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HIGHLIGHTS

o Forested wetland hydrology (WH) is characterized by changes in daily water table (WT) depth over time.
Silvicultural operations (harvesting, thinning, bedding, and minor drainage and intensity) affect WT dynamics.
Both WT dynamics and WH are also affected by tree stand age/growth and soil types, besides the climate.
Knowledge gaps and future research using modeling, including machine learning methods are discussed.

ABSTRACT. Sustainable management of forested wetlands requires an understanding of water table (WT) dynamics affected
by rainfall and evapotranspiration (ET) as well as management practices to sustain water quality, quantity, and ecosystem
services. The hydrology, the most important factor influencing productivity of forested wetlands, may be characterized by
measuring changes in WT depth over time. The hydrology of U.S. Southeastern Coastal Plain forested wetlands, particularly
wet pine flats and pocosins, where drainage has been commonly used to improve tree growth, is relatively well understood.
However, uncertainties remain regarding the effects of some silvicultural practices on WT dynamics of varying soil and
drainage types and the role of climatic trends, including extreme events (precipitation and droughts), on WT dynamics of
these forested lands. In this paper, we use information from long-term monitoring and modeling studies conducted at sites
in the Southeastern Atlantic Coastal Plain to review the current state of research on potential effects of harvesting, thinning,
bedding, and minor drainage on changes to WT dynamics in coastal non-riverine forested wetlands. We also briefly illus-
trate current gaps in knowledge and outline future potential research in this area.

Keywords. Pine forest, Bedding, Harvesting, Minor drainage, Water table, Wetland hydrology, Hydrology models.

orested wetlands of the Southeastern U.S. provide
ecosystem services such as hydroperiod modera-
tion, removal and/or transformation of pollutants,
provision of habitat, food chain support, nutrient
cycling, and production of food and fiber (Aust et al., 2020),
as well as groundwater recharge and carbon sequestration
(Zhu et al., 2017). Anthropogenic activities can alter
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biological processes in those wetlands (White Jr. et al., 2022)
or cause destruction and/or loss of wetlands and the organ-
isms that utilize them. A fundamental characteristic of wet-
lands is a hydroperiod (Cartwright and Wolfe, 2021), which,
if drastically altered, can affect vegetation (Corea-Araneda
et al., 2012), soil characteristics (NRC, 1995; Williams and
Amatya, 2016), hydrology, and water quality (Hefner and
Brown, 1985). Using classified satellite imageries, including
drainage networks with areas > 5,000 km? among some
other drivers, White Jr. et al. (2022) documented a net loss
of 8% (13,682 km?) of forested coastal wetlands across
North America between 1996 and 2016. These authors at-
tributed the loss of these forested wetlands mainly to climate
change (e.g., sea level rise and the number of tropical storm
landings), followed by drainage density and average eleva-
tion of coastal watersheds. Similarly, Lang et al. (2024) re-
cently reported that decreases or losses were particularly
prevalent within the Southeast, including the coastal water-
sheds of Texas, Louisiana, Florida, the Carolinas, and the
Delmarva Peninsula, as well as near the Mississippi and Mo-
bile River alluvial plains. The authors also reported that in
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addition to other drivers of wetland change, the Southeast
experienced multiple hurricanes during the study period, in-
cluding Irma [2017], Harvey [2017], Michael [2018], Flor-
ence [2018], and Dorian [2019], and Joaquin [2015], indi-
rectly affecting coastal Carolinas. Wetland losses are pre-
dicted to continue in these areas due to the dual pressures of
land use and climate change (Lang et al., 2024). In their sum-
mary findings of pilot studies in four coastal watersheds in
North America, Interagency Coastal Wetlands Working
Group (ICWWG) (2017) identified three main drivers of
wetland loss: (1) the largest component: rapid development,
both urban and suburban; (2) some drainage practices asso-
ciated with silviculture; and (3) insufficient wetland restora-
tion to offset wetlands lost in coastal watersheds. Accord-
ingly, the motivation of this review was to mostly focus on
the second driver by summarizing studies examining the ef-
fects of silvicultural practices on these forested wetlands,
most of which resulted from legacy drainage systems using
the literature published in the last 30 years or so when most
of the studies on forested wetlands occurred,

BRIEF REVIEW OF FOREST MANAGEMENT IN
WETLANDS OF THE SOUTHEASTERN US

There are many types of coastal wetlands (Stedman and
Dahl, 2008), with silviculture practiced primarily in riverine
alluvial swamps and wet flats (Brinson, 1993; Aust et al.,
2020), which may fall under the freshwater for-
ested/shrub/emergent wetland category among others, in-
cluding uplands reported recently by Lang et al. (2024) in a
report on “Status and Trends of Wetlands in the Contermi-
nous United States (2009-2019).”

Harvesting timber from upland and wetland forests has
occurred since colonization (Schilling et al., 2020; Sun et al.,
2001). Southeastern forested wetlands have experienced re-
peated timber harvests beginning as early as the late 1600s
with float logging and animal-based operations (Lockaby,
2009). Exploitive logging in the 19" century was replaced
with commercial forestry in the early to mid-20" century
(Wheeler, 1970; Smith et al., 2004). Large areas of forested
wetlands in the coastal plains of the southeastern U.S. were
developed between 1950 and 1970 for agricultural and silvi-
cultural production (Hefner and Brown, 1985; Klawitter,
1970; Lilly, 1980). The Southeast had about 14.2 million
hectares of forested wetlands, or 65% of total forested wet-
lands in the conterminous United States (Jackson et al.,
2004). These forests experienced a period of harvest prac-
tices that involved high grading in which more valuable
stems and species were removed, resulting in lower-quality
stands (Aust et al., 2020). Passage of the Clean Water Act in
1972 and the formulation of wetlands regulations in 1987
limited silvicultural treatments and reduced effects on the
hydrology and water quality downstream (Amatya et al.,
1998, 2006; Grace et al., 2006; Muwamba et al., 2015; Shep-
ard, 1994; Skaggs et al., 1994, 2016, 2020; Weir and Greis,
2002). Best Management Practices (BMPs) are in place in
all the Southeastern states (Shepard, 1994; Schilling et al.,
2020), predominantly for the protection of water quality, and
have an implementation rate of over 92.4% in managed for-
ests (Cristan et al., 2016). Since most Southeastern states had
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BMPs in place by 1990, we used 1990 to differentiate pre-
and post-BMP research.

Alluvial bottomland forests have been a source of valua-
ble hardwood and cypress lumber since the late 18" century.
Bottomland forested wetlands are commonly found along ri-
parian areas of large waterways in the Southeastern United
States (Aust et al., 2020). These types of wetlands typically
receive lower intensity management, involving planning sil-
vicultural operations and adapting harvest operations to wet
site conditions for natural regeneration (Aust et al., 2020).

Much of the southern forest products industry depends on
growing loblolly pine (Pinus taeda L.) for pulp, paper, and
softwood lumber. Approximately 1.5 million ha of loblolly
pine plantations existed along the Atlantic Seaboard (South-
east) in the mid-1980s (Schultz, 1997). Planted pine occu-
pied 15.8 million ha in the Southeastern US in 2012, an area
that is projected to increase in the future (Huggett et al.,
2013). Loblolly pine is a facultative species (Lichvar, 2012),
and Miller and Maki (1957) demonstrated that productive
pine plantation management was possible on wet flats (Brin-
son, 1993) across the southeast. Large tracts of pine and
hardwood wet flats were converted to loblolly pine planta-
tions between 1950 and 1985. Drainage in agricultural and
forested lands was used to remove excess water and lower
water tables, improving trafficability and soil water condi-
tions for crop growth (Amatya et al., 1998; Skaggs et al.,
2016). The conversion of wet flats to pine plantations often
included forest drainage utilizing three methods: engineered
drainage in regular rectangular blocks, connecting to isolated
wetlands by ditching intermittent streams, and connecting
road ditches to existing streams (Terry and Hughes, 1978).
McKee and White (1986) showed that bedding and phospho-
rus fertilization at planting improved pine survival and
growth on very poorly drained soils, allowing plantation
management with reduced drainage.

The main focus of this paper is a synthesized review of
multiple past studies on experimental and modeling research
on silvicultural impacts on wetland hydrology, defined by
the water table, of coastal plain study sites mostly affected
by legacy drainage systems in the southeastern states from
Texas to Virginia (table 1; fig. 1). These studies were based
on professional knowledge, Google Scholar, MainFile, pre-
vious literature citations, and proceedings from early confer-
ences on forestry and wetlands. Because of the nature of the
work needed for vegetation and groundwater measurement
and modeling, long-term studies must be collaborative ef-
forts with forest landowners, and the authors depended
somewhat on knowing studies done on US Forest Service or
landowners’ sites. While the authors cannot definitively say
that there are no other studies done on other landowners, we
believe we have captured the most comparable.

