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Abstract: Annual and seasonal variations in precipitation have been shown to influence the hydrology of
nontidal wetlands, including depth to water table. Water-table depth is assessed in wetlands for a variety of
reasons, most notably for wetland delineations or determining the success of restoration projects. Many
short-term assessment efforts probably occur during periods of abnormal precipitation and, as such, may not
provide a thorough understanding of wetland hydrology. I have been evaluating water-table dynamics of a
wetlands complex in western North Carolina for seven years in support of a wetlands restoration project. A
series of water-table wells and piezometers were installed to determine the spatial and temporal patterns of
the water table and vertical hydraulic gradient (VHG). For over three years, the area was classified as having
conditions of moderate to severe drought. The drought lowered the average monthly water table by 26 cm
in a mountain fen and 22 cm in the adjacent floodplain. The fen was a constant ground-water recharge area
before the drought and a discharge area for three of 12 months during the drought. The drought also impacted
a shallow, constant ground-water source to the fen on an adjacent hillslope. The impacts of the drought were
greater during the active growing season, presumably due to increased evapotranspiration. The results support
the need for long-term hydrologic assessment of wetlands and the need to relate wetland hydrology to annual,
seasonal, and monthly precipitation patterns.
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INTRODUCTION

The water table of nontidal wetlands depends on
precipitation, either as a direct source of water, or
more indirectly as an influence on surface- or ground-
water flow in a watershed. Although average precipi-
tation may follow seasonal or yearly patterns, varia-
tions among years may be great. The year-to-year var-
iation of rainfall has been shown to have significant
impact on evapotranspiration and runoff (Skaggs et al.
1991) and water-table elevation and subsurface water
flow paths (Mann and Wetzel 2000) of wetlands. Sea-
sonal precipitation patterns have been shown to have
a significant impact on water levels of isolated wet-
lands such as vernal pools (Zedler 1987), prairie pot-
hole wetlands (Poiani et al. 1995, Winter and Rosen-
berry 1995), and Carolina bays (Lide et al. 1995). Coo-
per et al. (1998) concluded that fens in the southern
Rocky Mountains are extremely sensitive to even
small changes in the amount or timing of summer pre-
cipitation.
The climatic influence on hydrology is important

given that wetland delineations for Section 404 per-
mits under the Clean Water Act require the presence
of ‘‘wetland hydrology’’ in most years (50% proba-

bility of recurrence). The U.S. Army Corp of Engi-
neers (Environmental Laboratory 1987) defined wet-
land hydrology as periodic inundation or soil satura-
tion within 30 cm of the surface for at least 5% of the
growing season of the prevalent vegetation. Fourteen
days is commonly used for 5% of a growing season,
although the length of time depends on a variety of
factors, including latitude and elevation. Many indi-
cators can be used to support the assessment of wet-
land hydrology, but shallow water-table wells are fre-
quently used to record the depth of the water table. In
addition to Section 404 permits, assessment of water-
table dynamics may be critical for determining the suc-
cess of wetland restoration projects. Under ideal con-
ditions, the assessment of the water-table fluctuations
would occur during periods of average annual and sea-
sonal precipitation. More likely, many short-term as-
sessment efforts have occurred during periods of
above- or below-average precipitation. The hydroper-
iod of a wetland varies statistically according to cli-
mate and antecedent conditions (Mitsch and Gosselink
1993), and precipitation data is essential to make in-
ferences about water-table dynamics.
I have been evaluating the hydrology of a mountain

floodplain/fen complex in western North Carolina for
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Figure 1. Location of water-table wells at the Tulula Wetlands Mitigation Bank.

seven years in support of a wetland restoration project.
A series of water-table wells and piezometers were
installed to determine the spatial and temporal patterns
of the water table and the vertical hydraulic gradient
in the floodplain and fen areas. During the study pe-
riod, precipitation patterns were both above and below
long-term averages, and for over three years, this area
of North Carolina was classified as having conditions
of moderate to severe drought. The precipitation pat-
terns allowed an opportunity to assess the water-table
response to a range of rainfall conditions and to doc-
ument the impact of a short-term drought on wetland
hydrology. The primary objective of this research was
to determine the impact of drought on the hydrology
of a wetlands complex, particularly as it relates to wa-
ter-table depth, vertical hydraulic gradient, and shal-
low aquifer flow from adjacent hillslopes.

