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Abstract
Sustainable management of forested wetlands requires an understanding of water Table (WT) dynamics affected by rainfall and
evapotranspiration (ET) and management practices, designed to sustain water quality, quantity, and ecosystem functions and
productivity. In this paper analysis of long-term data from four drained and six undrained sites on coastal forested wetlands
showed that their growing season WT dynamics depends upon ET as affected by vegetation stand age, with undrained sites
yielding deeperWT than the drained young sites but shallower than the mature ones. Wetland hydrology criterion was not met on
any of the drained sites including with controlled drainage and one unditched site with moderately well-drained sandy soil, where
the WTwas within 30 cm of the surface for <8% of the time compared to 31% or greater on undrained sites. WT response was
similar on both drained and undrained watersheds soon after vegetation removal compared to the baseline level. Similarly, the
WT dynamics on all soil types and vegetation behaved similarly during extreme storms. No trend was found in limited annual
mean WT data. These results may have implications for coastal wetland forest restoration and modeling studies relating wetland
hydrology as affected by anthropogenic and natural disturbances.

Keywords Drained forests . Poorly drained soils . Precipitation . Evapotranspiration . Extreme event

Introduction

Forests control about 60% of the regional hydrology in the
Southeastern U.S. (Sun et al. 2002). Forested wetlands of the
southeastern Coastal Plain occur on a variety of hydrogeomor-
phic classes (Brinson 1993). Forest management occurs on
two predominate forested wetland types (silviculture classes)
– pine plantations/forests and hardwood forests (Harms et al.
1998;Wylie 2016).Wetland hardwood forests occur primarily
on slope and riverine wetland classes and management de-
pends greatly on natural regeneration. Pine plantation

management of wetland forests is concentrated on wet flat
classes, both wet mineral flats and wet organic flats as de-
scribed by Rheinhardt et al. (2002). Wet flats are characterized
by sites with rainfall as the primary source of excess moisture
and very gentle slopes resulting in a high water Table (WT) on
a seasonal or more frequent basis. Sandy surface layers are
often underlain at various depths by clayey subsurface layers
which can restrict internal drainage. Recently, Williams and
Amatya (2016) provided an analysis and discussion of the
relationship of major soils, water table, and drainage in
Atlantic Coastal Plain forested landscapes. Detailed
descriptions of southern forested wetlands can also be found
in Messina and Conner (1998) and Williams et al. (2016).

Unlike upland watersheds dominated by hillslope process-
es with sustained runoff (Sun et al. 2002), wet flat forested
wetlands on coastal plain sites, respond rapidly to rainfall and
evapotranspiration (ET) (Young and Klaiwitter 1968;
Williams 1978; Riekerk 1986; Amatya et al. 1996; Sun et al.
2000; Amatya and Skaggs 2011), influencing wetland hydrol-
ogy, functions, and productivity. Water budget components of
naturally drained wet flat forested wetlands are presented in
Fig. 1a. Wetlands are found in low-energy environments—
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that is, in areas where water normally flows with a slow ve-
locity (USEPA 2008). The lower southeastern coastal plain is
characterized by marine terrace topography with wide areas of
low topography located between sparsely spaced (around
1 km) stream channels draining the headwaters. On this land-
scape, moderately well-drained soils are restricted to stream
channel edges and the broad areas distant from streams tend to
have very poorly drained soils with seasonally high water
tables (Buol 1973). The rates of lateral subsurface flow and
soil moisture storage vary widely with the balance of rainfall
and ET. Under natural drainage conditions, WT rise during
wet periods results in saturated soils in much of the inter-
stream area. During dry periods (Rain < ET), soil moisture
storage, both saturated and unsaturated, is depleted and the
WT drops to near or below stream bottoms and little lateral
drainage occurs (Fig. 1a).

A diagnostic feature of wetlands is the proximity of the
water surface (or water table below the surface) relative to
the ground surface (USEPA 2008). Wetland hydrology exists
on a site if, during the growing season, the WT is normally
within 30 cm of the surface for a continuous critical duration
(Skaggs et al. 2011a). The U.S. Army Corps of Engineers
Wetland Delineation Manual (USACE 1987) specifies the
critical duration as 5% to 12.5% of the length of the growing
season. For many years, the growing season has been defined
as the period between the average last date of −2 °C in the
spring to the average first date of −2 °C in the fall, as given in

the published county soil survey reports (Skaggs et al. 2011a).
On naturally drained southeastern forested sites, the critical
period that determines wetland hydrology is the early spring
of the growing season, as ET exceeds rainfall later in the
growing season and summer tropical systems are not suffi-
ciently frequent to meet the 50% of the time criterion
(Skaggs et al. 1994, 2011b; Amatya and Skaggs 2011; Dai
et al. 2013; Williams et al. 2016). In addition to the water
balance of rainfall, ET, and soil-water storage (WT position),
wetland hydrology and its functions are also influenced by site
characteristics like sub-surface flow, soil texture, slope, sur-
face depressional storage, and vegetation ET demand (Lu
et al. 2009; Skaggs et al. 2011a, b; Amoah et al. 2012;
Williams et al. 2016).

