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Headwater streams are considered to be the greatest contributor to nonpoint
source and are a crucial part of overall watershed dynamics because they comprise more
than 50-80% of stream networks and watershed land areas. This study addressed the
influence of headwater areas (ephemeral and intermittent) on downstream hydrology and
water quality following harvest as well as characteristics of vegetation communities
within three first-order catchments in the Upper Gulf Coastal Plain of Mississippi. Four
treatments representing a range of potential Best Management Practices (BMPs) for
ephemeral drains were used: BMP1 - removal of all merchantable stems while leaving
understory intact with minimum surface soil disturbance; BMP2 - same as BMP1 with
the addition of logging debris to the drainage channel; No harvest - left uncut as a
reference; Clearcut - total harvest with no BMPs applied. Harvested treatments caused
the height of water table to increase up to 55 cm. However, impacts of timber harvesting
on peak discharge, storm discharge, and time of concentration were not consistent with
water table response. Response time to stormflow was reduced significantly in harvested
treatments (BMP2 and unrestricted harvest) as a result of decreased evapotranspiration

and increased soil disturbance. Forest clearcutting in ephemeral drains caused intensive
surface soil disturbance that resulted in substantial impacts to net soil erosion/deposition
in both channel and hillslope positions and significantly increased total suspend sediment
(TSS). There were no significant differences between two BMP and reference treatments
in net soil erosion/deposition and TSS. Distinct vegetation communities between channel
and hillslope positions in ephemeral-intermittent drains corresponded to water table
gradients. Timber harvesting affected vegetation communities through direct and indirect
disturbances. Four indicator species (V. blanda, L. glandulosa, A. gigantean, and P.
acrostichoides) were identified as having a strong response to hydrologic gradients in
ephemeral-intermittent drains.
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CHAPTER I
INTRODUCTION
Forests provide various social, economic, and ecological services to humans and
wildlife in the form of raw materials, clean air, drinking water, soil protection, habitat,
and the overall enhancement of life. Riparian forests have long been recognized as one
of the most critical components of forest ecosystems. They serve as interfaces between
aquatic and terrestrial environments representing the most diverse, dynamic, and complex
habitats which link ecosystem processes (Naiman and Décamp 1997). Riparian
vegetation consisting of plant communities which are limited to the zone directly
influenced by the streams (Hancock et al. 1996), rivers, or ponds, regulates water
temperature, provides habitat and food for aquatic organisms (e.g. litter and woody
debris), and controls sediment and nutrient dynamics within forest ecosystems (Gregory
et al. 1991; Naiman and Décamp 1997). Disturbance through silvicultural practices on
such boundary areas can impact all of these processes within an ecosystem at local and
landscape levels. These anthropogenic disturbances have the potential to remove
protective riparian vegetation, increase surface runoff and soil erosion in riparian
systems, and adversely affect stream water quality in higher order streams. However, the
relationship between silvicultural practices in the uppermost portions of headwater
systems characterized by ephemeral-intermittent drains and linkages with downstream
impacts is poorly understood. Understanding the effect of silvicultural practices on
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headwater systems and water quality is important for natural resource managers to
maintain stream ecosystem functions.
Headwaters are often considered to be the greatest contributor of nonpoint sources
of sediment under natural conditions and are a crucial part of overall watershed dynamics
(Doppelt et al. 1993; Meyer and Wallace 2001; Gomi et al. 2002) because they occupy
topographically high positions and a substantial portion of drainage basins at points of
stream initiation. However, their ecological importance (e.g. initiation of fluvial
transport of materials, energy, and nutrients to larger streams and the maintenance of
local biodiversity) has not received much attention (Fritz et al. 2008) because of their
small source areas (Gomi et al. 2002); subsequently they are rarely considered in resource
management (Wipfli et al. 2007).
Headwater systems contain three topographic units with distinctive hydrological,
geomorphic, biological processes (Gomi et al. 2002): (1) hillslopes; (2) zero-order basins;
and (3) stream channels. Hillslopes have either divergent or straight contour lines,
typically with no channelized flow. Zero-order basins have hillslope features and are
defined as an unchannelized hollow with convergent contour lines (Reneau and Dietrich
1990). Stream channels can be categorized largely into perennial, intermittent, and
ephemeral streams while the interpretation of those definitions varies (Hansen 2001; Fritz
et al. 2008). Perennial streams have a well defined channel with continuous surface flow
except during extreme drought. Intermittent streams have a well defined channel with
seasonal surface flow during wet seasons of the year. Ephemeral drains may not have a
well defined channel and typically flow during short periods in response to storm flow
during and following storm events (Fritz et al. 2008).
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The effects of timber harvesting on water quantity and water quality in perennial
streams have been well studied in the Southeastern United States (Ursic 1991; Sun et al.
2000, 2002; Swank et al. 2001). Most studies have shown that changes in hydrologic
response have been attributed to increased soil disturbance and reductions in
evapotranspiration (Dietterick and Lynch 1989; Lockaby et al. 1997; Xu et al. 2002). In
general, timber harvesting tends to increase water yield, peakflow rates, and stormflow
volume even though hydrologic responses are dependent upon site-specific conditions
(climate, soil type, topography, and vegetation) as well as on the treatment applied (size
and intensity). Timber harvesting can affect hydrologic responses in overland flow and
subsurface flow dynamics either directly (through removal of vegetation, loss of
evapotranspiration, and increased water yield) or indirectly (through transport and
accumulation of logging debris and associated changes in streamflow path). Timber
harvesting also causes soil disturbance (e.g. compaction, rutting, displacement) due to the
use of harvesting equipment (Hutchinson and Moore 2000; Miwa et al. 2004). This may
result in changes to soil structure and subsurface flow dynamics, increased water yield
and higher peak flows during the first few years after harvesting.
Hydrological, geomorphic, and biological processes in headwater streams differ
markedly from those of larger streams (Moore and Wondzell 2005; Anderson et al.
2007). Because hillslopes and streams are tightly connected, material and energy
transport within headwater systems are controlled by hillslope processes whereas material
and energy routing in larger order streams is mainly governed by the channel network
(Gomi et al. 2002). Additionally, headwater streams have smaller source areas and are
more sensitive to natural droughts than are larger streams (Fritz et al. 2008). Therefore, if
hydrological, geomorphic, and biological processes of headwater streams are evaluated
3