STUDY AREA

The Tulula Wetlands Mitigation Bank (35�17�N,
83�41�W) is located in Graham County, North Caro-
lina, USA, in the floodplain of Tulula Creek, 4.8 km
west of Topton (Figure 1). The site is about 95 ha and
the elevation ranges from 785 m to 800 m above sea
level. Average long-term annual precipitation is about
160 cm, with 30% of that falling in the months of
January, February, and March. The floodplain soils of
Tulula are mapped primarily as a Nikwasi loam (Cu-
mulic Humaquept) by the Natural Resources Conser-
vation Service (United States Department of Agricul-
ture, unpublished data).

The site was degraded in the mid-1980s during the
development of a golf course. The floodplain area used
in this study was cleared to develop a fairway for the
golf course. The vegetation of the floodplain is dom-
inated by sedges (Carex spp.), soft rush (Juncus effu-
sus L.), grasses {Calamagrotis cinnoides (Muhl.) Bar-
ton, Panicum dichotomum L.}, forbs such as golden-
rods (Solidago spp.) and asters (Aster spp.), and scat-
tered peat moss (Sphagnum spp.) (Rossell and Wells
1999).
The 1.3-ha depressional fen was not cleared and has

a mixture of forested and semi-open communities. The
forested area has an overstory of red maple (Acer rub-
um L.), with scattered black gum (Nyssa sylvatica
Marsh.), winterberry (Ilex verticillata (L.) Gray), and
swamp dewberry (Rubus hispidus), and a ground layer
dominated by cinnamon fern (Osmunda cinnamomea
L.), tussock sedge (Carex stricta Lam.), and peat
mosses. Dominant woody species in the semi-open
area include saplings of red maple, elderberry (Sam-
bucus canadenis L.), swamp rose (Rosa palustris
Marsh.), red chokeberry (Sorbus arbutifolia (L.) Hey-
nold), and black chokeberry (S. Melanocarpa (Michx.)
Schneid.). The ground cover is dominated by tussock
sedge, soft rush, and peat mosses.
The adjacent hillslopes have mixed forested com-

munities. The dominant species include red maple,
white pine (Pinus strobus L.), white oak (Quercus alba
L.), scarlet oak (Q. coccinea Muenchh.), bitternut
hickory (Carya cordiformis (Wang.) K. Koch.), and
sourwood (Oxydendrum arboreum L.) (I. M. Rossell,
personal communication). The northern hillslope forest
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Figure 2. Monthly cumulative precipitation from January
1996 through June 2001. Data for 1995 were not included
due to incomplete observed monthly rainfall.

community was partially cut in 1996 to maintain an
open right away for a high voltage power line.

METHODS

Twelve shallow water-table wells were installed
within the 4-ha floodplain/fen wetland complex in
May 1994 (Figure 1). The wells were constructed from
3.8 and 5.1 cm diameter PVC pipe with horizontal slits
spaced at 2 cm cut over the entire length (Bridgham
and Richardson 1993). The wells were installed at a
depth of 84 cm using a 7.6-cm-diameter dutch auger.
The annular space between the pipe and augered hole
was filled with river gravel, and the surface was sealed
with subsurface clayey sediments and mounded to en-
hance runoff away from the well. Additional water-
table wells were installed in May 1995 to establish two
transects across an elevational gradient from adjacent
hillslopes into the fen (Moorhead 2001). Of particular
interest to this study were the two wells at the hydric
soil boundary on each hillslope (Figure 1).
Six piezometers were installed in the depressional

fen and three in the floodplain in June 1994. Each
piezometer was installed within 1 m of a water-table
well. Piezometers were made by cutting horizontal
slits every 2 cm in the bottom 20 cm of 3.8-cm-di-
ameter PVC pipe. The pipes were installed to a depth
of 137 cm using a 7.6-cm-diameter dutch auger. The
space between the pipe and augered hole was filled
with river gravel in the bottom 20 cm, and the re-
maining area was filled with a mixture of soil and
bentonite. Vertical hydraulic gradient (VHG) was cal-
culated as the difference between hydraulic head (pi-
ezometer—water-table well) divided by the depth to
the piezometer screen (Lee and Cherry 1978). A pos-
itive VHG would indicate upwelling of water (aquifer
discharge), and a negative VHG would indicate down-
welling of water (aquifer recharge) (Jones et al. 1995).
Water levels of the wells and piezometers were

measured weekly or bi-weekly using a steel tape that
was marked with a washable marker that readily dis-
solved in water. Precipitation was measured during the
same time period using a standard rain gauge. The
water table, piezometer, and precipitation data were
averaged on a monthly basis.
Annual cumulative precipitation data were plotted