Although these forested coastal wetlands are highly produc-
tive if well managed, they are also vulnerable to the effects of
ongoing rapid development, with altered hydrology, degraded
water quality, and potential loss of other ecological functions
and systems (Callahan et al. 2012; Sun and Lockaby 2012; Dai
et al. 2013; Marion et al. 2013; Hitchcock et al. 2014; Lõhmus
et al. 2015). Furthermore, drought, ditching, and other local or
regional management factors can affect the hydrology of wet-
lands making them drier than they would under unaltered con-
ditions (US EPA 2017).

Large tracts of wet flat forested wetlands in the southeast-
ern coastal plain are drained with ditch networks and inten-
sively managed for silviculture (Amatya and Skaggs 2001;
Beltran et al. 2010). These lands are important economically
to the communities where they occur (Stelk and Christie
2016). Improved drainage is needed in regions where precip-
itation exceeds ET and on lands where natural lateral subsur-
face flow processes are not sufficient to remove excess water,
resulting in long periods of soil saturation (Skaggs et al. 2016).
Over 1 million ha of poorly drained coastal forests were
drained with a network of canals (~1.6 km apart) and lateral
ditches (~100 m apart) (Fig. 1b) in the late 19th to mid-
twentieth century to improve soil trafficability for silvicultural
operations and to improve tree productivity (McCarthy and
Skaggs 1992; Amatya and Skaggs 2011; Hughes 2014;
Lõhmus et al. 2015; Skaggs et al. 2016). Water balance com-
ponents of a drained forest system (Fig. 1b) are similar to the
natural case, except for increased rates of subsurface flow to
the ditches, which are much more closely spaced than natural
stream channels. Although subsurface flow increases due to
higher gradients, the region of lowered WT may be restricted
to near the stream or a ditch (Phillips et al. 2010). Jaeschke
(2013) noted that the WT of a pocosin in Hoffmann Forest,
North Carolina (NC) was not influenced by a ditch located
more than 300 m away from his observation well.

Although our understanding of forest drainage impacts on
hydrology has improved in recent years (Amatya et al. 1996,
1997, 2002; Sun et al. 2001; Skaggs et al. 2011b, 2016;
Lõhmus et al. 2015; Zietlow 2015), only a limited number of

Fig. 1 a Schematic of water balance components for a naturally drained
forested watershed (Modified from Buol 1973). Shallow water table po-
sition varies depending on the balance of rainfall and ET
(Evapotranspiration = Interception + Transpiration + Soil/litter/water
evaporation). Shallow water table position during dry periods (rain <
ET) is near stream channel bottoms, and during wet periods (Rain > >
ET) the water table approaches the surface in the broad inter-stream area.
b Silvicultural drainage reduces distance between drainage streams, in-
creasing subsurface flow, and reducing period of surface flooding during
wet periods (Modified from Skaggs et al. 1991). A restrictive clay layer is
generally found within 5 m of the soil surface with negligible deep
seepage
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studies are available relating WT dynamics of drained systems
with intensive silvicultural management practices to the im-
pacts of natural and anthropogenic disturbances on these sys-
tems. Little is known about historical hydrological conditions
within most wetlands, such as water levels and extent of inun-
dation. Furthermore, determining how and where ditches for
silviculture cause wetlands to become uplands is extremely
difficult because of a lack of long-term field monitoring of such
wetlands (USEPA 2017). Minor drainage using ditches should
not convert wetlands to uplands, but this appears to be happen-
ing in some circumstances. Skaggs et al. (2011a) presented
results of a DRAINMOD simulation study to determine the
impacts of minor drainage for silviculture on wetland hydrolo-
gy on 13 different soils and soil profile combinations in
Atlantic and Gulf coastal states. In this volume, Skaggs et al.
examines the impacts of drainage and maturation of plantation
pine on field effective hydraulic conductivity and transmissiv-
ity of the soil profile, which may, in turn, affect wetland hydro-
logic status. One of the findings was that increases in hydraulic
transmissivity of the profile can increase drainage rates such
that wetland hydrology no longer exists on the site.

The goal of this paper was to address WT dynamics, wet-
land hydrology driven by WT, and effects of disturbances on
the WT using both published literature as well as long-term
WT data of four drained and six undrained forest sites on the
Atlantic Coastal Plain. The first objective was to compare the
hydrology (WT, Outflow and ET) of these forest sites based
on their hydro-climatology, field drainage types, soil types,
and management practices, including raised weir outlets on
drained systems with a potential to maintain wetland hydrol-
ogy. Secondly, we assess wetland hydrology status of the
drained sites compared to the undrained ones using long-
term daily WT data to test a hypothesis that an undrained site
will maintain wetland hydrology compared to the drained
sites. We also assessed the WT frequency duration for those
sites to determine the frequency of wet and dry periods based
on the soil, vegetation type and management practice. Many
ecological functions of wetlands are influenced by wet-pe-
riods, i.e., the time interval when groundwater table is contin-
uously near the land surface (Liu and Kumar 2016), whereas
the dry low-flow periods are also important from the perspec-
tive of assessing droughts and environmental requirements
(Richter et al. 1996; Marion et al. 2013). The data were also
analyzed further to examine the WT response of post-
anthropogenic (e.g. clearcut harvesting on drained sites) and
post-natural disturbances (e.g. hurricane on an undrained site)
on these coastal forests. Finally, we hypothesize that under
extreme climatic conditions (high precipitation events) aver-
age WT response on poorly drained and well drained soils
would not be significantly different, and is independent of soil
type. All analyses provide a basis for assessing wetland hy-
drology, drivers of, and their effects on, wetland hydrology of
coastal forested landscapes.