We first start by reviewing “Wetland hydrology and wa-
ter budget-based forested wetland classification,” followed
by “the importance of the water table position on wet flats.”
The second section deals with “Effects of forest management
(tree removal, minor drainage, and bedding) on hydrology,”
particularly the water table, followed by “Case studies from
long-term experimental sites™ as the third section. The fourth
section deals with “Gaps in knowledge and needs for future
research,” followed by the “Summary and Conclusions.”
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Table 1. Details of experimental and modeling research

Southeastern U.S.

on silviculture practices and associated hydrology on forested wetlands of the

Spatial
Study Study Years of Scale/ Soil
Type/ Site/ Study/ Study Variables Type/ Forest Silviculture Principle
Author Focus Location  Monitored Size Monitored Series Type Practices Findings
Aust et Sediment Tensaw 1986— 28 ha Hydroperiod, Typic Taxodium HELI, All treatments
al. 2012 Accretion River, 2010 Sediment Fluviaquent. distichum SKID, increased
AL (24 yrs) accretion, (Bald Cypress), GLYPH sediment
Vegetation Nyssa aquatica accretion.
measurements (water tupelo)
Neaves Loblolly Francis 1989- 8-12ha  DBH, ground Somewhat Wet Pine Flat, Salvage Bedding and
1 Pine Marion 2012 dry biomass, poorly drained  Pinus palustris ~ logged w/ disking with
etal.  Productivity = National (23 yrs) stand density, Lynchburg, (Longleaf rubber bedding were
2017 Forest, hydraulic moderately well Pine), skidders, effective site
SC conductivity, drained Pinus taeda L. bedding, preparation
microporosity, Goldsboro, (Loblolly Pine) flat disking,
bulk density Poorly drained flat disking
Rains, w/ bedding
Somewhat
poorly drained
Wahee, and
poorly drained
Bethera
Lang Long term Colleton 1992— 19.8 ha Soil poorly drained Pinus taeda Dry-bed, Negative effects
et al. effects on County, 2009 disturbance, Argent loam,  (Loblolly Pine)  wet-bed, observed shortly
2016 wet/dry SC (17 yrs) bulk density, very poorly dry-flat, after harvest but
harvesting saturated drained Santee wet-flat were not present
on soil hydraulic loam, very harvesting. 17 years later.
conductivity,  poorly drained Soil properties
total capillary, Hobcaw fine recovered after 17
and non- sandy loam, years
capillary and somewhat
porosity poorly drained
Yemassee
loamy fine sand
Kyle Longterm  Whaleyvill 1968- 40 ac Site Poorly drained ~ Wet pine flats Chop, No differences
et al. effects of e, 2001 preparation Myatt, Rains bedding, among
2005 bedding, Holland, (31 yrs) and series, and and productivity of
drainage, and fertilization of Lynchburg ditching. sites and site
and Windsor lobolly pine series. preparation
fertilization VA growth, height effects became
and dbh, total less profound as
tree volume time went on.
Skaggs Drainage Carteret 7 1988- 25 ha Measured Deloss fine Pinus taeda Ditching, Hydraulic
etal. effects from  research 2006 drainage rate, sandy loam (Loblolly Pine)  bedding, conductivity
2020 silviculture site, (18 yrs) hydraulic harvest under a mature
on wetland NC conductivity pine plantation
hydrology was much greater
including than a young
water table plantation
Amatya Long term Carteret 1988— 25ha  WT elevations, Deloss fine Pinus taeda Controlled WT was deeper
et al. WT County, 2008 rainfall sandy loam (Loblolly Pine)  drainage, under a mature
2019. dynamics NC (21 yrs) weir, pine plantation
harvest
Amatya Long term Parker 1993— 100 ha  WT elevations, Very poorly Loblolly Pine Thinning
et al. WT Tract, 2016 Rainfall data drained
2019 dynamics NC (24 yrs) Belhaven
organic
Amatya Long term Santee 2004— 155 ha, Hourly WT Somewhat Regenerated Prescribed Water table
et al. WT Experiment 2017 160 ha  measurements, poorly drained since Hurricane  burning/ generally
2019 dynamics al (14 yrs) Rainfall Wabhee clay Hugo in 1989, thinning shallower on
Forest, loam, pine mixed treatment than on
SC somewhat hardwood the control
poorly drained
Craven clay
loam

In the review, we examine hydrologic drivers of water table
dynamics in riverine forested (primarily loblolly pine, Pinus
taeda L.) wetlands and mineral and organic wet flats (Brin-
son, 1993) using both the data and modeling results.

Modeling examples will highlight studies using DRAIN-
MOD, DRAINMOD-FOREST, MIKE SHE, PIHM-Wet-
land, FLATWOODS, and DAILY-WT. Modeling literature
was selected to include studies that modeled hydrological
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Table 1 (continued). Details of experimental and modeling research on silviculture practices and associated hydrology on forested wetlands of the
Southeastern U.S.

Spatial
Study Study Years of Scale/ Soil
Type/ Site/ Study/ Study Variables Type/ Forest Silviculture Principle
Author Focus Location  Monitored Size Monitored Series Type Practices Findings
Amatya Long term Turkey 2006~ NA Rainfall, Rains fine Regenerated Prescribed Refer to the
et al. WT Creek 2017 hydro— loamy sand, 1989 Longleaf/  burning/ publication at
2019 dynamics ~ Watershed, (12 yrs) meteorologic Lynchburg Loblolly Pine thinning https://doi.org/10.
SC data, fine sandy 1007/s13157-019-
vegetation loam, 01153-y
characteristics, Goldsboro fine
WT data sandy loam,
and Lenoir
clayey mixed
Fox Effects of Waverly, 1968— 16 ha Site prepara-  Poorly drained  Pinus serotina Ditching, Bedding resulted
etal. drainage Holland, 2003 tion treatment, Myatt and Michaux (Pond Chop, in a relatively
2006 and and (33 yrs) stand density, Rains series, pine), Pinus Bedding large growth
bedog on Windsor, total height, somewhat taeda L. response, and
rear surface VA DBH, Basal poorly drained  (loblolly Pine) water tables were
hydrology area, WT Lynchburg below the surface
depth, evapo- in all sites
transpiration
Skaggs  Effects of Sites in 1956~ Location  Meteorologic (Clays to Vegetation N/A Computed ditch
et al. minor VA, TN, 2005 specific data Sand): Cape  simulated- Pine threshold spacing-
2011  drainageon  NC, SC, (50 yrs)  to major Fear, Torhunta,  or pine mixed can be used as a
hydrology GA, FL, soil type Pantego, hardwood benchmark to
of forested AL, and Pamlico, evaluate impact of
wetlands LA Coxville, drainage
Tomotley, alternative on
Plummer, and wetland
Leon hydrology.
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Figure 1. Location map of 18 study sites in the Southeastern Atlantic and Gulf Coastal Plain based on literature since 1990.
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processes, particularly the WT, and examined the interaction
between silvicultural and water management practices
(ditches, flashboard risers, etc.) on WT dynamics (table 1).
A brief review of these models is presented in table 2.

WETLAND HYDROLOGY AND WATER BUDGET
BASED FORESTED WETLANDS CLASSIFICATION

In forested wetlands, hydrology is the most important fac-
tor influencing productivity. The hydrogeomorphic wetlands
classification system proposed by Brinson (1993) has been
adopted to assess jurisdictional wetlands (NRCS, 2008).
Wetland hydrology is characterized by sustained saturated
conditions in the upper part of the soil profile. The criterion
may be expressed as: Wetland hydrology exists on a site if,

during the growing season, the soil profile is normally satu-
rated or the WT within 30 cm of the surface for a continuous
period of 5% to 12.5% of the growing season, which is de-
fined as the period with air temperatures above 28°F for 50%
of the years, and “normally” means the criterion is satisfied
in 50% of the years (USACE, 2005). Skaggs (2012) studied
the effects of varying growing seasons on wetland hydrol-
ogy. A continuous period of 14 days represents 5% of the
growing season for most of the sites considered in this study
and was used for analyses presented herein. See also Wet-
lands Regulatory Assistance Program (ERDC TN-WRAP-
05-2) and Trettin et al. (2020). The hydrogeomorphic wet-
land classification can be related to a water balance-based
hydrologic classification (Semeniuk and Semeniuk, 2016;

Table 2. Comparative features of types, processes, merits, and limitations for WT depth simulation by six hydrology models.

