglass 1968) it is reasonable to assume that as
the longleaf pine savanna ecosystem fully matures the evapotranspiration rates across the
watershed will increase, but still be less than the rates calculated for the Forest Toeslope
monitoring well. If these two assumptions hold true and the watershed vegetation is
managed through annual prescribed burning, then models suggest that the restored pitcher
plant bog will likely have adequate ground water supplies to maintain a healthy habitat as
the long leaf pine trees mature, even during moderate drought conditions.
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APPENDIX A – DESCRIPTIONS OF SOILS IN STUDY AREA (USDA 2011)
Sussex County, Virginia
12B— Emporia- Slagle complex, 2 to 6 percent slopes
Map Unit Setting
Elevation: 50 to 260 feet
Mean annual precipitation: 32 to 51 inches
Mean annual air temperature: 47 to 70 degrees F
Frost- free period: 158 to 206 days
Map Unit Composition
Emporia and similar soils: 60 percent
Slagle and similar soils: 25 percent
Minor components: 2 percent
Description of Emporia
Setting
Landform: Marine terraces
Landform position (three- dimensional): Tread
Down- slope shape: Convex
Across- slope shape: Linear
Parent material: Loamy marine deposits
Properties and qualities
Slope: 2 to 6 percent
Depth to restrictive feature: More than 80 inches
Drainage class: Well drained
Capacity of the most limiting layer to transmit water (Ksat): Moderately high to high
(0.20 to 1.98 in/hr)
Depth to water table: About 36 to 54 inches
Frequency of flooding: None
Frequency of ponding: None
Available water capacity: Moderate (about 6.6 inches)
Interpretive groups
Land capability (nonirrigated): 2e
Typical profile
0 to 6 inches: Fine sandy loam
6 to 14 inches: Loamy fine sand
14 to 18 inches: Fine sandy loam
18 to 41 inches: Sandy clay loam
41 to 54 inches: Sandy clay
54 to 72 inches: Stratified sandy loam to sandy clay loam
Description of Slagle
Setting
Landform: Marine terraces
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Landform position (three- dimensional): Tread
Down- slope shape: Convex
Across- slope shape: Convex
Parent material: Loamy marine deposits
Properties and qualities
Slope: 2 to 6 percent
Depth to restrictive feature: More than 80 inches
Drainage class: Moderately well drained
Capacity of the most limiting layer to transmit water (Ksat): Moderately low to
moderately high (0.06 to 0.57 in/hr)
Depth to water table: About 18 to 36 inches
Frequency of flooding: None
Frequency of ponding: None
Available water capacity: Moderate (about 9.0 inches)
Interpretive groups
Land capability (nonirrigated): 2e
Typical profile
0 to 8 inches: Fine sandy loam
8 to 41 inches: Sandy clay loam
41 to 70 inches: Sandy loam
Minor Components
Roanoke
Percent of map unit: 2 percent
Landform: Stream terraces, drainageways
Landform position (three- dimensional): Base slope, tread
Down- slope shape: Linear
Across- slope shape: Linear
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APPENDIX B - CORE PHOTOGRAPHS (CP)

CORE TOP

Core Photograph b1. Photograph of hand auger core sampled obtained at the toeslope
seep feeding Addison bog at the Joseph Pines Preserve, Sussex, Virginia.
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CORE TOP
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Core Photograph b2. Photograph of hand auger core samples obtained near the outlet of
the Addison Bog at the Joseph Pines Preserve, Sussex, and Virginia. Note the peat at the
bottom of the sample.

CORE BOTTOM

CORE TOP
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Core Photograph b3. Photograph of hand auger core sampled obtained near Savanna Bog
monitoring well gradient of the Addison Bog at the Joseph Pines Preserve, Sussex,
Virginia.
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CORE BOTTOM

CORE TOP
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Core Photograph b4. Photograph of hand auger core sampled obtained approximately
15ft up gradient of the Addison Bog at the Joseph Pines Preserve, Sussex, Virginia.
Kerby Dobbs for scale.
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Core Photograph b5. Photograph of hand auger core sampled obtained approximately
15ft up gradient of the Addison Bog at the Joseph Pines Preserve, Sussex, Virginia.