Methods

Site Description and Hydro-Meteorologic
Measurements

Data used for this study were from ten long-term experimental
sites with land surface elevations within <11m a.m.s.l. on lands
classified as forested wetlands or wet pine flats, based on soil
types, soil hydrologic groups, and vegetation (Table 1). Soils
on all sites varied from very poorly to somewhat poorly
drained, except the moderately well drained Goldsboro site in
South Carolina (SC). Restrictive layers at all of the sites were
within 3–4 m depths from the surface (Skaggs et al. 2011b;
Williams and Amatya 2016). All sites had shallow fluctuating
WT primarily driven by rainfall and ET, typical of the hydrol-
ogy of lower coastal plain sites (Williams 1979, 2007; Skaggs
et al. 1991, 1994; Eshleman et al. 1994; Amatya et al. 1996;
Amatya and Skaggs 2001; Harder et al. 2007; Williams and
Amatya 2016). ET on all sites was in general energy-limited,
with mean annual rainfall between 1320 to 1510 mm, exceed-
ing potential evapotranspiration (PET) between 1010 mm to
1135 mm. Surplus water generally leaves the site by surface
and/or subsurface flow (outflow) (Skaggs et al. 1994). A multi-
site study of hydrology and water quality conducted on mostly
drained pine forests (Fig. 1b) in coastal NC by Chescheir et al.
(2003) showed approximately 30% of the annual rainfall was
lost to outflow, leaving about 70% for ET. That was consistent
with Amatya and Skaggs (2011)‘s 21-year results for a drained
forest (D1) in NC, with an average growing season WTD of
1.12 m (Fig. 2; Table 1). Unfortunately, most of the sites
reviewed by Chescheir et al. (2003) did not have WT records.
The average outflow for drained sites in NC was higher com-
pared to an undrained Turkey Creek forest watershed in SC
(Figs.1A; and 3) with a 10-yr average runoff coefficient of
0.23 (Amatya et al. 2016a).

Four sites in NC were drained with open ditches (Fig. 1b)
to remove excess soil moisture and lower WT for improved
silvicultural production (Amatya and Skaggs 2001). The re-
maining six in SC were on naturally drained forests without
ditches (Fig. 1a) with only minimal silvicultural operations
(e.g., thinning and prescribed burning for restoration
purposes Amatya et al. 2016a). Ditches at the drained sites
may be cleaned periodically to maintain their original depth,
or sometimes allowed to silt in over the course of a 25 to 35-
year rotation (Skaggs et al. 2011a; Lõhmus et al. 2015).

Carteret Site, NC

Twenty-one years (1988–2008) of data were used from three
adjacent artificially drained managed loblolly pine (Pinus
taeda) forest watersheds (D1, D2, and D3) on Weyerhaeuser
lands in coastal Carteret County, NC (Fig. 2; Table 1), de-
scribed earlier by Amatya and Skaggs (2011) and Tian et al.
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(2012a, 2012b). Watershed D1 was without any disturbance
and served as a control (reference) watershed. Until 1995 wa-
tershed D2 was under controlled drainage with a raised weir
during the growing season to manage for productivity, and D3
was under controlled drainage with a raised weir during the
spring season for reducing off-site impacts (Amatya et al.
1996, 2000). Watershed D2 was harvested in June 1995, with
site preparation in 1996 followed by planting in 1998 for
regeneration (Amatya et al. 2006a; Tian et al. 2012b).
Details of the watersheds are given in Table 1.

WTelevations were measured in two recording wells located
at mid-points between ditches on the east and west side of each
watershed. Hourly data from each recorder were averaged and
integrated to obtain the daily average for the watersheds. Rainfall
was continuously recorded by an automatic rain gauge backed
up by a manual gauge located at the western corner of each
watershed. Details of hydro-meteorologic measurements are giv-
en elsewhere (Amatya and Skaggs 2011; Tian et al. 2012a).

Parker Tract, NC

Twenty-four years (1993–2016) of dailyWT data were collected
from an artificially drainedwatershed (F6) (Fig. 2) on amanaged
loblolly pine forest on Weyerhaeuser lands at Parker Tract in
northern coastal NC (Diggs 2004; Tian et al. 2015; Zhu et al.
2017). Hourly WT elevation was recorded midway between

ditches (Diggs 2004). An automatic and a manual rain gauge
on the middle of the watershed collected rainfall data on a con-
tinuous basis. Details of the watershed are provided in Table 1,

Three years (1992–1995) of data were collected from an-
other 43 ha drained forest watershed (F3) planted with loblolly
pine in 1983 and from a natural forested wetland (W1) in the
vicinity of the F6 watershed at Parker Tract (Skaggs et al.
2011b) (Fig. 2). The ditches on F3 are spaced 80 m apart
and are 1.0 m deep (Diggs 2004). The soil on F3 is classified
as Cape Fear series with dark sandy loam in the top 0.25 m
with 5–15% organic matter, sandy clay loam at 0.25 to 0.60 m
depth, sandy loam at 0.60 to 0.75 m depth. The natural wet-
land (W1) was an undrained nonriverine, palustrine forested
hardwood wetland, a schematic water balance for which is
shown in Fig. 1a. The 350 ha wetland had not been logged
or otherwise disturbed for over 60 years. The predominant soil
type was a Portsmouth sandy loam. Schematic water balance
for all other watersheds including three at the Carteret site, NC
is represented in Fig. 1b. The watersheds F3 and W1 were not
listed in Table 1 with other sites because of the limited dura-
tion of data (3.5-years) available for analysis.