on a monthly basis and compared to 30-year average
annual cumulative precipitation data. The 30-year pre-
cipitation data (1961–1990) were obtained from the
Andrews Weather Station, Cherokee County, North
Carolina (roughly 20 km from Tulula) (National
Weather Service 1999). The severity of drought was
examined using the Palmer Drought Severity Index
(PDI) developed by the National Weather Service. The
PDI is a meteorological drought index calculated from

precipitation and temperature data and the local avail-
able water content of soils. The PDI varies roughly
between �6.0 and �6.0 with normal conditions fluc-
tuating between values of 0.49 to �0.49. A negative
value indicates drier conditions, with �2.0 to �2.99
indicating moderate drought, �3.0 to �3.99 severe
drought, and ��4.0 extreme drought. The PDI data
were collected for the southwestern corner of North
Carolina from a National Weather Service Internet site
(www.ncdc.noaa.gov/).
Statistical differences in water-table depth and the

VHG of the floodplain and fen areas, and the water-
table depth at the hydric soil boundary on adjacent
hillslopes, were determined on a monthly basis using
a standard TTEST of SAS (SAS Institute, Cary, NC).
Monthly statistical differences were determined using
data from 36 consecutive months before the drought
and from 36 consecutive months during the drought.

RESULTS AND DISCUSSION

Annual cumulative precipitation data are illustrated
in Figure 2. The 1995 data were not included due to
incomplete data on site precipitation. The drought be-
gan in July 1998 and continued through 2001. Tulula
had above average precipitation in 1996 and 1997. The
conditions of greater precipitation before the drought
and lower precipitation during the drought are reflect-
ed in the monthly PDI for the southwestern corner of
North Carolina (Figure 3). Before the drought, the PDI
was typically positive and in the numerical range of
slightly to moderately wet conditions. Negative PDI
values since August 1998 indicated conditions of mod-
erate to severe drought through June 2001. Precipita-
tion was slightly higher at Tulula during winter
months, although there was substantial variation when
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Figure 3. The Palmer Drought Severity Index for Division
1, North Carolina from January 1995 through June 2001.

Figure 4. Average water-table depth for water-table wells
located in Tulula Fen and floodplain before and during the
drought.

Table 1. Statistical significance for average monthly water-table depth and VHG before and during drought conditions.

J F M A M J J A S O N D

Fen Water Table
Floodplain Water Table
Fen VHG
Floodplain VHG
North Hillslope Water Table
West Hillslope Water Table

*
*
—
—
*
—

*
*
—
—
*
*

*
*
—
—
—
—

*
*
*
*
*
*

—
—
—
—
—
—

—
—
—
—
*
—

—
—
*
—
—
—

—
—
—
—
—
—

*
*
NA
NA
*
*

*
*
NA
NA
*
*

*
*
—
—
*
*

*
*
*
—
*
*

NA � Not available (VHG could not be determined for months when the water table was below the water-table wells).
* Statistically different at P�0.05; — No statistical difference.

comparing year-to-year monthly amounts (data not
shown). August was typically the driest month of the
year.

Fen and Floodplain Water Tables

The average monthly water-table depth before and
during the drought for the fen and floodplain is shown
in Figure 4. The hydrology of Tulula had distinct and
regular seasonal fluctuations. Before the drought, the
water table of the fen remained at or near the surface
from November until May. The water table gradually
declined in late May or early June and eventually
dropped to an average of about 35 cm below the sur-
face in September. During the drought, the water table
of the fen was within 20 cm of the surface for the
months of January, February, and March but gradually
declined to � 80 cm below the surface in September.
The impact of the drought was more pronounced dur-
ing the active growing season, when increased plant
evapotranspiration contributed to a further decline in
the water table. The average monthly water-table depth
of the fen was statistically different for eight of 12
months when comparing before and during drought
conditions (Table 1). No significant differences were

noted during the months of peak evapotranspiration,
May through August, probably due to a greater vari-
ability of water-table depth during those months. The
average monthly water-table depth of the fen was 25.9
cm lower during the drought.
The depth of the water table varied more in the

floodplain before the drought (Figure 4). On average,
the water table was 55 to 70 cm below the surface
from July through October and within 20 cm of the
surface from November through April. The water table
declined throughout the year during the drought and
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Figure 5. Average vertical hydraulic gradient for Tulula
Fen and floodplain before and during the drought.

began to recover after peak plant evapotranspiration.
The average monthly water-table depth of the flood-
plain was 21.6 cm lower during the drought. The dif-
ferences in water-table depth in the floodplain were
statistically different for the same months as the fen
(Table 1).