Model Features DRAINMOD DRAINMOD-FOREST MIKE SHE PIHM FLATWOOD DAILY-WT
Developers and R.W. Skaggs DRAINMOD_ FOREST: Systeme C. Duffy, Y. Qu, G. Sun, H. Riekerk, D.M. Amatya,
related (1978; 2012), S. Tian and M. Youssef, Hydrologique M. Kumar, S. Li, and N.B. Comerford M. Fialkowski,
publications North Carolina North Carolina State Européen (SHE) in ~ G. Bhatt, X. Yu, Y.  (1998); University and A. Bitner
State University University; Tian et al. 1977, based on the  Shi, Y. Zhang, and of North Florida (2019); US
(2012a; 2015) blueprint of Freeze L. Shu, Forest Service
and Harlan (Abbott  Pennsylvania State and Warsaw
et al., 1986); University University of
Amatya et al. Zhang et al. (2018) Life Sciences
(2022); Dai et al.
(2010)
Field and/or Field; neither Field; neither grid Watershed; Watershed scale Watershed: Plot/Stand
watershed scale nor HRUU-based nor HRU-based HRU or (HUC-based) and HRU or
grid-based regional-scale grid-based
Forest growth No Yes No No No No
and
management
Model type Semi-process Process-based Process-based Process-based Semi-process based Empirical
based
WT prediction Midpoint Midpoint between At each grid cell At each grid cell At each grid cell At the well
between ditches ditches location
Runoff Process Yes Yes Yes Yes Yes No
Runoff Input Saturated Saturated hydraulic Geospatial data, Geospatial data,  Geospatial data, Soil None
parameters hydraulic conductivity Saturated hydraulic Soil retention retention values,
conductivity Surface storage, conductivity values, Geological Specific yield,
Surface storage Soil depth, Ditch depth ~ Manning roughness parameters, vegetation
Soil depth and spacing, Soil water  Soil/aquifer depth, vegetation parameters, 2-D
Ditch depth and  retention values, Initial Drain depth, Soil parameters, Leaf saturated hydraulic
spacing WT water retention area index, albedo  conductivity, Depth
Soil water values, Specific to aquifer and
retention values yield, Initial WT, calibration
Initial WT Leaf area index parameters
Runoff Input Hourly Hourly precipitation, Daily precipitation, Daily precipitation, Daily
Variables precipitation, Daily temperature temperature, and Daily temperature precipitation,
Daily weather variables, if Daily
temperature available temperature
Evapotranspirat Used internally calculates Empirical equations ~ P-M eq.; stomata Hamon PET, Daily PET from
ion Process Thornthwaite daily PET using the P-M  from Kristensen and resistance, Canopy interception, Penman-
model/method  PET as default, method with canopy Jensen (1975) —in aerodynamic Leaf area index, Soil Monteith,
can use daily conductance estimated  this table; or, two-  resistance, surface evaporation Priestley-Taylor,
Parameters external PET, as a function of layer Water Balance resistance, reduction Hargreaves, and
and Input ET =PET with climatologically method from Yan  vegetation fraction; coefficient, root or user-
variables no moisture limit, regulated stomatal and Smith (1994) meteorological density calculated PET;
otherwise conductance and LAI variables, Root depth, and
constrained; No predicted by the forest vegetation fraction, Soil depth; No
canopy growth model root depth, LAI canopy
interception interception.
Forest type Pine dominated Loblolly pine pine dominated Most forest Slash pine Pine dominated
simulated
Water table Yes, at multiple Yes Yes, at multiple Yes Yes Yes
Validation, if sites sites
any
Temporal scale Hourly, Daily Hourly, Daily Daily, monthly, Hourly, daily, Daily Daily

annual

monthly, and
annual

2(4): 191-211
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Table 2 (continued). Comparative features of types, processes, merits, and limitations for WT depth simulation by six hydrology models.

Model Features ~ DRAINMOD DRAINMOD-FOREST MIKE SHE PIHM FLATWOOD DAILY-WT
Merits and Relatively few For flow and WT Multiple water Multiple Primarily WT and ~ Few parameters
applications parameters, predictions on resource applications runoff predictions obtained by
relatively easy dynamic forest with applications including WT and runoff on static  optimization and
for flow and WT growth; Impact including WT predictions on forests; Surface and  relatively easy to
predictions on assessment predictions on static static forests; groundwater use with easily
Poorly drained forests, Surface and Surface and interactions available data for
forests groundwater groundwater WT predictions
interactions interactions on static forests
Limitations Lowland Lowland Upland and lowland Both Lowland Lowland
Uncertainty and Yes Yes Yes Yes NO Yes
Sensitivity
analysis
Model NCSU-BAE NCSU-BAE Danish Hydraulic PSU No No
supported by Institute (DHI)
Public domain Yes Not yet No Yes No No
Contacts Mohamed Youssef: mks@dhigroup.com  Christopher Duffy:  ge.sun@usda.gov ~ devendra.m.amat
Mohamed_youssef devendra.m.amatya  Cxdll@psu.edu ya@usda.gov
@ncsu.edu (@usda.gov
daud.hamidi@yaho
o.com
zhaohua.dai@usda.
gov

Williams, 1997; Williams et al., 2016). The water balance
method characterizes forested wetlands as three types:
(1) rain-fed, (2) groundwater-fed, and (3) surface water-fed.
Precipitation and evapotranspiration (ET) are the primary in-
puts and outputs in the water balance in southeastern forests
(Acharya et al., 2012; Amatya et al., 2019; Berkowitz et al.,
2020; Sun et al., 2001; Skaggs et al., 1994; Williams et al.,
2016). Precipitation excess (P > ET) varies seasonally and
spatially across the coastal region, with surplus (P > ET)
generally occurring during late winter and early spring when
evaporative demand is low. In the southeastern US, average
precipitation excess is most significant in eastern North Car-
olina, Alabama, and western Louisiana and least in peninsu-
lar Florida (Muller and Grymes III, 1998; Liu et al., 2022).
Rainwater wetlands generally exist on upland poorly drained
organic soils where surface and subsurface flow are insuffi-
cient to remove the precipitation excess from a site. These
wetland types, also called pocosins, are extensive on the
broad low-relief basins of the lower coastal plain and corre-
spond to Brinson's (1993) wet flats. Groundwater-fed wet-
lands, receiving a groundwater subsidy, are found primarily
in stream riparian zones, and combine with surface flows
along bluffs of alluvial river valleys (Ramesh et al., 2020).
Surface water-fed wetlands are most extensive along large
alluvial rivers. The hydrology of surface water-fed forested
wetlands may be affected by flood control practices, such as
the construction of upstream reservoirs or levees along the
stream, but infrequently by drainage (Skaggs et al., 2020).
Jackson et al. (2004) reviewed hydrology research in such
wetlands and other poorly drained sites in the Southeast in
which ET is the second largest component of the water
budget. The hydrologic regime of such wetlands is defined
by a shallow WT and/or prolonged inundation during the
non-growing season, with a naturally derived drawdown of
the WT during the growing season when ET is at its maxi-
mum (Petru et al., 2014). Zhang et al. (2018) observed that
because of inundation, forested and herbaceous wetlands ab-
sorb an additional 6% and 10%, respectively, of shortwave
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radiation annually, resulting in a significant increase in ET,
potentially drawing down the water table.

ET from the overstory canopy plays a key role in regulat-
ing the water table, water storage of wet, flat, rainwater-fed
forested wetlands (Amatya et al., 1996; 2019; Chescheir et
al., 2008; Harder et al., 2007; Sun et al., 2001). The temporal
variability of the WT is dominated by high rates of both the
ET and rainfall during the growing season and immediate
interaction of both with the WT near the surface (Jackson et
al., 2004). Thus, wetland hydrology, defined by the WT, can
be temporarily changed by alteration in ET by timber har-
vesting, planting for regeneration, and other silvicultural
practices that alter vegetation canopy and/or infiltration
(Amatya et al., 2006; Amatya and Skaggs, 2008; Brown et
al., 2005; Skaggs et al., 2020; Sun et al., 2001).