Santee Experimental Forest, SC

Fourteen years (2004–2017) of data were used from a mini-
mally disturbed undrained reference watershed (WS80) and a

Fig. 2 Location of the Parker Tract and Carteret sites in North Carolina.
Three study watersheds at the Parker Tract are shown on a 2012 image.
Long-term (1993–2016) water table data were recorded from F6 and

short-term (1993–1996) data were recorded from F3 and W1. Three study
watersheds at the Carteret site are shown on a 2008 image. Long-term
(1988–2008) water table data were recorded at D1, D2, and D3
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paired adjacent treatment watershed (WS77). These pine and
hardwood mixed forest watersheds are located on the US
Forest Service Santee Experimental Forest (SEF) in coastal
South Carolina (Fig. 3) described earlier by (Amatya et al.
2006b; Amatya and Trettin 2007; Harder et al. 2007; Dai
et al. 2010a, 2010b, 2013; Amoah et al. 2012; Epps et al.
2013; Jayakaran et al. 2014). WS80 was last logged before
1937 when US Forest Service acquired the lands for experi-
mental research. This is a naturally drained forested water-
shed. There is an old plugged ditch of about 1.2 to 1.5 m depth
and 3–4 m top width dug somewhat inside of the eastern side
of the road that serves as the watershed boundary. However, it
is not connected to an outlet and is unlikely to have any effect
on water table measurements in the watershed. Details of the
control (WS80) and treatment (WS77) watersheds are present-
ed in Table 1. The treatment watershed undergoes periodic
thinning and prescribed burning as minimal operational man-
agement practices of the National Forest.

WT in the well H on the upland part ofWS80 and well J on
the west side of WS77 (Table 1) has been measured on an
hourly basis since 2004 using the WL-15 until 2006 and
WL-16 pressure transducers with a datalogger thereafter
(Fig. 3). WT data measured from 2004 to 2016 are analyzed

in this paper. Rainfall was recorded using an automatic rain
gauge backed up by a manual gauge on WS80 and WS77.

Turkey Creek Watershed, SC

Nearly 12-years (2006–2017) of data from ground water wells
at four different locations on the left bank of the large 5240 ha
Turkey Creek watershed (Fig. 3) was collected by the US
Forest Service at Francis Marion National Forest (FMNF)
(Amatya et al. 2018; Callahan et al. 2012; Morrison 2016).
The soil types vary from very poorly drained to moderately
well drained (Table 1). These wells are within less than 4 km
of each other and are on pine and mixed hardwood forests
with frequent (every 2–3 years) prescribed burning for under-
story biomass removal to restore longleaf pine as well as red-
cockaded woodpecker (Picoides borealis) habitat. There are
no constructed drainage ditches in the vicinity of the site.
Observation wells are located on Rains soil in a depressional
wetland and on Lynchburg soil between two creeks draining
two small catchments. Two other wells on Lenoir and
Goldsboro soils are located at somewhat higher elevations.
WTD in all the wells was measured on an hourly basis since
mid-2006 using the WL-16 pressure transducer with a

Fig. 3 Locationmap of Santee Experimental Forest in coastal South Carolina showing locations of all ground water wells, rain and flow gauging stations
on watersheds. Thick yellow boundary represents Turkey Creek watershed
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datalogger. Rainfall was recorded since late 2005 by an auto-
matic rain gauge at a weather station located near the four
wells (Fig. 3). Detailed physical, hydro-meteorologic, and
vegetation characteristics and silvicultural practices of each
of these study sites are provided in Table 1.

Hydro-meteorologic and water table data for sites at Santee
Experimental Forest and Turkey Creek watershed can be
accessed at https://www.srs.fs.usda.gov/charleston/santee/

Data Analysis

Hourly water table depth (WTD) data were integrated to ob-
tain daily average WTD at all the sites. These data were ana-
lyzed to derive basic statistics including mean, standard devi-
ation, maximum, and minimum for the length of the record as
well as for the growing season of each year of record. The
growing season period for the SC sites and the all sites in NC
was based on the frost free period as defined in the NRCS
(Natural Resources Conservation Service, formerly Soil
Conservation Service (SCS)) County Soil Survey Reports
(SCS 1980, 1981). Daily WTD data from sites with various
silvicultural and water management practices were also used
to a) identify wetland hydrology status (WTD < 30 cm for 14
consecutive days during the growing season (Skaggs et al.
2011a) in >50% of the years of the period of record) and b)
derive WTD frequency and duration curves using Weibull
distribution plotting method to examine the frequency of
ponding, saturation, and dry periods, and c) examine the an-
nual mean WTD trend (decline or increase) using Mann-
Kendall non-parametric correlation coefficients for signifi-
cance testing (Burn and Elnur 2002; Hamed 2008). The null
hypothesis is that there is no temporal trend or change of mean
annual water table (i.e., Mann-Kendall computed p > 0.05),
although an increasing temperature trend in this region has
been reported (Dai et al. 2013; Marion et al. 2013).
Furthermore, the effects onWTD due to a) an extreme precip-
itation in 2015 at the SC site, and b) the aftermath of Hurricane
Hugo (natural disturbance) in 1989 on theWS80, SC site were
examined using 1992–1993 data and then compared with the
aftermath of harvesting (anthropogenic disturbance) of pine
forest at D2 in NC in mid-1995 using 1998–1999 data.