based only on larger stream conditions (perennial stream function), these functions of
intermittent and ephemeral drains are likely to be underestimated (Gomi et al. 2002).
Nonpoint source pollution is emitted from an unidentifiable source or location. It
has been recognized as a major problem for many years and has been legally addressed
by the government since 1972 under the Water Pollution Control Act amendments in
order to reduce nonpoint source pollution (Lickwar et al.1990). In response to growing
concern about water quality in the United States, individual states have developed
guidelines known as best management practices (BMPs) for preventing or reducing water
pollution from nonpoint sources. Numerous studies have been conducted to evaluate
forestry BMP effectiveness on water quality, the biological integrity of streams, and
wetlands in southern U.S. Most results indicate that properly installed forestry best
management practices (BMPs) provide adequate protection on riparian ecosystems (Keim
and Schoenholtz 1999; Carroll et al. 2004; Ice and Sugden 2003; Vowell and Frydenborg
2004). Silvicultural streamside management zones (SMZs), a typical BMP, are
management tools designed as buffer strips in order to preserve riparian ecological
functions linking terrestrial and aquatic ecosystems, reduce logging-induced inputs (e.g.
sediment, nutrients, woody debris) to streams, reduce the volume and velocity of
overland flow, stabilize stream banks and protect streams from increased insolation as a
result of canopy removal. Most BMP studies in the Southeastern U.S. have focused on
the use and effectiveness of streamside management zones as a silvicultural best
management practice to reduce nonpoint source contributions (Lynch et al. 1985; Ursic
1991; Keim and Schoenholtz 1999; Rivenbark and Jackson 2004). However, this
research has been limited to the riparian zone of perennial and intermittent stream reaches
(Blinn and Kilgore 2001; Carroll et al. 2004; Vowell and Frydenborg 2004). Most state
4

forestry BMPs manuals provide little or no protection for small headwater streams
characterized by ephemeral drains (Wenger 1999; Blinn and Kilgore 2001). There is
growing concern that SMZs should be extended to their upstream limits (e.g. ephemeral
drains) to appropriately manage and maintain hydrologic functions in order to preserve
productivity, downstream water quality, and biota within the watershed. There is
considerable debate surrounding buffer width and extent in forest management. Do zeroorder basins have riparian zones and if so, how wide should buffers be to maintain
hydrologic and ecologic function? If zero-order basins have a discernible riparian zone
that warrants protection, buffer extension may result in loss of economic or other values
in terms of non-harvestable timber to landowners (Brosofske et al. 1997; Hagan et al.
2006). However, little research has documented vegetation communities in the
uppermost portions of headwater systems (Sheridan and Thomas 2005). It is not obvious
whether the distribution of vegetation communities follow hillslope gradients or whether
there are distinct vegetation communities between these drainage channels and
surrounding hillslopes (Gymborys and Hodgkins 1971; Spackman and Hughes 1995;
Hughes and Cass 1997; Zimmerman et al. 1999). Criteria for defining the upstream
limits of SMZs are indefinite, thus landowners and foresters may have difficulty
identifying upstream limits of SMZs and determining appropriate protective measures. In
addition, the blue-line streams from US Geological Survey (USGS) topographic contour
maps are not reliable tools for determining stream extent and are not designed to
represent ephemeral drains (Hansen 2001). Policy makers and forest managers are faced
with the difficulty of making decisions about appropriate riparian zone protection for
ephemeral drains based on insufficient information regarding the contributions of
ephemeral drains to downstream segments.
5