APPENDIX C - FIELD METHODS

Figure c1. Photograph of the drill rig and crew obtaining split spoon core from the
Addison Bog watershed uplands, Joseph Pines Preserve, Sussex Virginia. Kerby Dobbs
(right) monitors the crew’s progress.
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Figure c2. Photograph of the Wes Myers, Matt Richardson, and William Bole processing
split spoon auger cores for the Addison Bog watershed uplands at the Joseph Pines
Preserve, Sussex Virginia.

APPENDIX D - WET, NORMAL AND DRY YEARS

Instructions for determining Wet, Normal, and Dry precipitation year.
Broad Overview – Use the information contained within the wets table provided by the
Natural Resources Conservation Service, National Water and Climate Center to
determine the appropriate year to choose as an example wet, normal and dry year. We
will first select several years that fall within the wet, normal and dry categories. We will
then test those years to determine if the precipitation that occurs in the growing season
matches the year classification. A wet year must have a wet spring to be accepted, a
normal year must have a normal spring, and a dry year must have a dry spring.
Procedure Steps (You will need internet access, Microsoft Excel, and Microsoft Notepad)
 Step 1 Download the WETS table and set up the excel file.
 Go to http://wcc.nrcs.usda.gov/climate/wetlands.html
 Click on Virginia
 County Selection – (Choose the county you desire)
 This will bring up the WETS table page if one is available for that
county.
 Copy the entire WETS table.
 Open the Note Pad program.
 Paste the WETS table into Note Pad.
 Save the file as a txt. document (example: WETS table for
Richmond.txt)
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Open Excel
Open the saved txt. document in excel. You will have to click on
“All Files” to view the txt documents.
Once you click open a command box will appear
Check “delimited” then click next.
Check “space” then click finish.
The data should now be open in excel with the data placed in
separate columns.
You may need to move/interpret where some of the descriptive
data should be located as occasionally the columns do not line up
properly.

Step 2. Choose the Wet, Normal, and Dry years to be tested.
From the WETS Table into Tab 2
 In the same excel file open tab 2 and record the 30% chance will
have more and 30% chance will have less values in column F.
 For Henrico County, Virginia these values are 39.56 and 46.79
inches. These numbers are used to establish your wet, dry, and
normal year categories.
 Copy the Annual PPT from the WETS table and paste the data into
column B and Date (years) into column C of Tab 2. Double check
to make sure that the dates correspond to the correct data.
 Use the sort function to rearrange the data from largest PPT to the
smallest PPT
 In Column A add the 30% more or less breaks (39.56 and 46.79
inches),
 All values in column B that are greater than the 30% more
value categorize as wet by color coding the values and
dates blue.
 All values in column B that are less than the 30% more
value but greater than the 30% less values categorize as
normal by color coding the values and dates green.
 All values in column B that are less than the 30% less value
categorize as dry by color coding the values and dates
yellow.




For each category (Wet, Normal, Dry) calculate and mark the
median value. For categories with an odd number of years choose
only one value. For categories with an even number of values
mark two median dates.
Use these median dates and PPT values for Wet, Normal, and Dry
years as your test dates to use in Step 3. Note if these dates are
rejected in step three you will need to choose an alternative date.
For the wet year choose a date with a PPT greater than the median
value. For the normal year select a year with the value nearest the
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median PPT for a normal year. For the dry year select a year with
a PPT value less than the median value.