Results and Discussion

Water Table, Outflow, and ET

Comparison of 3.5 years of WTD for a mature drained pine
forest and a natural forested wetland showed that the WTwas
deeper under the mature drained forest (F3) than under the
wetland (W1) at all times (Fig. 4). The WT in the wetland site
was at or above the surface for extended periods in the winter
and spring months of all three years, except for the very dry

1993 summer with higher ET demands. This is consistent with
Amatya et al. (2003b) who also found the WT in the SC
undrained forested wetland (WS80) site (Fig. 3) near the sur-
face for extended periods of time than for the drained NC pine
forest site (D1) (Fig. 2) (Table 1). Compared to the young
forest (F6), theWTD of the natural wetland was deeper during
the dry period in the summer and fall of the first year and was
shallower during the wet periods in the winter and spring,
(Fig. 4). This was likely due to lower ET from the shallow
rooted young pine trees when water was limited. The WTD of
the young drained forest became deeper relative to those of the
natural wetland as the trees grew (Fig. 4). Similar to this,
Amatya et al. (2003b) reported deeper WT (below the record-
er range of 2.6 m) during the growing season on the undrained
SC site compared to a maximum depth of about 2 m on
drained NC site as also shown below in Fig. 5. This was
attributed possibly due to increased growing season ET from
pine mixed hardwood stand on the undrained WS80 site, po-
tentially resulting in reduced average annual outflow (22% of
rainfall) compared to pine only forest on the drained site (D1)
with 31% of the rainfall as outflow. This is consistent with
Jayakaran et al. (2014) who also found less runoff from the
WS80 site compared to the pine dominated paired watershed
(WS77) on the same soils (Fig. 3). However, the above differ-
ence in outflow between the undrained SC and drained NC
site found by Amatya et al. (2003b) may also be due to dif-
ference in rainfall and ET between the two sites as Skaggs
et al. (2011a) found annual outflows from the wetland site
(W1) similar to the drained forest site (F6) (Fig. 4) in the same
area with an average annual rainfall of 1287 mm for a limited
three-year period.

Mean annual ET (estimated as rainfall – runoff) at both the
drained Carteret site (D1) and the undrained SC site (WS80)
were similar, probably because ETwas more limited by ener-
gy with rainfall > PET at both sites (1510 mm rain and
1010 mm PET at Carteret D1 and 1370 mm rain and
1135 mm PET at WS80) (Table 1). The SC site may be sea-
sonally moisture limited during dry years as observed in 2006
and 2007 as will be shown below. Similar ET of about
1040 mm at both the sites (Tian et al. 2012a; Dai et al.
2013) indicates ditching did not limit ET on the NC site.
Similar results were found for the drained highly organic soils
on the F6 watershed at Parker Tract in NC and the SC site
(WS80) with dominant clayey soils. ET/rain ratios were 0.75
or higher in both cases, indicating no apparent effects of drain-
age ditches on mean ET. These results contradict a recent
finding byWu et al. (2016) who found a significant difference
in mean annual ETobtained by the Eddy Covariance -method
for a heavily drained deep and a more functional shallow
wetland, both categorized as herbaceous depressional wet-
lands with only scattered pine trees, in a subtropical Florida
site. The contradiction can be mainly attributed to the signif-
icant reduction of open water area, which not only directly
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reduced ET by reducing open water surface dominated water
flux, but also indirectly affected ET flux by changing net ra-
diation and local relative humidity. Another contributing fac-
tor could be the different root depths between dominate veg-
etation: mature pine forests versus short herbaceous plants.
Skaggs et al. (2011b) noted that higher ET of deeper rooted
forests potentially resulted in deeper WT on drained forest
than in drained agricultural crop sites, indicating ET from
deep rooted vegetation could be less responsive to WT draw-
down compared to that from shallow rooted vegetation.

Despite somewhat deeper WTD of the undrained sites than
the drained ones during the growing season (Fig. 5), the long-
term mean growing season WTD of the undrained sites was
found to be shallower, than that of the drained sites (Table 1).
Exceptions are results for the poorly drained site at WS80
(compared to F6 site only) and the naturally well drained
Goldsboro site (Table 1).