Objectives
In the Southeastern United States, ephemeral drains and associated riparian areas
have been managed without distinction from adjacent upland forest. Further, no
manipulative studies have observed changes in water quantity, water quality, or
vegetation communities in headwater streams. The following guiding research question
was developed from these perceived research needs: How are headwater areas
(ephemeral and intermittent) hydrologically connected to downstream areas?
This study includes pre- and post-harvest observations documenting two potential
best management strategies for headwater areas. Based on the guiding research question
three objectives were developed to guide specific aspects of the research within this
dissertation.
Objective 1: Examine effects of timber harvesting on stormflow characteristics in
ephemeral-intermittent drains. Chapter 2 investigates timber harvesting effects on
stormflow characteristics using precipitation-stormflow relationships. The effects of
three ephemeral-intermittent area management prescriptions were tested on stormflow
characteristics.
Objective 2: Examine the influence of headwater areas (ephemeral and intermittent) on
sediment transport to streams and downstream water quality. Chapter 3 investigates
timber harvesting effects on sediment transport within zero-order basins and downstream
water quality. Timber harvesting was conducted to compare pre- and post-harvest levels.
Three ephemeral-intermittent area management prescriptions were tested on net soil
erosion/deposition, TSS, and downstream water quality; resultant hydrologic changes
among treatments were compared.
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Objective 3: Examine the relationships between the vegetation community and
hydrologic gradient in ephemeral-intermittent drains, to determine whether hydrology
controls vegetation communities. A secondary objective is to identify potential indicators
of riparian hydrology which could be used in rapid delineation of SMZs by forest
managers. Plot-based field characterizations of vegetation in conjunction with water
table measurements were assessed in Chapter 4.

7
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CHAPTER II
EFFECTS OF TIMBER HARVESTING ON STORMFLOW CHARACTERISTICS
IN HEADWATER STREAMS OF MANAGED, FORESTED WATERSHEDS
IN THE UPPER GULF COASTAL PLAIN OF MISSISSIPPI
Introduction
Headwater streams compose the uppermost portions of stream networks and
typically represent the majority (50% to 80%) of the catchment area (Hansen 2001;
Benda et al. 2005). Because of their higher topographic elevations and density within
drainage basins, headwaters are important sources of water (Scanlon et al. 2000; Winter
2007), sediment (Benda and Dune 1997; Hassan et al. 2005; Macdonald and Coe 2007),
nutrients (McClain et al. 2003; Moore and Wondzell 2005; Alexander et al. 2007), and
materials (e.g. organic matter) (Kiffney et al. 2000; Richardson et al. 2005; Wipfli et al.
2007). Connectivity refers to the water-mediated transport of matter, energy, or
organisms within or between elements of the hydrologic cycle (Freeman et al. 2007;
Jackson and Pringle 2010). In headwater systems, connectivity is often expanded during
the wet season and during or after storm events, and the nature and degree of connectivity
between headwaters and downstream reaches are ecologically significant aspects in terms
of the roles of headwater streams (Gomi et al. 2002).
Aquatic-terrestrial interfaces form a critical transition zone in landscapes which
link adjacent ecosystems and control the movement of organisms, nutrients, materials and
energy (Naiman and Décamp 1997). Disturbances such as silvicultural practices on these
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boundary areas can impact all of the aforementioned processes within an ecosystem at
local and landscape levels. The relationship between silvicultural practices in the
uppermost portions of headwater systems (characterized by ephemeral drains) and
linkages with downstream impacts is poorly understood.
The effects of timber harvesting on hydrologic responses of perennial streams
have been well studied in the Southeastern United States (Ursic 1991; Sun et al. 2000,
2002; Swank et al. 2001). Most studies have shown that changes in hydrologic response
have been attributed to soil disturbance and reductions in evapotranspiration (Dietterick
and Lynch 1989; Lockaby et al. 1997; Xu et al. 2002). In general, timber harvesting
tends to increase water yield, peakflow rates, and stormflow volume. The specific
hydrologic responses are dependent upon site-specific conditions (climate, soil type,
topography, and vegetation) as well as on the treatment applied (size and intensity).
Timber harvesting can affect hydrologic responses in overland flow and subsurface flow
dynamics either directly (through removal of vegetation, loss of evapotranspiration, and
increase water yield) due or indirectly (through transport and accumulation of logging
debris and associated changes in streamflow path). Timber harvesting also causes soil
disturbances (e.g. compaction, rutting, and little displacement) due to the use of
harvesting equipment (Hutchinson and Moore 2000; Miwa et al. 2004). This may result
in changes to soil structure, subsurface flow and overland flow dynamics, increased water
yield and higher peak flows during the first few years after harvesting.
However, hydrological, geomorphic, and biological processes in headwater
streams differ markedly from those of larger streams (Moore and Wondzell 2005;
Anderson et al. 2007). Because hillslopes and streams are tightly connected, material and
energy transport within headwater systems are controlled by hillslope processes whereas
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material and energy routing in larger order streams is governed by the channel network
(Gomi et al. 2002). Additionally, headwater streams have smaller source areas and are
more sensitive to natural droughts than are larger streams (Fritz et al. 2008). Therefore, if
headwater systems are evaluated based only on larger stream conditions (e.g. as in
perennial streams), functions of intermittent and ephemeral drains are likely to be
underestimated (Gomi et al. 2002).
Over the past three decades, riparian management practices typically involve
maintaining an unharvested riparian buffer around streams. It has been demonstrated that
forested buffers are capable of reducing some adverse effects of timber harvesting on
stream water and habitat quality (Lynch et al. 1985; Ursic 1991; Keim and Schoenholtz
1999; Rivenbark and Jackson 2004). Many states’ forestry BMP guidelines protect
intermittent and perennial streams through forested buffers while ephemeral drains are
often treated without distinction from adjacent upland forest. As such, most of the
riparian research has been conducted on intermittent and perennial streams (Hughes and
Cass 1997; Carroll et al. 2004; Vowell and Frydenborg 2004). Moreover, most
headwater studies have focused on downstream water quality issues associated with
sediments, nutrients, and material transport even though there are indications that
hydrology may affect the transport of these water quantity constituents.
This study examines the relationship between precipitation and stormflow in
ephemeral-intermittent streams of first order catchments. This study includes one year of
pre- and two years of post-harvest observations documenting three potential management
prescriptions for headwater areas. The objectives of this study were to (1) examine
effects of timber harvesting on stormflow characteristics in ephemeral-intermittent
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streams and (2) test three silvicultural prescriptions for ephemeral-intermittent streams on
stormflow characteristics.
Methodology
Site description
The study area comprises three first-order headwater catchments located in
Webster County within the Sand-Clay Hills subsection of the Hilly Coastal Plain
Province of Mississippi (Figure 2.1). Study sites were chosen based on the presence of
intermittent streams, forest land available for research, and similarity of vegetation,
topography, and soils. We selected four watersheds within each catchment. The study
area has a humid subtropical climate characterized by long, hot summers and short, mild
winters. Precipitation is well distributed throughout the year with a 30 year mean of
1,451 mm. Short and high intensity storms are common and storm precipitation can
exceed 100 mm on occasions. Mean winter temperature is 7 °C; mean summer
temperature is 26 °C (U.S. National Weather Service station 222896 Eupora, MS).
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Ingram