IMPORTANCE OF THE WT POSITION ON WET FLATS

WT generally serves as a proxy of soil moisture status in
both unsaturated and saturated soils (Acharya et al., 2012;
Amatya et al., 2020; Amatya and Fisher, 2022; Loheide et
al., 2005; Shah et al., 2007; Skaggs, 1978). Rapid rises and
drawdowns of the WT with rainfall and ET are common in
southeastern forested wetland watersheds (Amatya and
Skaggs, 2011). Any changes to ET and precipitation or infil-
tration will have direct impacts on the ground WT fluctua-
tion patterns and potentially associated biotic functions (Lu
et al., 2009). When rainfall rates are high, or drainage rates
are slow, the WT may rise above the surface. If rainfall con-
tinues at a rate greater than the drainage rate, the soil surface
will become ponded with the WT on/above the surface, and
subsurface drainage will be maximized (Skaggs et al., 2006;
Harder et al., 2007; Amatya et al., 2019). In deeply rooted
forests, the decline of WT depth with increased subsurface
drainage does not appear to limit ET (Amatya et al., 2019;
Skaggs et al., 2020).

Site characteristics such as microtopography, storage, soil
texture and hydraulic properties, slope, vegetation type,
stand density, root depth, and leaf area index (LAI) also in-
fluence the WT on forested wetlands (Amatya and Skaggs,
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2001; Amatya et al., 1997; Klammler et al., 2020; Xu et al.,
2002; Skaggs et al., 2006). For example, micro-topography-
based surface storage, such as bedding and naturally occur-
ring shallow depressions, can affect changes in WT and sur-
face ponding (Skaggs, 1978). Water remains ponded in these
depressions until it drains through the profile or is removed
by ET (Amatya et al., 1996, 1997; Amoah et al., 2013;
Harder et al., 2007; Skaggs et al., 2020). Many ecological
functions of wetlands are influenced by wet periods, i.e., the
time interval when the WT is continuously ponded or near
the land surface (Riley and Stilwell, 2023).

Williams and Amatya (2016) showed that soil classifica-
tion of drainage class is directly related to the average WT
depth of coastal plain soils. For example, drainage class is
directly related to average WT depth within sands. Soil type
also influences drainable porosity (the depth of water re-
leased (cm) when the WT falls by a unit distance). Saturated
hydraulic conductivity affects WT depth by its effect on lat-
eral and vertical drainage rates and is important when exam-
ining the effects of a single ditch or network of parallel
ditches (Harder et al., 2007; Phillips et al., 2010; Skaggs,
2007) although site-specific, apparent lateral hydraulic con-
ductivity and transmissivity of the soil profile often increase
substantially with stand age (Skaggs et al., 2020). Jackson et
al. (2004) described seasonal temporal and spatial WT dy-
namics at some forested wetland sites in the Southeast.

Sun et al. (2001) reported that in addition to soils, wetland
types, and management practices, climate is an important
factor in controlling wetland hydrology and the magnitude
of disturbance impacts, which is beyond the scope of this
study. However, most experimental studies evaluating the
WT in the context of silviculture are short (1-3 years), and
very few long-term studies have been conducted (Amatya et
al., 2005; 2019; 2020; Aust et al., 2020; Epps et al., 2013;
Sun et al., 2001; Jackson et al., 2004).

EFFECTS OF FOREST MANAGEMENT

ON HYDROLOGY
TREE REMOVAL

Most pine plantations in the southeastern US are managed
on a 20- to 30-year rotation (Borders and Bailey, 2001; Bel-
tran et al., 2010), with pine regeneration following clearcut
harvest, site preparation, and seedling planting (Amatya et
al., 2006; Muwambea et al., 2015; Skaggs et al., 2011; Swin-
del et al., 1982). Tree removal at harvest results in reduced
ET and increased water yield. The concept of reduced ET
following harvest has long been understood in US forest hy-
drology research (Bates and Henry, 1921; Bosch and
Hewlett, 1982; Stednick, 1996; Brown et al., 2005). In wet-
land forests, the response to tree removal is a rise of the WT
and an increase in runoff (Trousdell and Hoover, 1955; Kyle
etal., 2005), apparently due to a substantial reduction in can-
opy interception and transpiration (Amatya et al., 1997,
2006; Aust and Blinn, 2004; Sun et al., 2000). The percent-
age rise is most significant on drier sites and during periods
of lower rainfall, with the most pronounced effects when the
WT level is relatively low (Sun et al., 2001; Williams and
Lipscomb, 1981). Even on drained sites, reduced ET rates in
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young plantations led to extended periods when the soils
were saturated during the winter, which decreased seedling
survival and growth (Burton, 1971). On frequently flooded
sites, there may be a decrease in WT depth following forest
removal (Dube et al., 1995; Lockaby et al., 1994; Verry,
1986).

In addition to reduced ET caused by the removal of ma-
ture trees, harvesting may also alter soil hydraulic properties
(Skaggs et al., 2006, 2020; Xu et al., 2002). Reduction of soil
macropores during the harvesting, bedding, and regeneration
process may reduce hydraulic conductivity and drainage
rates, resulting in elevated soil saturation and WT (Amatya
et al., 2006; Aust et al., 2020; Fox et al., 2006; Skaggs et al.,
2006). Harvesting wet pine flats may compact soil, causing
puddling and rutting and decreasing hydraulic conductivity
and porosity (Lang et al., 2016; Skaggs et al., 2016; Sun et
al., 2001), both of which may also increase WT elevation
and water yield (Anderson and Lockaby, 2011). Perison
(1997), in a study of harvest methods in blackwater swamps,
found increased surface water storage and elevated WT due
to blocked drainage in the most intense treatment where
skidder ruts covered 20% of the area.

However, in many cases, soil disturbance does not persist
for long periods. For nonalluvial sites, such as wet mineral
flats, Aust et al. (2004), as cited in Aust et al. (2020), evalu-
ated over 100 peer-reviewed articles that evaluated effects of
wet-condition harvesting and site preparation on coastal
plain sites, with a primary focus on alteration of soil physical
properties, site hydrology, and subsequent tree survival and
growth. Aust et al. (2004) found that natural ameliorative
factors, including mixed mineralogy, were important for the
recovery of soils following disturbance. The effects of clear-
cutting were most pronounced during the first two to three
years (Amatya et al., 2006; Sun et al., 1998). Clearcutting
and partial cutting of bottomland hardwood forests in Texas
caused an average increase in the WT elevation of 19 cm and
15 cm, respectively, in the first year (Messina et al., 1997;
Wang, 1996). In the second year, only an increase of 6 cm
was observed. Amatya et al. (2006) found increases of as
much as 20 cm in the average WT during the treatment com-
pared to the control in the first six months after harvest. Still,
a decrease in the average WT depth was observed within two
years after planting, except during some dry summer
months. It must also be recognized that such changes could
be caused by differences in weather.

MINOR DRAINAGE AND DITCHES

Besides the method of felling, many other silvicultural
practices impact the wetland forest ecosystem. On poorly
drained soils in the Coastal Plain, site preparation practices
such as minor drainage (fig. 2) and bedding are used to man-
age excess water and improve soil aeration to increase sur-
vival and growth of planted seedlings, as well as provide
trafficability conditions (Fox et al., 2006; Skaggs et al.,
2016, 2020; Trettin et al., 2020).

Minor drainage is a silvicultural practice used to promote
stand survival and reduce soil damage in poorly drained
stands by removing excess surface water during harvest, site
preparation, and stand establishment (Amatya et al., 2019,
Schilling et al., 2020; Skaggs et al., 2011, 2020). This type
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Figure 2. Pictures of typical minor drainage ditches (deep on the left and shallow on the right).

of drainage is temporary, not maintained, and designed to
move surface water away quickly after a rainfall event with-
out drawing down the WT and altering the site hydrology.
Minor drainage is exempted from permitting under Section
404 of the federal Clean Water Act, 1972, may not convert
the site to a non-wetland condition (Skaggs et al., 2011), and
may not be used to deepen legacy drainage. Maximum
depths are typically determined in consultation with state
agencies, and they are not maintained but allowed to fill in
naturally over the course of a rotation. Trettin et al. (2020)
observed that minor drainage is not commonly used, with
existing ditch maintenance being more routine.