Growing season average WTD for the 21-year period was
similar (1.12 to 1.14 m) on all three NC Carteret watersheds

(D1, D2, and D3) (Table 1) despite various silvicultural and
water management operations applied to D2 and D3 (Amatya
et al. 1996, 2000, 2003a, 2006a, Tian et al. 2012a, b). Short
term increased WT levels (shallower WTD) at midpoints of
watersheds were reported during controlled drainage with
weirs raised up to 60 cm from the ground surface at the outlets
of D2 during the growing season (June–September) and up to
40 cm from the ground surface at D3 during the spring season
(March–June) of 1990–1994 (Amatya et al. 2000). However,
the WTD was well below 30 cm from the average ground
surface, with no potential for wetland hydrology. WTD on
the D3 watershed was not affected by a raised weir with a
0.15 m diameter orifice outlet at about 0.3 m above ditch
bottom throughout the 1995–2000 period (Amatya et al.
2003a). This type of data from the controlled drainage water-
sheds could be used for examining wetland hydrology but
were limited. In another companion study, Amatya et al.
(2006a) reported increased WT levels (shallower WTD) soon
after harvesting in mid-1995 on D2 (with no controlled

Fig. 4 Daily water table depths
measured on two drained
managed pine (F3 and F6) and
one natural wetland (W1) forest
sites for 1993–1996 in coastal
North Carolina

Fig. 5 Daily water table depths
measured from the ground surface
at well H on WS80, watershed
(SC) and D1 watershed (NC) for
2003–2008
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drainage) and then returned back to base line level by 2003,
with no evidence of wetland hydrology being met in any year
until the recovery.

Average WTD on the poorly drained Rains and somewhat
poorly drained Lenoir soils in the undrained Turkey Creek
watershed site in SC were 0.46 m compared to >1.1 m at the
drained forest sites in NC (Table 1). The WTD on the moder-
ately well-drained Goldsboro soil within the undrained
Turkey Creek watershed was, however, deeper than at all of
the four drained NC Sites. Average WTD for the other three
sites in SC were shallower than the drained NC sites.

A trend analysis using the Mann-Kendall non-parametric
test showed no significant (α = 0.05) trend in annual mean
WTD on any of the above study sites. The p-values for tests
of significance varied from 0.28 for Lenoir soil on the Turkey
Creek watershed to 1.0 on the WS80 well site (Table 1). An
earlier study on the D1 site at the Carteret, NC site also
showed no trend (Marion et al. 2013). Citing the lack of these
type of long-term data, Liu and Kumar (2016) used a physi-
cally based, fully distributed hydrologic model to simulate
long-termwet-period variations in 10 inland forested wetlands
in a southeastern USwatershed. The authors found wet-period
start date and duration varying by more than 6 months during
the 32-year simulation period and 60–90% of these variations
were explained using regressions based on seasonal precipita-
tion and PET in most wetlands.

Wetland Hydrology

Wetland hydrology status was determined for all study sites
based on the criterion that theWTD below ground surface was
<30 cm for a continuous period of at least 14 days during the
growing season in 50% or more of the years of record. All of
the undrained sites with soils classified as either poorly
drained or somewhat poorly drained under natural conditions
(Wahee on WS80 and Rains, Lenoir, and Lynchburg on
Turkey Creek watersheds, SC) met the criterion. The moder-
ately well-drained Goldsboro soil on Turkey Creek watershed
did not. The first three soils met the criterion in 10 out of
10 years while the Goldsboro soil met the criterion only once
during the wet year of 2008 (Table 1). None of the artificially
drained sites, met the wetland hydrology criterion. This is not
surprising as drainage was installed on these sites in the early
to mid-1970s before wetland regulations were developed. It is
possible to install minor drainage systems that will provide the
needs for silviculture while maintaining wetland hydrology on
most of the area affected (Skaggs et al., this volume).
However, this requires an improved understanding of the ef-
fect of forest vegetation and its evolution on soil properties
that affect the performance of the drainage system. This anal-
ysis showed that the undrained forest sites (no ditches) on soils
classified as poorly drained under natural conditions met the
wetland hydrology criterion. This was not the case for an

undrained site on a soil classified as moderately well drained.
Further, if the drainage intensity of drained sites in NC was
much reduced, say with drainage ditches at a spacing of 400m
rather than 100 m, and, say, 60 cm depth instead of 100 cm,
wetland hydrology would likely have been maintained.
Additional work is needed to test such a hypothesis.

Despite higher excess moisture (Rain – PET = 400 mm) at
the Carteret, NC sites (D1, D2, and D3) than at all five SC sites
(Rain – PET = 235 mm) (Table 1), the Carteret sites did not
satisfy the criterion for wetland hydrology. Controlled drain-
age (ditch outlet weir levels raised up to about 0.3 m below
average ground surface during the spring season on D3 from
1990 to 1993; Amatya et al. 1996) did not result in wetland
hydrology. However, the weir levels were lowered to drain
depth relatively early in the growing season. Haahti et al.
(2017) also reported only a limited effect of the use of struc-
tures to raise ditch water level on field WT. Some studies
suggest that plugging ditches with raised weirs to the ground
surface throughout the year may restore wetland hydrology
(Euliss et al. 2013) althoughmoremulti-site experimental data
are needed to verify this approach. Lõhmus et al. (2015) notes
that although ditches deteriorate in time, they remain function-
al for decades after abandonment, and pre-drainage ecosystem
features may not recover without active intervention (Similä
et al. 2014) or at all (Holden et al. 2006).

Most of the above studies investigated wetland hydrology
in drained forests with parallel ditch systems. Skaggs et al.
(2005) developed methods to determine effects of a single
ditch on wetland hydrology (i.e., to calculate the distance of
influence of a single ditch constructed through a wetland,
where the distance of influence is defined as the width of a
strip adjacent to the ditch that is drained such that it will no
longer satisfy the wetland hydrologic criterion). The discovery
that water table conditions barely satisfying the wetland hy-
drologic criterion are well correlated to the time required for
water table drawdown of 25 cm (T25 values) makes it possible
to predict the effects of subsurface drains on wetland
hydrology.