NWS station 222896
Eupora, MS

Union

Figure 2.1.

Location map of study watersheds and weather station in Webster County,
Mississippi.

Watershed size ranged from 3.8 to 9.2 ha among the 12 watersheds. Stream
gradients and hillslope gradients ranged from 2 to 19% and 2 to 26%, respectively, but
both were generally consistent within catchments (Table 2.1). Soils were well to
moderately well drained Sweatman (Fine, mixed, semiactive, thermic Typic Hapludults)
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and Providence (Fine-silty, mixed, active, thermic Oxyaquic Fragiudalfs) Series
(McMullen and Ford 1978). Soils within the rolling to ruggedly hilly area are high in
clay content with A-horizons of either loam or silt loam. Hillslope water table typically
drops to >2 m below the surface in the summer (Choi, chapter 4).

Table 2.1.

Physical characteristics of study headwater streams in Webster County,
Mississippi.
Watershed Stream Stream gradient (%) Hillslope gradient (%) Basal area
area (ha) length (m)a Mean (min, max)b
Mean (min, max) removed (%)c
BMP1
4.3
92
5 (4, 6)
26 (13, 39)
8.9
BMP2
5.2
83
4 (3, 5)
22 (3, 42)
32.4
Clearcut
4.4
81
4 (3, 5)
26 (14, 40)
70.1
Reference
5.3
78
5 (4, 5)
21 (3, 39)
-

Watershed Treatment
Union
Union
Union
Union
Congress
Congress
Congress
Congress

BMP1
BMP2
Clearcut
Reference

4.8
5.9
4.9
4.2

117
96
95
102

5 (4, 5)
13 (6, 19)
19 (12, 22)
12 (11, 13)

15 (2, 29)
14 (3, 31)
18 (12, 30)
18 (10, 40)

28.1
53.1
88.3
-

Ingram
Ingram
Ingram
Ingram

BMP1
BMP2
Clearcut
Reference

3.8
9.2
5.2
6.3

73
55
85
116

3 (2, 4)
2 (2, 3)
5 (4, 6)
5 (4, 6)

19 (16, 24)
2 (2, 3)
16 (10, 22)
20 (5, 29)

55.4
75.1
95.2
-

a

Stream length was a distance from the center well of the first measurement transect to
the center well of 5th measurement transect.
b
Stream gradient was measured within measurement transects.
c
Values are approximate based on subsample within water table well transects.