Drainage has been used since the mid-1800s to enhance
tree growth and provide access to lands with naturally poor
drainage (Skaggs et al., 2016, 2020). Klawitter (1970) stated
"water regulation, water management, water control, or
woodland drainage" — regardless of the terminology — is the
manipulation of surface and soil water levels on wet forest
land. By the mid-1980s, drainage was being used to provide
access for the harvest and re-establishment of over a million
hectares of poorly drained forests in the coastal plains along
the Atlantic Ocean and Gulf of Mexico (McCarthy and
Skaggs, 1992). Expansion of drainage projects to establish
new plantations on forested wetlands ended by 1990 because
of concerns around their effect on jurisdictional wetlands
and federal regulations for wetland protection (Skaggs et al.,
2016). However, the Clean Water Act allows existing drain-
age to be maintained, and only minor drainage for silvicul-
ture continues under guidelines to keep wetland characteris-
tics of the site (Skaggs et al., 2011, 2020). The recent Su-
preme Court decision in Sackett (2023) and a subsequent
EPA “Waters of the United States” rule revision (Depart-
ment of the Army, Corps of Engineers, & Environmental
Protection Agency, 2023) reduced the scope of jurisdictional
wetlands, but the Clean Water Act still applies to wetlands
with a continuous surface connection to a relatively perma-
nent water body. Substantial positive effects of drainage on
tree growth in the South and Southeast were recognized in
the Hoffman Forest in the 1930s (Miller and Maki, 1957;
Skaggs et al., 2020) and on other industry lands (Campbell
and Hughes, 1980; 1991) in eastern North Carolina (NC).
Drainage increased tree growth by 80%-1300% with as
much as 10x greater wood production on drained loblolly
pine plots compared to undrained plots (Skaggs et al., 2020),
and the drainage requirements for silviculture are most crit-
ical during harvesting and the re-establishment period
(Skaggs et al., 2020).
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Large tracts of wet pine flats forested wetlands in the
southeastern coastal plain are drained with ditch networks
and intensively managed for silviculture (Amatya et al.,
2019; McCarthy and Skaggs, 1992). The most extensive
drainage application for silvicultural purposes has occurred
in the South and Southeast coastal plains, where the rain-fed
forested wetlands are on flats between widely spaced shal-
low natural streams (Skaggs et al., 2016; 2020). Adding
drainage ditches at closer spacing than the natural stream
density results in deeper water tables between ditches on
young coastal sediments (Amatya et al., 2019). Compared to
undrained sites, sites with forest drainage experience less
frequent and shorter duration ponding and deeper median
WT depths (Amatya et al., 2019).

Deeper WT depth during the growing season on an un-
drained coastal South Carolina (SC) forested wetland (San-
tee) compared to a drained forest site (Carteret) was reported
for a NC site (Amatya et al., 2019) (see below). Despite the
deeper WT depth on the undrained sites during the growing
season, the long-term mean WT depth of the undrained site
was found to be shallower than that of drained sites (Amatya
et al., 2019). However, WT depth of an undrained-natural
wetland with mature pine hardwood mixed forest at a coastal
North Carolina site was found to be generally deeper than on
an adjacent drained young pine forest during the dry periods
in the summer and fall, likely due to increased ET from deep-
rooted stands on the wetland (Amatya et al., 2020). The WT
on the natural wetland site was shallower during the winter
and spring wet periods. As a result, Amatya et al. (2020)
found daily WT depth ponding occurred slightly less than
0.03% of the time on the drained site in contrast with about
1% of the time on the undrained forest sites. Differences in
WT depth frequencies between the drained Carteret site in
NC and the undrained Santee site in SC can be attributed to
drainage effects but could also be attributed to differences in
rainfall and soil types (Amatya et al., 2020). However,
drained and undrained watersheds in these studies behaved
similarly in terms of WT responses after vegetation removal,
either by extreme natural or anthropogenic disturbances.
This observation supported the hypothesis, as expected, that
under extreme climatic conditions, average WT response on
poorly drained and well-drained soils would not be signifi-
cantly different (about 12 cm on both and 230-280 cm below
ground surface as a response to excessively wet and exces-
sively dry periods, respectively) and is independent of soil
type (Amatya et al., 2020). Data suggests that ditching has
the most apparent and significant effect on both drainage
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volume and peak flow rates during the wet periods (Sun et
al., 2001).

A field-scale hydrology model, DRAINMOD (Skaggs,
1978, 2012), has been widely used to evaluate WT depths on
coastal forest sites with varying climate, soil, drainage types,
and vegetation stands (Skaggs et al., 2012; Skaggs et al.,
1994, 2006, 2016, 2019; Amatya and Skaggs, 1997; Amatya
et al., 2003a,b; Amoabh et al., 2013; Dai et al., 2010). Those
modeling and monitoring studies have shown that drainage
ditches may remove wetland hydrology (wetland criteria not
satisfied) near ditches due to deeper WT in most fields. Us-
ing the DRAINMOD modeling approach for WT prediction,
Skaggs et al. (2011) studied multiple sites with varying dom-
inant soil types (e.g., Cape Fear, Pantego, Torhunta, Tomot-
ley, Pamlico, Coxville, Plummer, and Leon) in Virginia,
North Carolina, South Carolina, Georgia, Florida, Alabama,
and Texas for deriving threshold ditch spacing that can be
used to evaluate the impacts of minor drainage on the hy-
drology of forested wetlands for varying drainage densities.

Adding water-level control structures in the ditches, as a
controlled drainage practice, can manage flow conditions in
the ditch network and subsequently also affect the WT to
mitigate the effects (Amatya and Skaggs, 1997; Amatya et
al., 2003a; Haahti et al., 2017), by retaining water on-site
when appropriate, to avoid excessive drainage.

BEDDING EFFECTS ON WATER TABLE

Bedding is the process of preparing a series of parallel
ridges (Xu et al., 2002) to create elevated ridges or beds that
provide well-drained soil conditions for pine seedlings (Mu-
wamba et al., 2015) (fig. 3). Beds are formed by disking soil
from shallow trenches (15-50 cm) on either side of the bed
(Trettin et al., 2020). Improved growth of seedlings on ele-
vated microtopography with improved soil aeration (McKee
and Shoulders, 1970) led to the development of bedding in
the Coastal Plain (Fox et al., 2002).

Based on a short observational study, Kyle et al. (2005)
found that bedding-only treatment yielded shallower WT
depth than ditching-only during site preparation. The differ-
ence in WT between the two treatments dramatically de-
creased as the trees matured. This common practice of bed-
ding (Schilling et al., 2020) (fig. 3a) rearranges the topsoil in
an elevated bed, which creates microtopography that will al-
low planted seedlings (fig. 3b) to survive during periods of
elevated water tables (Aust et al., 2020; Schilling et al.,
2020). Still, it does not connect to the drainage network.
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Mounding is a similar concept, but the elevated beds are not
linear and are less common in the Southeastern U.S. (Aust et
al., 2020). Bedding is intended to increase the depth of aer-
ated soil to seedlings (Schilling et al., 2020). Similarly, Aust
et al. (2004) found that bedding could have restorative ef-
fects on soil properties disturbed by rutting. The ridge and
valley microtopography created also enhances surface de-
tention storage capacity and precludes surface runoff for
most cases. High infiltration capacity in the surface soil layer
results in the complete infiltration of throughfall (rainfall —
interception) except for large rainfall events when the WT
rises close to the surface (Amatya et al., 1996). Then, infil-
tration is limited to approximately the drainage rate. Numer-
ous studies have seen positive growth responses to bedding
on poorly drained sites (Schilling et al., 2020). A significant
increase in stand volume will likely occur in bedded planta-
tions with at least 2025 years of rotations (Fox et al., 2006).
However, there are limited field studies documenting the ef-
fects of bedding on WT ponding magnitude and durations
(Amatya et al., 1997; Xu et al., 2002), although the mecha-
nisms are well understood and can be predicted by DRAIN-
MOD-type models (Skaggs et al., 2006, 2011).

CASE STUDIES FROM LONG-TERM

EXPERIMENTAL SITES
EFFECTS OF FOREST MANAGEMENT ON SITE
WATER TABLE, SOILS, AND PRODUCTIVITY

In a 24-year evaluation study on harvest disturbances
within a red river bottomland, Aust et al. (2020) (table 1)
found that trafficking impacts caused by skidding had tran-
sitory effects on the WT that were offset by a combination
of shrink-swell soils, riverine sediment deposition, organic
matter enrichment from logging debris, the presence of
flood-tolerant species, and annual flooding that deposited
seeds in areas not having coppice regenerations. These au-
thors also concluded that initial soil compaction and porosity
and hydraulic conductivity reductions had generally recov-
ered after 24 years, consistent with Skaggs et al.’s (2020)
study at a NC coastal site. The study also revealed that the
initial effects of increased soil compaction, altered soil aera-
tion, and greater soil moisture reduced the initial survival of
seedlings. Areas with compacted skid trails and no site prep-
aration had significantly lower stand volumes than adjacent
non-compacted controls (Aust et al., 2020). These results

©

Figure 3. (a) Typical bedding; (b) a site preparation technique to improve seedling survival during (c) waterlogged conditions.
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may have some implications for the recovery of bottomland
forest hydrology, including WT dynamics.