Step 3. Test the Wet, Normal and Dry years selected to determine if they have the
appropriate rainfall during the spring growing season. The purpose is to find the
year that has the least amount of variation from a typical Wet, Dry and Normal
year.
From the WETS table
 From the top of the WETS table copy and paste values for 30%
chance of more and 30% chance of less for each month and past
the values in Tab 3.
Open a new Tab (3) in Excel
 For the years chosen as wet, normal or dry copy the PPT data from
the wet table in Tab 1 the January, February, March, April, May
and June PPT data and paste the data into Tab 4. Label the months
accordingly.
 You will also need to copy and pasted the December PPT data
from the preceding year and paste that data into the appropriate
cell in Tab 3.
 Compare the PPT values for each month to the 30% chance of
more and 30% chance of less values for each month. If the value
for a month is below the 30% Less (DRY) value, give the month a
score of 1. If the values is above 30% Less (DRY) and below the
30% More (WET) values give the month a score of 2. If the value
is above the 30% more dry value give the month a score of three.
 To factor in the antecedent effects of previous months PPT
multiply the score for the three months prior by 1, two months
prior by 2 and one month prior by 3. Sum the results for the three
months prior to the target month. Example – To calculate the
antecedent score for March, multiply the score for December by 1,
January by 2, and February by 3.
 Sum the score for each month December - February.
 Compare the sum total for each month (March-June) to the criteria:
6-9 Dry = 1, 10-14 Normal =2, 15-18 Wet =3. Score that month’s
antecedent score as wet (3) normal (2) or dry (1).
 Sum the antecedent score for each month, March-Jun, to produce a
total for the year.
 Compare the years antecedent total to the criteria: 4-6 = Dry, 7-9 =
Normal, 10-12 =Wet. Score that year’s antecedent score as wet (3)
normal (2) or dry (1) according to the criteria range.


Step 4. Compare the Results
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Compare the results for the years antecedent score to the categories
assign in step 2. If the year has was categorized as a wet year in
step 2 and scored as a wet year in step 3 than the year is accepted
as a typical Wet year. Repeat this process for Normal and Dry
years. If the results of step 2 and step 3 do not match then reject
the year and repeat the process using a different year selected in
step two. A Normal year will have a normal score, a Wet year will
have a Wet score and a Dry year will have a dry score.

APPENDIX E. HYDROGRAPH DIURNAL FLUCTUATIONS

Figure e1. Groundwater hydrograph displaying diurnal fluctuations in head elevation
recorded in two monitoring wells located throughout the Joseph Pines Preserve.
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Figure e1. Groundwater hydrograph displaying diurnal fluctuations in head elevation
recorded in two monitoring wells located throughout the Joseph Pines Preserve.

Figure e3. Groundwater hydrograph displaying diurnal fluctuations in head elevation
recorded in five monitoring wells located throughout the Joseph Pines Preserve.
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Figure e4. Groundwater hydrograph displaying diurnal fluctuations in head elevation
recorded in five monitoring wells located throughout the Joseph Pines Preserve.

Figure e5. Groundwater hydrograph displaying diurnal fluctuations in head elevation
recorded in five monitoring wells located throughout the Joseph Pines Preserve.
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Figure e6. Groundwater hydrograph displaying diurnal fluctuations in head elevation
recorded in five monitoring wells located throughout the Joseph Pines Preserve.

Figure e7. Groundwater hydrograph displaying diurnal fluctuations in head elevation
recorded in five monitoring wells located throughout the Joseph Pines Preserve.
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Figure e8. Groundwater hydrograph displaying diurnal fluctuations in head elevation
recorded in five monitoring wells located throughout the Joseph Pines Preserve.

Figure e9. Groundwater hydrograph displaying diurnal fluctuations in head elevation
recorded in five monitoring wells located throughout the Joseph Pines Preserve
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APPENDIX F. BOREHOLE RECORD
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Figure f1. Borehole records for auger cores bored at the Joseph Pines Preserve, Sussex,
Virginia.
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Figure f2. Borehole records for auger cores bored at the Joseph Pines Preserve, Sussex,
Virginia.
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Figure f3. Borehole records for auger cores bored at the Joseph Pines Preserve, Sussex,
Virginia
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Figure f4. Borehole records for auger cores bored at the Joseph Pines Preserve, Sussex,
Virginia
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APPENDIX G. WELL COMPLETION REPORT

Figure g1. Well completion records for monitoring wells constructed at the Joseph Pines
Preserve, Sussex, Virginia.
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Figure g2. Well completion records for monitoring wells constructed at the Joseph Pines
Preserve, Sussex, Virginia.
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Figure g3. Well completion records for monitoring wells constructed at the Joseph Pines
Preserve, Sussex, Virginia.
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Figure g4. Well completion records for monitoring wells constructed at the Joseph Pines
Preserve, Sussex, Virginia.
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Figure g5. Well completion records for monitoring wells constructed at the Joseph Pines
Preserve, Sussex, Virginia.
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