Study sites are in the Southeastern Mixed Forest Province (Bailey 1983).
Overstory vegetation is loblolly pine (Pinus taeda L.) of similar age with a lesser
component of mixed hardwoods. Common hardwood species are yellow poplar
(Liriodendron tulipifera L.), sweetgum (Liquidambar styraciflua L.), eastern
hophornbeam (Ostrya virginiana), American beech (Fagus grandifolia Ehrh.), black
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cherry (Prunus serotina Ehrh.), oak species (Quercus spp.), and hickory species (Carya
spp.).
Study design and treatment
Twelve similar zero-order basins with intermittent streams were selected for study
and arranged in a completely randomized block design consisting of three blocks of four
randomly assigned treatments (Table 2.1). The uppermost reaches (ephemeral drains) not
governed by Mississippi’s Forestry BMP guidelines (Mississippi Forestry Commission,
2000) received one of the following treatments: (1) Clearcut - total harvest with no
BMPs applied within the drainage channels; (2) BMP1 - removal of all merchantable
stems greater than 15.2 cm diameter at breast height (DBH) and 20.3 cm diameter at the
base of the butt log on the butt leaving understory intact with minimum surface soil and
forest floor disturbance. Logging debris was prohibited in the drainage channel; (3)
BMP2 - same as BMP 1 with the addition of logging debris to the drainage channel in an
attempt to decrease energy in the system and minimize head-cutting and continued
channel development in the ephemeral area; (4) No harvest - left uncut as a reference or
control. Treatment boundaries were delineated using watershed contours in September
2007. Timber harvesting was conducted during October - December 2007, while surface
soil conditions were dry using rubber tired feller-bunchers and grapple skidders.
Commercial timber harvesting was carried out in accordance with Mississippi’s Forestry
BMP guidelines; the only exception was BMP2 in which tops were left in drainage
channels.
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Data collection
Fifteen-minute interval precipitation data across three years of study (from
January 2007 to December 2009) were obtained from nearby U.S. National Weather
Service station 222896 Eupora, MS (Figure 2.1). Long-term (30 years) precipitation data
also were obtained from the same station. At the junction of each intermittent flow
segment and perennial stream, a 1.8 m length of 25.4 cm i.d. schedule 40 polyvinyl
chloride pipe was installed and stabilized with sandbags to constrain flow (Figure 2.2).
Level and flow within the pipe were directly measured with area velocity sensors and
flow loggers (ISCO 4150 area velocity flow logger, ISCO Inc., Lincoln, NE). Discharge
was calculated using the stream depth and velocity data recorded at 15-minute intervals.
Stream flow data were collected from January 2007 to December 2009. Three hundred
screened wells were installed in grids of 25 per sub-watershed to monitor groundwater
tables (Choi, chapter 4); groundwater wells were monitored on a monthly schedule from
January 2007 to December 2009.
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Water table well transect

Monitoring station

water table
saturated zone

Figure 2.2.

Ephemeral drain
Intermittent drain
Perennial stream
Zero order basin
Areas governed as state BMPs

Schematic of a study watershed with approximate location of stream,
monitoring station, and water table well transect in zero-order study
watersheds in Webster County, Mississippi.

Data analysis
Precipitation and streamflow data were analyzed to examine seasonal event
precipitation and stormflow dynamics. We selected storm events based on peak flow
rates greater than 0.5×10-3 m3/s, total precipitation greater than 10 mm, and period
between events greater than 48 hours. These criteria were arbitrarily selected to identify
single peaked events and minimize influence of prior precipitation events on multiple
peaks. A total of 39 storm events (7 for pre-harvest and 32 for post-harvest) were
evaluated over three years using the aforementioned criteria. However, due to the
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variability among events in headwater streams and equipment failure, not all streams
were sampled simultaneously and the number of collected storm events differed among
streams. Stormflow characteristics including stormflow volume, peak flow rate, storm
event duration, time of concentration (time from beginning of precipitation to peak
discharge), and response time to stormflow (time from beginning of precipitation to
measureable discharge) were calculated. Total storm precipitation was also calculated.
Due to considerable seasonal differences in subsurface storage in the study watersheds,
seasons were grouped as wet (November to April) and dry (May to October) based on
monthly water table patterns.
Since precipitation and stormflow are causally related parameters, a simple linear
regression analysis was used to determine the relationships between total storm
precipitation and stormflow characteristics with respect to seasons. A completely
randomized block (RCB) design was used to examine changes in the relationships
between storm precipitation and stormflow characteristics following harvest.

Yijk = μ + blki + trtij + tk + trtij ×tk + εijk
(i = 1,…, 4; j = 1,…, 4; k = 1 or 2)

(Equation 2.1)

where:
Yijk is the mean storm discharge, peak discharge, time of concentration, or response time
to stormflow for treatment j in block i at time k.
μ is the grand mean.
blki is the random effect for block i.
trtij is the fixed effect for treatment j in block i.
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tk is a fixed factor for time k, where 1 represents the wet period and 2 represents the dry
period, respectively.
εijk is the random error for treatment j in block i at time k.