In another study, Fox et al. (2006) aimed to document the
long-term growth response of loblolly pine reforestation and
site preparation on poorly drained mineral soils in the coastal
plain of Virginia through age 33. Loblolly pine seedlings
were planted at a 3 m x 1.8 m spacing during February and
March of 1969. They used three treatments: chop, ditching,
and bedding. They found that bedding improved tree growth
through 15 years on one site and 20 years at the second site
compared to the chop and ditching. They found that trees
were significantly taller in the ditch treatment (21.8 m) com-
pared to the bed treatment (19.3 m). The bed treatment site
contained the shortest trees. At age 33, there were no differ-
ences in the height of trees in the chop, bedded, or ditched
treatment, and there were also no significant effects of site
preparation on stand density, mean diameter, or basal area.
Following harvest, water tables rose potentially due to de-
creased rates of ET. This study found that the growth re-
sponses to site preparation treatments, such as ditching and
bedding that improve soil aeration early in the rotation, de-
crease over longer periods of time. Early results from this
study showed a significant increase in growth in bed and
ditch treatments compared to the chop treatment. The growth
response to ditching decreased over time, in contrast with the
large growth response of loblolly pine lasting over 30 years
reported by Miller and Maki (1957) and Maki (1960) after
ditching pocosins in eastern NC. Maki (1960) observed a
dramatic, long-term response to ditching on organic soils
that were much wetter than the mineral soils on the Fox et
al. sites, indicating the influence of soil type on growth re-
sponse to ditching. Increased volume of well-aerated soil in
the ditch treatment resulted in increased rooting volume
available and increased growth. Over time, the shallow wa-
ter tables observed soon after harvest were lowered, likely
due to increased ET rates, potentially explained by increased
LAI reported by Sampson et al. (2011).

Similarly, Skaggs et al. (2020) synthesized results from
long-term field research on a drained pine plantation water-
shed to quantify changes in soil hydraulic properties over an
18-year period from prior to harvest through harvest, regen-
eration, and growth to maturity. Data collection began in
1988 when the stand was 15 years old, and studies have been
conducted to determine the soil hydraulic impacts of a range
of silvicultural practices from that time onwards. The re-
ported observations were limited to watershed D2, which
was harvested in July 1995 at a stand age of 22 (Amatya et
al., 2006). The D2 watershed was then bedded and prepared
for planting in October 1996 and replanted in February 1997;
studies continued through 2008, when the new plantings
were 12 years old (Amatya and Skaggs, 2011).

Drainage rates after bedding were clearly reduced for WT
elevations greater than 15 cm. Apparently, the bedding pro-
cess destroyed or interrupted the continuity of macropores in
the upper soil profile; so that the saturated soil conductivity in
those layers attained values similar to those given in the NRCS
Soil Survey for agricultural soils. By the time these stands ma-
tured at ages 11-12, apparent hydraulic conductivity in the
surface layers had also returned to levels occurring before har-
vesting and bedding. Due to such increases in the conductivity
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and transmissivity of the upper part of the soil profile, drain-
age, and WT drawdown rates of mature forests may be sub-
stantially greater than at sites undergoing preparation/planting
or where trees are still young (Skaggs et al., 2020).

EFFECTS OF FOREST MANAGEMENT
ON LONG-TERM HYDROLOGY

Skaggs et al. (2020) study (table 1) also examined the ef-
fects of tree growth on soil hydraulic properties and silvicul-
tural drainage practices on the hydrology of wetland forests
using DRAINMOD model simulations. Lateral effects of
drainage ditches were small for young pine but may be much
more significant when the trees mature and result in a loss of
wetland hydrology not only near the ditches but also on a
significant percentage of the plantation. This change, caused
by the greater lateral hydraulic transmissivity and increased
ET in mature stands, is consistent with other studies (Amatya
et al., 2002; Sun et al., 2001; Domec et al., 2012). The au-
thors concluded that drainage ditches, typically spaced 100
or 200 meters to provide sufficient drainage intensity for the
establishment and survival of a young plantation, will satisfy
the wetland hydrologic criterion on most of the site for the
first years after planting. Increases in soil hydraulic conduc-
tivity and profile transmissivity as trees mature may fail to
sustain wetland hydrology. In addition, Skaggs et al. (2011)
conducted long-term DRAINMOD simulations to determine
the threshold drainage intensity (ditch depth and spacing)
that removes wetland hydrology from forested wetlands us-
ing 13 soil series and profile combinations at ten locations
from Norfolk, Virginia, to Baton Rouge, Louisiana, in the
Atlantic and Gulf coastal states. The authors reported that
the threshold spacings can be used as benchmarks to directly
evaluate the impact of drainage alternatives on wetland hy-
drology. They were also used to determine inputs for previ-
ously developed methods to predict the lateral impact of a
single ditch on wetland hydrology. These drained forested
watersheds will continue to provide substantial water quality
(Chescheir et al., 2003) and habitat benefits. A few studies
documenting water quality (primarily nutrients and sedi-
ment) effects on drained pine plantations are provided else-
where (Amatya et al., 1998; Beltran et al., 2010; Grace et al.,
2006; Shelby et al., 2005).

Amatya et al. (2020) synthesized daily WT data from four
study sites: (1) 24 years of data collected from an artificially
drained watershed (F6) on a loblolly pine forest on Weyer-
haeuser Parker Tract in northern coastal NC (fig. 4a); (2) 21
years of data from three artificially drained managed loblolly
pine watersheds (daily average from each of the two wells
on each watershed) on Weyerhaeuser lands in coastal Carte-
ret County NC (fig. 4b); (3) 14 years of data from a mini-
mally disturbed undrained reference watershed (WS80) and
its paired treatment (WS77) watershed (fig. 4c); and (4) ten
years of data from groundwater wells at four different loca-
tions (representing Rains, Lynchburg, Lenoir, and
Goldsboro dominant soil types) on a large Turkey Creek wa-
tershed (fig. 4c) at the Francis Marion National Forest in
coastal South Carolina (Amatya et al., 2024), making a total
of ten well sites.

Examples of long-term (1988-2008) daily WT data from
a reference watershed (D1) at the Carteret managed pine
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Figure 4. Location map of 10 WT wells used in the study: (a) field F6 on a managed pine forest at Parker Tract, NC; (b) WT from two well
locations on each of the D1, D2, and D3 managed pine forested watersheds were averaged to obtain data for three watersheds at Carteret, NC
site; (c) one well each at the WS77 and WS80 watersheds and four wells on Rains, Goldsboro, Lynchburg, and Lenoir soil types on the large
Turkey Creek watershed at Santee experimental Forest in SC (After Amatya et al., 2020).

forest site and 2003-2021 data for a naturally drained pine
mixed hardwood reference watershed (WS80) at the Santee
Experimental Forest (SEF) site are shown with some addi-
tional explanations in figures 5 and 6, respectively. Simi-
larly, data for a 12-year period on four different soil types in
a pine-dominated forest on the Turkey Creek watershed at
the Francis Marion National Forest is shown in figure Al.
Data used for this (Amatya et al., 2020) study were from
ten long-term experimental forest sites, with land surface
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th 2011 being the driest year of the 19-year period.

201



extended periods in the winter and spring months for all
years, except for the very dry 1993 summer with higher ET
demands. Results of this study suggest that forest drainage
causes forest soils to behave as if they were in a higher drain-
age class (Williams and Amatya, 2016) (fig. 7a). A concep-
tual diagram in figure 7b shows WT depth as a function of
ditch spacing and tree stand ages for three soil types identi-
fied by colors defined in figure 7a.

GAPS IN KNOWLEDGE AND NEED

FOR FUTURE RESEARCH
LACK OF KNOWLEDGE

The effects of forest management on upland watershed
hydrology are well studied, and understanding of hydrology
and silvicultural effects on soils and productivity of forested
wetlands has improved in recent years (Sun et al., 2001;
Jackson et al., 2004; Skaggs et al., 2006, 2020). Still less in-
formation is available for forested wetland landscapes (Sun
etal., 1998). For example, uncertainties remain regarding the
impacts of silvicultural practices on WT dynamics that de-
fine wetland hydrology. Effects of recent climatic trends on
WT dynamics of these forested lands are also not well
known due to a limited number of studies, short periods of
data (< 10 years in most cases), and insufficient time to cap-
ture variability, including weather, climate trends, extreme
events, and silvicultural management practices throughout a

stand rotation. Similarly, incorporating effects of climate
change, specifically the interaction of changing intensity and
frequency of precipitation and increasing temperature, po-
tentially influencing seasonal and interannual variation of
wet periods (Liu and Kumar, 2016), into the WT modeling
remains an important challenge. Zhu et al. (2017) showed
that changes in precipitation and potential ET would signif-
icantly alter wetland hydrology, including groundwater dy-
namics, by the end of the 21st century. Similarly, Zhu et al.
(2020) assessed wetland sustainability by modeling WT dy-
namics under climate change. In addition, it is unknown how
sea level rise and increasing extreme precipitation intensities
interact to affect the WT dynamics of coastal forested wet-
lands. For example, while ditches may increase saltwater in-
trusion through increased hydrologic connectivity (Kirwan
and Gedan, 2019; Aguilos et al., 2021), increased inland pre-
cipitation may make legacy drainage critical to maintaining
forest cover.