Water Table Depth Frequency Duration Analysis

Data in Fig. 6a show the daily WTD frequency duration plots
for groundwater wells on six soil types on undrained water-
sheds at Santee Experimental Forest, SC (Fig. 3; Table 1). The
plot shows that theWTon the poorly drained Rains soil was at
and above the surface with ponding for 33% of the time
followed by Lenoir for 10% of the time, and Lynchburg for
nearly 1% of the time over more than 10 years of record.
During the extreme rainfall event of October 3–4, 2015 (near-
ly 500 mm of rainfall), the maximum daily average ponding
depth was 41 cm on the Lenoir soil site, followed by 32 cm on
the Rains site. Ponding on the moderately drained Goldsboro
soil was only 1.6 cm during that event. Well H on Wahee soil
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(WS80) and Lynchburg soil response was intermediate with-
out any ponding.

As with the ponding depth and duration, frequency of sat-
uration was greatest in poorly drained Rains and Lenoir soils,
with WTD less than 30 cm for 56% and 50% of time, respec-
tively. One reason for a longer duration of ponding and satu-
ration on the Rains site was its location in a depression
(Callahan et al. 2012). WTD in the moderately well-drained
Goldsboro soil was less than 30 cm only about 8.5% of the
time for the 10+ year record period. The remaining three wells
(well H on WS80, well J on WS77, and the well on the
Lynchburg soil) had WTD at or above 30 cm depth between
31 to 35% of the time for the period of record. Median WTD
also followed NRCS drainage classes with median depths on
Rains and Lenoir soils at 14 cm and 30 cm, respectively, and
wells H (WS80) and J (WS77) on Wahee and Turkey Creek
Lynchburg soil at 58 cm, 54 cm and 71 cm, respectively, and
on the moderately well drained Goldsboro soil at 102 cm.

In contrast to the undrained forests, daily WTD on all four
drained sites was at or above the surface for less than 0.3% of
the time and only 0.05% on the F6 watershed in the Parker
Tract site. The daily WTD at F6, however, was within 30 cm
of the surface 7.7% of time on organic soil compared to just
3.2 to 3.6% of the time on three other mineral soil sites (D1,
D2, and D3). While the differences in WTD frequencies be-
tween the drained NC and undrained SC sites may be attrib-
uted to drainage effects, the difference within the NC sites
may also be attributed to differences in both the rainfall
(Carteret > Parker) and soil types (Table 1).

A recent study by McCauley et al. (2015) showed that
water surface areas of consolidated wetlands in extensively
drained landscapes were 197% greater than those with no
drainage and now require more extreme drought conditions
to dry out. They also found wetlands in extensively drained
catchments were larger, dry out less frequently, and have more
surface-water connections to other wetlands via ditches.

Fig. 6 Daily water table depth
frequency duration curves (a) for
six sites in SC and (b) for four
sites in NC
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However, how these findings play a role in the overall discus-
sion of effects of minor silvicultural drainage on wetland hy-
drology, a focus of this special issue, is yet to be investigated.

Effects of Natural and Anthropogenic Disturbance
on Water Table

In September 1989 Hurricane Hugo (a natural disturbance),
devastated more than 80% of the forest canopy on WS80
(Hook et al. 1991). The mean WTD on WS80 was elevated
substantially (18.5 cm depth below the ground surface) until
1992. In 2005 after complete regeneration of the forest stand a
mean depth of 70.4 cm was observed on WS 80 (Jayakaran
et al. 2014), despite somewhat higher rainfall in 2005 com-
pared to 1992 (Table 2).

After a complete harvest (anthropogenic disturbance) of
the drained pine forest at Carteret (D2) in 1995, the observed
mean WTD of 60 cm in 1998 was less, as expected, than the
mean depth of 80 cm measured in 2005 (Table 2) after com-
plete regeneration of the pine forest with hydrology similar to
baseline levels (Amatya et al. 2006a). WTD on regenerated
stands of both watersheds (WS80 and D2) also responded
very similarly during very wet (with WT within 12 cm) and
dry years (WT within 230–280 cm) (Table 2). Thus both
drained and undrained watersheds behaved similarly after
vegetation removal, either by extreme natural or
anthropogenic disturbance, compared to the baseline level,
supporting our hypothesis. In contrast, a recent study by
Jutras et al. (2006) in eastern Canada forested wetlands used
for timber production found a persistent water table level rise
(watering-up) until 10 years after clearcutting of drained
stands. This delayed the stand and hydrologic recovery com-
pared to the uncut stands.

Data in Table 2 also indicate that, despite higher rainfall at
the NC drained site D2 in both post-harvest and after regener-
ation years compared to the undrained natural pine mixed hard-
wood forest site in SC, its mean WTD were relatively deeper
than that of undrained WS80. This was likely due to higher
outflows caused by the drained system (Amatya et al. 2003b).
The effect of ETwas ruled out because the mean annual ET at
both sites were similar (Tian et al. 2012a; Dai et al. 2013).