We used the MIXED procedure of SAS (SAS Institute Inc. 2008) for all analyses.
Total storm precipitation volume was a covariate for all analyses. A significant
difference in a stormflow characteristic among treatments indicated that there was a
significant difference in the regression slope describing the relationship between storm
precipitation and the stormflow characteristic being tested. When main effects or
interactions were significant, least square means were computed and comparisons were
made using a significance level of α=0.05 and Tukey’s adjustment.
Results
Precipitation and antecedent water table condition
This study encompassed three years (one pre- and two post-harvest) with three
distinct precipitation patterns. Total precipitation for 2007 (pre-harvest) was belowaverage at 1001 mm (30-year mean=1,451 mm). Total precipitation for 2008 (1st year
post-harvest) was roughly equal to the 30-year mean at 1498 mm, however 28% of the
total precipitation for 2008 fell during the months of August and December (Figure 2.3).
The net result was that the study watersheds experienced a severe regional drought from
February 2007 through December 2008 (National Drought Mitigation Center,
http://drought.unl.edu/dm/archive.html). Total precipitation for 2009 (2nd year postharvest) was 2194 mm, the highest in the 25-year record in Webster County, Mississippi.
While seasonal (dry and wet period) precipitation during 2007 and 2008 was similar,
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there were large seasonal differences during 2009 with precipitation during dry period
(1370 mm) being higher than precipitation during wet period (940 mm) (Figure 2.3).
During the 2 years post-harvest, mean height of water table increased significantly
in harvested treatments (p<0.001) (Choi, chapter 4). Water table responses, however,
were not solely due to timber harvesting, but rather a function of changing precipitation
patterns pre- and post-harvest in combination with timber harvesting since similar
patterns were observed within the reference (Figure 2.3). Upon normalization of water
table height by pre-harvest data, increases in water table height ranged from 1.6 cm in
BMP1 to 28.2 cm in the clearcut treatment during 2008 and from 10.5 cm in BMP1 to
54.2 cm in BMP2 during 2009. Post-harvest seasonal responses of water table height
were evident in that water table heights were more elevated during the normally dry
period than during the normally wet period due to a reduction in evapotranspiration
through the removal of overstory timber and consequent reduction in transpiration (Choi,
chapter 4).
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Figure 2.3.

Monthly treatment means of water table height and monthly precipitation
in small headwater streams of Webster County, Mississippi.
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Effects of timber harvesting on stormflow and peak discharge
Because storm precipitation and stormflow are related parameters, linear
regression was used to examine changes in precipitation-stormflow relationships both
pre- and post-harvest. There was no significant difference in either storm discharge
(p=0.584) or peak discharge (p=0.437) among treatments pre-harvest. Post-harvest storm
discharge (p=0.118 for wet and p=0.897 for dry) and peak discharge (p=0.496 for wet
and p=0.482 for dry) showed no significant changes among treatments (Figure 2.4). We
also tested whether harvested treatments affected storm discharge using normalized
values of storm discharge [(treatment value – reference value) / reference value], but did
not detect any treatment effects. Post-harvest storm discharge for each storm event
varied depending on season ranging from 34 to 4163 m3 during the wet period and
ranging from 46 to 436 m3 during the dry period indicating that storm discharge follows
seasonal water table position (Figure 2.4) or seasonal soil moisture. Peak discharges
showed little variability (0.005-0.052 m3/s for wet and 0.003-0.03 m3/s for dry). Linear
regression analyses revealed significant linear relationships between storm discharge and
storm precipitation during the wet period except for the BMP1 treatment (Figure 2.4).
Similar results were observed between peak discharge and storm precipitation during the
wet period. During the dry period, treatment responses varied and only significant linear
relationship (r2=0.29; p=0.006) was derived between storm discharge and storm
precipitation in the clearcut treatment (Figure 2.4). Similar trends were found between
peak discharge and storm precipitation during the dry period, but there was no significant
linear relationship in all treatments. Higher variability observed during the dry period
may be associated with characteristic high-intensity convective storms, increases in
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evapotranspiration rate following vigorous understory regrowth, and lower water table
heights.
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Post-harvest seasonal relationships between storm discharge, peak
discharge, and storm precipitation among treatments in small headwater
streams of Webster County, Mississippi.
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Effects of timber harvesting on time of concentration and response time to
stormflow
Timing of stormflow was used to examine potential changes in the discharge time
series after harvest. Pre-harvest period, there was no significant difference in either time
of concentration (p=0.731) or response time to stormflow (p=0.358) among treatments.
Following harvest, time of concentration did not change among treatments during either
the wet (p=0.381) or dry (p=0.159) season, however, there were significant differences in
response time to stormflow during both wet (p=0.006) and dry (p=0.073) seasons due to
the impact of timber harvesting. Response time to stormflow was reduced in harvested
treatments (BMP2 and clearcut) as compared to the reference treatment with no
difference between BMP2 and clearcut treatment during the wet period [BMP2 vs
reference (p=0.007) and clearcut vs reference (p=0.01)] (Figure 2.5). Similar results
were found during the dry period, but differences were marginal [BMP2 vs reference
(p=0.06) and clearcut vs reference (p=0.05)]. These results may indicate modified flow
pathways in harvested treatment following harvest. Post-harvest time of concentration
varied depending on season ranging from 105 to 1305 minutes during the wet period and
ranging from 190 to 700 minutes during the dry period while response time to stormflow
showed similar values [wet season (30-480 minutes) and dry season (45-540 minutes)].
Large seasonal differences in time of concentration and little seasonal differences in
response time to stormflow reflect higher variability in event precipitation characteristics
(e.g. amount, intensity, and duration) and differences in antecedent moisture conditions
between two periods. Results show that there was only significant linear relationship
between time of concentration and storm precipitation during the wet period in the
clearcut (r2=0.26; p=0.046) treatment (Figure 2.5). Similar results were found between
response time to stormflow and storm precipitation with a significant difference in the
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clearcut (r2=0.41; p=0.012) treatment. During the dry period, no significant relationship
(r2=0.02; p=0.26) was observed between time of concentration and storm precipitation,
however there was a significant relationship between response time to stormflow and
storm precipitation (r2=0.71; p=0.02) in the reference treatment (Figure 2.5). Negative
relationships during the dry period may be attributable to event precipitation
characteristics (e.g. intensity and duration) or confounding effects that resulted from
small number of storm events collected.
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Post-harvest seasonal relationships between time of concentration,
response time to stormflow and storm precipitation among treatments in
small headwater streams of Webster County, Mississippi.