There is also a lack of information to quantify the effects
of land use/land cover on soil hydraulic properties. Temporal
variation in existing studies has limited the ability to assess
their impacts on wetland hydrology (Skaggs et al., 2020).
Long-term experiments monitoring harvesting impacts on
wetland hydrology after the first year into the following
years are rare (Wang, 1996). Only a limited number of long-
term studies relating to WT dynamics of wet pine flats and
drained systems with intensive silvicultural management
practices and impacts of natural and anthropogenic
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disturbances on these systems are available (Amatya et al.,
2019). Changes in practices may not be captured. For exam-
ple, long-term studies need to include the impacts of ditch
maintenance in drained pine plantations. Maintaining
ditches before harvest, but not continuously, decreases sedi-
mentation by allowing vegetation to grow without a disturb-
ance. Although spoil piles from ditch maintenance must
minimize blockage of floodwaters and be stabilized for ero-
sion and sedimentation control, they may also reduce site lat-
eral conductivity over time. Understanding differences be-
tween legacy and minor drainage effects, with varying site
characteristics including soil hydraulic properties, is another
knowledge gap.

FUTURE RESEARCH

Long-term regeneration studies involving multidiscipli-
nary efforts (Conner, 1994; Every et al., 2023) and regener-
ation studies in response to the hydrology of these wetland
forests, specifically their water table/hydroperiod dynamics
(Schilling et al., 2020), are needed. Skaggs et al. (2020)
noted a need to understand better how WT dynamics of for-
ested wetlands are affected by silvicultural management
practices, including bedding and ditch maintenance, over the
range of soil conditions (Trettin et al., 2020). In addition,
there is also a need for more research on the impacts of for-
estry and associated management practices on soil proper-
ties, especially hydraulic conductivity. Such studies will
help inform guidance and policies on drainage and how it
can provide access and protect the soil while maintaining the
hydrology and wetland characteristics of a watershed
(Skaggs et al., 2020) in a changing climate.

Although DRAINMOD (Skaggs, 1978, 2012; He et al.,
2002; Chescheir et al., 1994), including its recent advance-
ment as DRAINMOD-FOREST (Tian et al., 2012a,b), is the
primary model reviewed in this study, several other modeling
tools are available in the literature (see table 2). These include
MIKE SHE (Amatya et al., 2022; Dai et al., 2010; Lu et al.,
2009; Ma et al., 2016), STELLA (Zhang and Mitsch, 2005),
Daily Water Table Prediction (Amatya et al., 2019; Yan et al.,
2018; Zampella et al., 2001), WETLANDS (Mansell et al.,
2000), PIHM-Wetland (Zhang et al., 2018; 2019), and FLAT-
WOODS (Sun et al., 1998; Pyzoha et al., 2008). Getahun and
Demissie (2018) also reviewed a brief compilation of refer-
ence works on hydrologic modeling of wetlands, including its
recent advancement as DRAINMOD-FOREST for forested
lands (Tian et al., 2012a,b). One promising modeling tech-
nique is the use of probabilistic approaches (Klammler et al.,
2020; Bertasello et al., 2018) to investigate links between the
WT regime in forested wetlands and the hydroclimatic,
edaphic, and vegetation attributes of managed forests. Simi-
larly, Zhang et al. (2018) presented a new regional-scale,
physically based, distributed wetland hydrological model,
PIHM-Wetland, which integrates the surface and subsurface
hydrology interactions of uplands and wetlands with coastal
processes and accounts for the influence of wetland inunda-
tion on energy budgets and ET. The model was validated us-
ing in situ hydro-meteorological measurements and Moderate
Resolution Imaging Spectroradiometer (MODIS) ET data
MODIS/Terra Net Evapotranspiration 8-Day L4 Global 500m
SIN Grid - LAADS DAAC (nasa.gov) for a forested and
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herbaceous wetland in North Carolina, USA, which con-
firmed that the model accurately represents the major wetland
hydrological behaviors.

Ensemble modeling, combining multiple models to pro-
vide more robust predictions, is gaining popularity in envi-
ronmental fields. Modeling tools, including machine learn-
ing approaches, have gained significant attention in recent
years for predicting water table/level dynamics in forested
ecosystems (Riley and Stillwell, 2023). Various techniques
are available for this purpose, each with merits and demerits.
Traditional physically based models, such as DRAINMOD
(Skaggs, 1978, 2012) and MIKE SHE (Amatya et al., 2022;
Dai et al., 2010), rely on a detailed representation of the
physical processes governing water movement, making
them suitable for capturing the complexities of hydrological
systems. These models have been widely used in hydrologi-
cal research and are well-established. However, their reli-
ance on comprehensive data and assumptions can lead to
challenges in handling uncertainties and variability in real-
world conditions and operational practices for forest manag-
ers/hydrologists. On the other hand, machine learning ap-
proaches, including Random Forest, Support Vector Ma-
chines, and Neural Networks, offer a data-driven alternative
that can be advantageous in certain contexts (Naser, 2023;
Zhu et al., 2023). In Manna et al. (2023), a data-driven ap-
proach using ML was tested to predict the daily WT using
data at a reference watershed, WS 80, discussed before and
results were very promising with R?>= 0.98 (fig. 8).

Efforts to improve the interpretability of machine learning
models are underway, making them more accessible and trust-
worthy for stakeholders and policymakers. As data collection
and monitoring technologies advance, the availability of high-
quality data will continue to improve, further enhancing the
accuracy and reliability of data-driven models for WT predic-
tion in forested ecosystems. These models can provide valua-
ble insights for sustainable forest management and support de-
cision-making processes to preserve the delicate balance of
hydrology in these critical environments. A summary of dif-
ferent machine learning and artificial intelligence models that
could predict WT depth is shown in table A1.

The future potential of data-driven approaches in WT pre-
diction in forested ecosystems is promising. By integrating
physically-based models with machine learning techniques,
it is possible to harness both approaches' strengths and over-
come their weaknesses, holding a great promise for more ac-
curate and efficient WT prediction in forested ecosystems.
Meanwhile, although Baird and Low (2022), in their detailed
review of the WT concepts, concluded that the WT does re-
main as a simple concept in hydrology, citing the examples
of groundwater resource management and the water table's
use as an indicator of soil aeration and wetland hydrology in
this study, the authors also identified the precautions that
should be taken to ensure water tables are appropriately
measured and interpreted.

Thus, from this review, we believe there is a good under-
standing of the impacts of forest management in present cli-
matic conditions based on observations reported in the litera-
ture and modeling techniques to assess those impacts, except
for some knowledge gaps noted above. However, we recom-
mend testing hypotheses that (a) Changing precipitation
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Figure 8. (a) Predicted (blue) and measured (red) daily WT depths for 2010-2016 and (b) regression of predicted daily WT with measured data

for the same period.

patterns (increasing intensity and frequency) over the last 30
years (Lindsey, 2021) has increased the magnitude, duration,
and frequency of WT levels exceeding threshold levels of wet-
land hydrology as well as inundation and connectivity despite
increased PET due to rising temperatures, (b) Projected fu-
ture changes in precipitation patterns (intensity and fre-
quency) in the coastal US (Jalowska et al., 2020) will continue
to influence the trend in decreasing WT depth and increasing
surface inundation and connectivity.