Vertical Hydraulic Gradient

The average monthly VHG of the fen showed a con-
sistent downwelling (aquifer recharge) of water before
the drought (Figure 5). Under normal or above average
precipitation, the fen serves as a recharge area for an
aquifer or as a source of water for Tulula Creek. The
thickness of the aquifer or the potential connection to
Tulula Creek could not be established with the net-
work of water-table wells or piezometers. Some prairie
pothole wetlands seem to serve as ground-water re-
charge areas regardless of climatic conditions, includ-
ing extended periods of drought (Winter and Rosen-
berry 1998). During the drought, downwelling oc-
curred in the fen during the winter, but upwelling
(aquifer discharge) was noted during the months of
April, May, and July. The monthly VHG was statis-

tically different in April, July, and December in the
fen (Table 1).
The average monthly VHG of the floodplain was

highly variable, although seasonal patterns of upwell-
ing in May, September, and October and downwelling
from November through April were common before
the drought (Figure 5). Upwelling in the floodplain
seemed to increase during the drought, although a sig-
nificant difference was noted only for April. The VHG
could not be determined for months when the water
table was below water-table wells. This occurred pri-
marily in September and October, hence the gaps in
the data.

Water Flow from Adjacent Hillslopes

A shallow aquifer feeds the fen from a hillslope
north of the fen (Moorhead 2001). A hillslope west of
the fen does not contribute a consistent source of shal-
low ground water, and the water table responds to sea-
sonal precipitation and plant evapotranspiration. The
consistent source of ground water from the northern
hillslope was confirmed by a fairly constant water-ta-
ble depth throughout the year before the drought (Fig-
ure 6). The drought impacted the flow associated with
the shallow ground-water aquifer of the north hill-
slope, and significant differences in the average
monthly water-table depth were noted for eight of 12
months (Table 1). The drought also impacted the water
table of the hillslope west of the fen, but more pro-
nounced seasonal differences were noted before the
drought (Figure 6). Surficial aquifers that supply water
in streams or wetlands are the part of a ground water
system most likely to be sensitive to drought (Alley
2001).

Implications for Water Table Dynamics on Site

During conditions of normal to above normal pre-
cipitation, the hillslope north of the fen served as a
fairly constant source of water for the fen. The input
of water from this shallow aquifer was not enough to
counter the increased plant evapotranspiration during
summer, which resulted in the water table dropping 30
to 40 cm in the fen. The water table in the floodplain
also dropped 50 to 60 cm during summer. The surface
elevation of the floodplain is, on average, 75 cm above
the surface elevation of the fen. Using August to rep-
resent a period of lower water tables and accounting
for the changes in surface elevation, water would con-
tinue to flow from the floodplain to the fen based on
the hydraulic gradient of the water table (Figure 7).
Water would also flow from the west and north hill-
slopes to the fen based on hydraulic gradient of the
water table. However, the hydraulic conductivity of
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Figure 6. Average water-table depth for water-table wells
located at the hydric soil boundary of the north and west
hillslope before and during the drought.

Figure 7. Surface elevation and water-table elevations of
two landform gradients, the west hillslope-fen-floodplain
gradient, and the north hillslope-fen-channel gradient.

the hydric and hillslope soils presumably would be
impacted as the water table drops, which may result
in less water flowing toward the fen, particularly from
the west hillslope and the floodplain. Given the con-
stant downwelling of water in the fen, the water dis-
charged from the hillslopes and the floodplain into the
fen continued to flow downward to recharge a more
regional aquifer or flow laterally to discharge into the
channel of Tulula Creek.
The drought impacted water-table dynamics at this

site in several ways. The water table dropped an ad-
ditional 30 to 50 cm in the fen and 15 to 30 cm in the
floodplain during the summer months of the drought
(Figure 4), and the generally constant flow from a shal-
low aquifer on the north hillslope was disrupted (Fig-
ure 6). The hydraulic gradient of the water table from
the north and west hillslopes and the floodplain to the
fen suggests that water should continue to flow from
the hillslopes to the fen during the drought (Figure 7).
However, downwelling in the fen was impacted by the
drought, which suggests that water discharged by the
shallow hillslope aquifers and floodplain into the fen
decreased enough to disrupt the flow of water in the