*indicates significant differences among treatments at α=0.05.
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Discussion
The impacts of timber harvesting on the hydrologic regime are of great concern in
watershed management. Response of individual watersheds to timber harvesting is
variable depending on site-specific conditions and on the treatment applied, however
changes in hydrologic response are usually attributed to decreased evapotranspiration,
soil disturbance, and road construction. We expected that storm discharge and peak
discharge would increase after harvest due to reductions in evapotranspiration and
increase in soil disturbance. However, this hypothesis was not supported by the present
study. Although results from this study suggest that there were generally good
correlations between storm discharge, peak discharge, and storm precipitation in all
treatments, we did not find changes as a result of timber harvesting. Hornbeck (1973)
observed that peak discharge increased up to 30% following harvest and storm discharge
was 3 times higher during the growing season in a study of Hubbard Brook, New
Hampshire. Swank et al. (2001) found that peak discharge and total storm discharge
increased by 15% and 10%, respectively after clearcutting at Coweeta, North Carolina.
These studies were conducted in perennial streams covering large catchments (60-100 ha)
nearly an order of magnitude larger than watershed area in our study. Small watersheds
as in the present study and large catchments may have different hydrologic responses.
Therefore, caution should be exercised in direct comparisons between the present study
and the earlier referenced work. In the present study, high climatic variability caused by
prolonged drought during 2007 and 2008 combined with higher precipitation during 2009
may reduce our ability to determine differences between pre- and post-harvest
observations. High natural variability in our small watersheds characteristics (e.g. size,
soil, topography, and antecedent moisture condition) may also obscure treatment
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differences among treatments. In order to detect treatment differences in first-order
headwater streams, larger watersheds (area harvested) may be needed due to the
described temporal and spatial variability in climatic and watershed characteristics.
Response time and peak discharge of runoff from the beginning of event
precipitation vary depending on precipitation characteristics and antecedent moisture
condition. In the present study, results show that timber harvesting did not affect time of
concentration, however, response time to stormflow was reduced in harvested treatments
(BMP2 and clearcut). This finding suggests that timber harvesting may result in more
rapid streamflow response to precipitation in these study zero-order basins through
decreased evapotranspiration and increased water table height. Findings may also be
attributed to modified flow pathways as a result of soil impacts (e.g. reduced infiltration
capacity and increased bare soil area). Peak discharge after streamflow seemed to be a
more complex process involving temporal and spatial variability of runoff generation
(existence of pipe flow and streambed leaks) associated with precipitation characteristics
and antecedent moisture.
Conclusions
This study investigated changes in stormflow characteristics following timber
harvesting in ephemeral-intermittent areas. Results showed that the height of water table
increased up to 55 cm in harvested treatments, however impacts of timber harvesting on
peak discharge, storm discharge, and time of concentration were not consistent with
water table response. Nevertheless, response time to stormflow was reduced significantly
in harvested treatments (BMP2 and clearcut) as a result of decreased evapotranspiration
and increased soil disturbance. Therefore, downstream water quality issues may be more
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related to soil disturbance caused by harvest operation rather than changes in water
quantity following harvesting. However, connectivity expanded by increased water yield
as a result of timber harvest may play a greater role in material transport to downstream
reaches in these zero-order basins.

32

Literature Cited
Alexander, R.B., E.W. Boyer, R.A. Smith, G.E. Schwartz, and R.B. Moore. 2007. The
role of headwater streams in downstream water quality. Journal of the American
Water Resources Association 43, 41-59.
Anderson, P.D., D.J. Larson, and S.S. Chan. 2007. Riparian buffer and density
management influences on microclimate of young headwater forests of western
Oregon. Forest Science 53, 254-269.
Benda, L. and T. Dunne. 1997. Stochastic forcing of sediment routing and storage in
channel networks. Water Resources Research 33, 2865-2880.
Benda, L.E., M.A. Hassan, M. Church, and C.L. May. 2005. Geomorphology of
steepland headwaters: the transition from hillslopes to channels. Journal of the
American Water Resources Association. 41, 835-851.
Bailey, R. G. 1983. Delineation of ecosystem regions. Environmental Management 7,
365-373.
Carroll, G.D., S.H. Schoenholtz, B.W. Young, and E.D. Dibble. 2004. Effectiveness of
forestry streamside management zones in the sandy-clay hills of Mississippi: early
indications. Water, Air, and Soil Pollution, 275-296.
Choi, B., 2011. Headwater hydrologic functions in the Upper Gulf Coastal Plain of
Mississippi. Ph.D. Dissertation, Mississippi State University. Chapter 4,
Correlations among vegetation and subsurface hydrology in ephemeralintermittent drains of managed, forested watersheds in the Upper Gulf Coastal
Plain of Mississippi; p. 70-113.
Dietterick B.C. and J.A. Lynch. 1989. Cumulative hydrologic effects on stromflows of
successive clearcuts on a small headwater basins. In: Proceedings of the
Symposium on Headwaters Hydrology. American Water Resources Association:
Bethesda, MA, 473-485.
Freeman, M.C., C.M. Pringle, and C.R. Jackson. 2007. Hydrologic connectivity and the
contribution of stream headwaters to ecological integrity at regional and global
Scales. Journal of the American Water Resources Association 43, 5-14.
Fritz, K.M., B.R. Johnson, and D.M. Walters. 2008. Environmental indicators of
hydrologic permanence in forested headwater streams. Journal of North American
Benthological Society 27, 690-704.
Gomi, T., R.C. Sidle, and J.S. Richardson. 2002. Understanding processes and
Downstream linkages of headwater systems. Biosciences 52, 905-916.
33