SUMMARY AND CONCLUSIONS

One important indicator of wetland hydrology is WT dy-
namics. Several studies showed that in addition to site-spe-
cific characteristics, silvicultural practices such as harvest-
ing, thinning, site preparation, bedding, ditching/ditch
maintenance, and minor drainage may affect the hydrology
of forested wetlands. Almost all studies report a temporally
elevated WT after harvesting, with far less drawdown during
dry periods compared to preharvest. For parallel ditch drain-
age systems, the deepest WT will occur along the ditch, in-
dependent of spacing, and may result in WT conditions that
will not satisfy the wetland hydrology criteria for a strip of
land adjacent to the ditch. The width of the strip would de-
pend on the depth and spacing of ditches, soil properties, and
local weather conditions. As trees grow to maturity, two fac-
tors may affect the wetland hydraulic status of the area:
(a) larger trees will have both increased ET demand and
deeper roots to access water from the profile, and (b) the
deeper, more biologically active rooting zone has been found
to increase the hydraulic conductivity and transmissivity of
the profile and result in increased drainage rates (Skaggs et
al., 2020). Both factors will increase the loss of wetland hy-
drology. Generally, WT level across the site will likely be
maintained at pre-drainage levels during young stages of tree
growth (until about 4-6 years after planting) and will con-
tinue declining with stand age. WT response to extreme pre-
cipitation as well as extreme dry conditions on these forested
wetlands on shallow aquifers will generally be independent
of soil, vegetation type, and management practice. Paudel et
al. (2023) recently demonstrated that hydrometric variables
of the growing season WT, as well as separate WT statistics
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for both wet and dry periods, can help elucidate vegetation-
hydrology associations in forested wetlands.
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Figure A1l. Daily WTfrom shallow groundwater wells on five dominant soil types: (a) Rains, (b) Lenoir, (c) Goldsboro, (d) Lynchburg, and (e) Wa-

hee for the 2006 to 2019 period.

Table Al. Different machine learning and artificial intelligence approaches with merits and demerits specifically for WTdepth simulations (Naser,

2023; Zhu et al., 2023; NASEM, 2019).

Regression-Based

Tree-Based

Neural Network-Based

Working Principle

Regression-based approaches are commonly
used to predict WTdepth by modeling the rela-
tionship between the target variable
(WTdepth) and relevant input features (predic-
tors). The main idea is to fit a regression
model to the historical data, where the
WTdepth is known, and then use this model to
predict the WTdepth for new, unseen data
based on the input features.

Tree-based approaches, such as Decision
Trees and Random Forest, work by recur-
sively partitioning the data into subsets based
on the input features to predict the target vari-
able, which is the WTdepth in this case. Deci-
sion Trees split the data based on feature
thresholds, creating branches and nodes that
form a tree structure. Random Forest is an en-
semble method that builds multiple decision
trees and combines their predictions to im-
prove accuracy and reduce overfitting.

Neural network-based approaches, specifically
deep learning models, work by simulating the
human brain’s neural connections. They con-
sist of multiple layers of interconnected neu-
rons, where each neuron processes and trans-
fers information to the next layer. The input
features are fed into the input layer, and infor-
mation is propagated through hidden layers,
with each layer learning and extracting higher-
level features. The output layer produces the
predicted WTdepth. The model is trained using
an optimization algorithm to minimize the pre-
diction error between the actual and predicted
values.
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Table Al (continued). Different machine learning and artificial intelligence approaches with merits and demerits specifically for WTdepth
simulations (Naser, 2023; Zhu et al., 2023; NASEM, 2019).

Regression-Based

Tree-Based

Neural Network-Based

Different Sub-Approaches

Linear Regression: Traditional linear regres-
sion models can be used to predict WTdepths
based on relevant input features.

Polynomial Regression: Polynomial regres-
sion can capture non-linear relationships be-
tween input variables and WTdepths.
Support Vector Regression (SVR): SVR is
an extension of Support Vector Machines
(SVM) for regression tasks and can be applied
to predict WTdepths.

Decision Trees: Decision trees can be used to
model the decision-making process to predict
WTdepths based on input features.

Random Forest: Random Forest is an en-
semble learning method that combines multi-
ple decision trees to improve prediction accu-
racy.

Gradient Boosting: Gradient boosting algo-
rithms like XGBoost and LightGBM are also
effective for WTdepth prediction.

Feedforward Neural Networks: Traditional
feedforward neural networks can be used for
regression tasks to predict WTdepths.
Recurrent Neural Networks (RNN): RNNs
are suitable for time series data and can capture
temporal dependencies in WTdepth predic-
tions.

Long Short-Term Memory (LSTM): LSTM
is a type of RNN that can effectively handle
long-term dependencies in time series data.

Merits

Interpretability: Regression models offer
transparency and interpretability, as the rela-
tionship between the input features and the
target variable can be easily understood. Users
can identify which predictors are most influen-
tial in determining WTdepths.

Simplicity: Regression-based approaches are
straightforward to implement and require less
computational complexity compared to some
advanced machine learning techniques. They
are suitable for datasets with a relatively small
number of predictors.

Data Efficiency: Regression models can per-
form well even with limited data, making
them useful in cases where data collection is
costly or time-consuming.

Robustness: These approaches are less sensi-
tive to outliers in the data, as they rely on find-
ing a best-fit line or curve that minimizes the
overall error.

Feature Importance: Regression models pro-
vide feature importance scores, enabling users
to prioritize the most influential features in
WTdepth prediction.

Non-Linearity: Tree-based models can cap-
ture non-linear relationships between the in-
put features and the WTdepth, which makes
them suitable for complex datasets with non-
linear patterns.

Feature Importance: Tree-based models
provide feature importance scores, indicating
which predictors are most relevant in predict-
ing WTdepths. This helps in understanding
the underlying factors influencing WTdynam-
ics.

Robustness to Outliers: Tree-based ap-
proaches are robust to outliers and noisy data,
as they do not rely on the mean or variance of
the data.

Interpretability: Decision Trees offer a clear
and interpretable representation of the deci-
sion-making process, making it easier for
stakeholders to comprehend the model’s pre-
dictions.

Ensembling: Random Forest, as an ensemble
method, combines multiple decision trees, re-
ducing the risk of overfitting and improving
overall predictive performance.

Handling Missing Data: Tree-based models
can handle missing data without imputation,
as they use the available features for decision-
making.

Non-Linearity: Neural networks can capture
complex non-linear relationships between in-
put features and WTdepths, making them suita-
ble for intricate patterns and high-dimensional
datasets.

Feature Extraction: Deep learning models
can automatically learn relevant features from
raw data, reducing the need for manual feature
engineering.

Generalization: With sufficient data and train-
ing, neural networks can generalize well to un-
seen data, making them practical for diverse
landscapes and changing environmental condi-
tions.

Scalability: Neural networks can handle large
datasets and can be scaled to more extensive
studies without compromising performance.
Parallel Processing: Deep learning frame-
works can take advantage of parallel pro-
cessing and GPU acceleration, speeding up
model training and prediction.

Transfer Learning: Pre-trained neural net-
works on large datasets can be fine-tuned for
WTdepth prediction, leveraging knowledge
learned from other related tasks.

Challenges

Linearity Assumption: Linear regression as-
sumes a linear relationship between the input
features and the target variable. The relation-
ship may be more complex, leading to poten-
tial underperformance in capturing non-linear
patterns.

Overfitting: If the model becomes too com-
plex or is trained on a small dataset, it may
overfit, performing well on the training data
but poorly on new, unseen data.

Limited Representation of Complex Data:
Regression models may need help to capture
intricate relationships in the data, especially
when interactions between multiple predictors
are important.

Sensitivity to Outliers: While regression
models are relatively robust to outliers, ex-
treme outliers can still disproportionately im-
pact the model’s performance.

Data Distribution: Regression-based ap-
proaches assume that the data follows a partic-
ular distribution, and violations of this as-
sumption can affect the model’s accuracy.

Overfitting: Decision Trees can suffer from
overfitting, especially when the tree becomes
too deep and complex. This may lead to poor
generalization of new data.

Instability: Decision Trees are sensitive to
minor variations in the training data, leading
to different trees and potentially varying pre-
dictions on other runs.

Lack of Extrapolation: Tree-based models
may need help with extrapolation, meaning
they cannot accurately predict WTdepths out-
side the range of values seen in the training
data.

Bias towards Dominant Features: Decision
Trees tend to prioritize dominant features
with more significant splits, potentially over-
looking the importance of other less prevalent
predictors.

Limited Global Optimization: Random For-
est is an ensemble method that combines sev-
eral trees independently, lacking global opti-
mization, which may not fully leverage inter-
actions between predictors.

Black-Box Nature: Deep learning models are
often considered black boxes, making it chal-
lenging to interpret their decision-making pro-
cess and understand feature importance.

Data Requirements: Neural networks gener-
ally require a large amount of labeled data for
training, which may be challenging to obtain in
some cases.

Overfitting: Deep neural networks are suscep-
tible to overfitting, especially with limited
data. Regularization techniques are necessary
to prevent overfitting.

Computationally Intensive: Training deep
learning models can be computationally inten-
sive and time-consuming, particularly for com-
plex architectures and large datasets.
Sensitivity to Hyperparameters: Proper tun-
ing of hyperparameters, such as learning rate
and network architecture, is crucial to achiev-
ing optimal model performance.

Data Imbalance: Imbalanced datasets can af-
fect Neural networks, leading to biased predic-
tions if the majority class dominates the data.
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