Effects of Extreme Climatic Conditions onWater Table

During Hurricane Fran in September of 1996 and Hurricane
Bonnie in August of 1998 the WT on both the control (D1)
and treatment (D3) watersheds at the Carteret, NC site rose to
near the surface (average elevation of 2.8 m). In both cases,
24-h rainfall was greater than 200 mm. Similar observations
were made during Hurricane Dennis in late August-early
September 1999 followed by Hurricane Irene in October
(Amatya et al. 2003a). During dry conditions in 2001 (annual
rainfall less than 46% of the long-term mean) at the drained
Carteret NCwatersheds,WTDwas as deep as 2.3 m below the
surface (Amatya and Skaggs 2001; Amatya et al. 2006a). The
response of the WTD at the undrainedWS80 watershed in SC
was as deep as 2.8 m in 2007 with 33% lower rainfall than the
long-term average (Dai et al. 2010a) (Table 2). Hourly water
table data recorded at seven recording wells on various soil
types during September and October 2015 are presented in
Fig. 7 along with the hourly rainfall recorded at Santee
Headquarters gauge.

Wet conditions due to a cumulative rainfall of 170 mm
5 days prior to October 3 resulted in ponding at the wells in
the Rains and Lenoir soils. Surface ponding depths of 46.3 cm
for the Lenoir well and 40.7 cm for the Rains well were re-
corded by late night of October 3, with 24-h rainfall intensities
up to 60mm/h in all four gauges. Similarly, theWS80 site also
experienced ponding by as much as 7.5 cm in September 2003
in response to a 24-h rain of 176 mm with prior wet condi-
tions. Results showed that the WT in all soil types responds
similarly during both extreme wet (Amatya et al. 2016b) and
dry events, supporting our hypothesis.

Summary and Conclusions

This study characterized wetland hydrology using 10 or more
years of daily data on groundwater table for four drained man-
aged pine forests and six undrained pine mixed hardwood
forests on the Atlantic Carolina Coastal Plain. During the pe-
riod studied, anthropogenic (silvicultural and water manage-
ment practices) and natural (extreme events) disturbances

Table 2 Measured mean water table depth in response to extreme events of natural disturbance (Hurricane Hugo, 1989) in SC and anthropogenic
(Clearcutting, 1995) disturbance in NC

WS80 watershed, Santee, SC D2 watershed, Carteret, NC

1992 (post-Hugo) 2005 (after regeneration) 1998 (post-harvest) 2005 (after regeneration)

Rain mm WTD cm Rain mm WTD cm Rain mm WTD cm Rain mm WTD cm

1473 18.5 1540 70.4 1617 60 1777 80

2008 wet period 2007 dry period 2003 wet period 2001 dry period

2171 −12.5 923 280 2331 −7.5 852 230
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affected short-termWT dynamics, but much less on the annu-
al WTD. Drainage effects on hydrologic processes were sim-
ilar to those proposed in Fig. 1a, b. Rainfall exceeded PET on
all study sites on poorly drained shallowWTsoils. There, was
no evidence that drainage had a major effect on ET, which,
along with rainfall, is a major driver of hydrology on these
sites. Forest drainage appears to primarily result in less fre-
quent and shorter duration ponding and deeper median water
table depths than undrained sites. Adding drainage ditches at
closer spacing than the natural stream density of young coastal
sediments results in deeper water tables between the ditches.
The decline of WTD with increase in subsurface drainage
flow does not appear to substantially limit ETof deeply rooted
forests. Our results showed that during extreme dry condi-
tions, forest ET lowers the WT over 2 m below the surface,
well below the ditch bottom; ditching has no obvious impact
on that depth. Likewise, extreme rainfall associated with trop-
ical storms exceeds the capacity of the drainage system, both
natural and artificial, to remove water and creates soil satura-
tion across the landscape.

The hydrologic criterion for wetlands was not satisfied for
any of the drained forested lands considered in this study. In
the absence of artificial or man-made drainage, in general,
NRCS drainage class is a good indicator of average WTD,
although there are differences in average depth and variability
caused by subsurface texture (Williams and Amatya 2016).
The results of this study suggest that forest drainage causes
forest soils to behave as if they were in a higher drainage class.
The drainage spacing examined in this paper tended to make
very poorly drained soils behave as if they were moderately
well drained. It should be noted that all the drainage ditches in
this study were installed during the mid-twentieth century,
well before wetlands regulations and the wetlands hydrology
criteria were developed. Assessment of wetland hydrology of
the forested wetlands (both drained and undrained) on poorly
drained soils using long-term data from multiple site-years

including those in this study is needed to identify the historic
and projected trends in WT dynamics and wetland hydrology
of forested wetlands. Similarly, it may be worthwhile to study
the water table dynamics of sites, particularly on the poorly
drained soils, managed with lower basal area for potentially
increasing the water yield as was recently shown by
McLaughlin et al. (2013). It is possible that the increase in
water yield may also be attributed to rise in water table (for
that soil moisture) meeting the wetland hydrology. These as-
sessments will be improved using model simulation studies
informed by long term data sets (Sun et al. 1998; Lu et al.
2009; Skaggs et al. 2012; Tian et al. 2012a, b; Amatya et al.
2018). This would provide land managers and policymakers a
state-of-the-science ability to assess not only wetland hydrol-
ogy but also potential thresholds for wetland hydrology due to
minor silvicultural drainage, responses of these systems to
innovative best management practices, anticipated climate
changes, trends, and extremes as was recently done by
Marion et al. (2013) for water supplies in the Southeast.
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