fen to a deeper aquifer or Tulula Creek. Upwelling in
the fen during periods of the drought suggested that
flow reversal may have occurred from a deeper aquifer
to the fen. Increased upwelling in the floodplain during
the drought also was noted.
The drought lowered the water table of the fen and

floodplain throughout the year, although the greatest
differences occurred during months of active plant
evapotranspiration. The impact of the drought was
more pronounced on the fen, with a maximum differ-
ence of 50 cm occurring during the months of Septem-
ber and October. Ransom and Smeck (1986) conclud-
ed that the depth to water table was a function of both
precipitation and evapotranspiration for seasonally wet
soils in southwestern Ohio. The water table dropped
in the Ohio soils during the active growing season be-
cause of evapotranspiration, even though this period
was normally one of high precipitation. A rise in water
table during late fall and winter was attributed to mod-
erate precipitation and minimal evapotranspiration.
Ransom and Smeck (1986) concluded that non-sea-
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Table 2. Impact of three years of drought on the water table of the fen and floodplain during the growing season. The drought began in
July 1998 and continued through 2001. Before drought represents the average water table of three years prior to the drought.

Site April May June July Aug Sep Oct

cm below surface
Fen
Before drought
1998
1999
2000
2001

�5.2
�5.1

�15.7
�23.6
�31.9

�11.1
�16.5
�14.3
�21.5
�44.5

�10.3
�17.8
�16.4
�36.6
�40.5

�35.7
�39.5
�22.0
�62.7
�44.6

�30.2
�53.5
�77.5
�56.0
�29.1

�37.2
�84
�84
�70.7
�50.6

�23.2
�76.5
�65.5
�71.2
�54.9

Floodplain
Before drought
1998
1999
2000
2001

�25.9
�11.0
�35.0
�37.9
�54.7

�46.8
�42.9
�31.9
�34.9
�68.1

�35.3
�38.9
�31.3
�58.8
�61.3

�56.8
�55.5
�55.3
�78.3
�66.4

�55.1
�80.0
�84
�77.7
�54.8

�69.9
�84
�84
�84
�60.7

�58.5
�84
�84
�84
�79.4

sonal fluctuations in the water-table depth generally
were due to abnormal rainfall patterns.
Monthly averages of water-table depth before and

during drought conditions obscured the subtle impacts
of the drought on the hydrology of the floodplain and
fen. As the drought continued from year to year, the
average depth of the water table decreased during the
growing season in the fen and floodplain (Table 2).
The fen met the criteria of wetland hydrology (Envi-
ronmental Laboratory 1987) during the first two years
of the drought because of the higher water table in
April and May. By the third year, the water table was
consistently below 30 cm of the surface, and the fen
would probably fail to meet the criteria for wetland
hydrology. The floodplain failed to meet the criteria
for wetland hydrology in each growing season after
the drought began in July 1998. Short and long-term
precipitation patterns need to be considered for proj-
ects that require an assessment of wetland hydrology.
Total annual or even seasonal precipitation may not

determine the overall water-table fluctuations of a wet-
land. Intense but infrequent precipitation events may
result in a short-term, elevations in the water table, but
only sustained precipitation during the summer months
will maintain elevated water tables (Winter and Ro-
senberry 1995). Winter and Rosenberry (1995) con-
cluded that summer ground-water recharge in prairie
pothole wetlands takes place only after soils are satu-
rated and soil water exceeds the amount the plants can
transpire. During the drought at Tulula, precipitation
of 16 to 20 cm occurred in four of 36 months, includ-
ing three consecutive months of 1999 (May, June, and
July). However, this amount of precipitation was not
sufficient to raise the water table on a sustained basis,
given the lack of precipitation during the previous
months of the drought. The water table of the fen and

floodplain responded fairly quickly to precipitation
events before and during the drought (data not shown),
suggesting that the hydrology of the Tulula wetlands
was controlled by the impacts of precipitation on a
local ground-water flow system.
The results confirm the need to appreciate and doc-

ument precipitation patterns in support of wetland hy-
drology studies, particularly for nontidal wetlands. Iso-
lated wetlands are clearly impacted by variations in
precipitation, but the results from Tulula demonstrate
that the timing and amount of precipitation influences
wetlands that are not hydrologically isolated. Assess-
ment of hydrology probably often occurs under con-
ditions of abnormal precipitation, where the abundance
or lack of rain may have an important influence on the
overall water-table dynamics of wetlands. This may
lead to incorrect interpretations of wetland hydrology
and, hence, inappropriate conclusions on location of
wetlands, the success of wetlands restoration, or how
ecosystems function.
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