Hansen, W.F. 2001. Identifying stream types and management implications. Forest
Ecology and Management 143, 39-46.
Hassan, M.A., M. Church, T.E. Lisle, F. Brardinoni, L. Benda, and G.E. Grant. 2005.
Sediment transport and channel morphology of small, forested streams. Journal of
the American Water Resources Association 41, 853-876.
Hornbeck, J.W. 1973. Stormwater flow from hardwood forested and cleared watersheds
in New Hampshire. Water Resources Research 9, 346-354.
Hughes J.W. and W.B. Cass. 1997. Pattern and process of a floodplain forest, Vermont,
USA: predicted responses of vegetation to perturbation. Journal of Applied
Ecology 34, 594-612.
Hutchinson, D.G. and R.D. Moore. 2000. Throughflow variability on forested hillslope
underlain by compacted glacial till. Hydrological Processes 14, 1751-1756.
Jackson C.R. and C.M. Pringle. 2010. Ecological benefits of reduced hydrologic
connectivity in intensively developed landscapes. BioScience 60, 37-46.
Kiffney P.M., J.S. Richardson, and M.C. Feller. 2000. Fluvial and epilithic organic matter
dynamics in headwater streams of southwestern British Columbia, Canada.
Archive für Hydrobiologie 148, 109-129.
Keim, R.F. and S.H. Schoenholtz. 1999. Functions and effectiveness of silvicultural
Streamside management zones in loessial bluff forests. Forest Ecology and
Management 118, 197-209.
Lockaby, B.G., R.G. Clawson, K. Flynn, R.B. Rummer, J.S. Meadows, B. Stokes, and
J.A. Stanturf. 1997. Influence of harvesting on biogeochemical exchange in
sheetflow and soil processes in a eutrophic floodplain forest. Forest Ecology and
Management 90, 187-194.
Lynch, J.A., E.S. Corbett, and K. Mussallem. 1985. Best management practices for
controlling non-point source pollution on forested watersheds. Journal of Soil
Water Conservation 40, 164-167.
MacDonald, L.H. and D. Coe. 2007. Influence of headwater streams on downstream
reaches in forested areas. Forest Science 53,148-168.
McClain, M.E., E.W. Boyer, C.L. Dent, S.E. Gergel, N.B. Grimm, P.M. Groffman, S.C.
Hart, J.W. Harvey, C.A. Johnson, E. Mayorga, W.H. Mcdowell, and G. Pinay.
2003. Biogeochemecal hot spots and hot moments at the interface of terrestrial
and aquatic ecosystems. Ecosystems 6, 301-312.
34

McMullen J.W., and J.G. Ford. 1978. Soil Survey of Webster County, Mississippi.
USDA Soil Conservation Service. In cooperation with the Mississippi
Agricultural and Forestry Experiment Station. 99 pp.
Mississippi Forestry Commission. 2000. Best Management Practices for Forestry in
Mississippi. MFC Publication.107 pp.
Miwa, M., W.M. Aust, J.A. Burger, S.C. Patterson, E.A. Carter. 2004. Wet-weather
timber harvesting and site preparation effects on coastal plain sites: a review.
Southern Journal of Applied Forestry 28, 137-151.
Moore, R.D. and S.M. Wondzell. 2005. Physical hydrology in the Pacific Northwest and
the effects of forest harvesting: A review. Journal of the American Water
Resources Association 41,753-784.
Naiman, R. J. and H. Décamp. 1997. The ecology of interfaces: riparian zones. Annual
Reviews of Ecology and Systematics 28, 621-658.
National Drought Mitigation Center. Drought monitor archives. Retrieved from
http://drought.unl.edu/dm/archive.html.
Richardson, J.S., R.J. Naiman, F.J. Swanson, and D.E. Hibbs. 2005. Riparian
communities associated with Pacific Northwest headwater streams: Assemblages,
processes, and uniqueness. Journal of the American Water Resources Association
41, 935-947.
Rivenbark, B.L. and C.R. Jackson. 2004. Concentrated flow breakthroughs moving
through silvicultural streamside management zones: southeastern Piedmont, USA.
Journal of the American Water Resources Association 40, 1043-1052.
SAS Institute Inc. 2008. SAS/STAT 9.2 User’s Guide. SAS Institute Inc., Cary, N.C.,
USA.
Scanlon, T.M., J.P. Raffensperger, and G.M. Hornberger. 2000. Shallow subsurface
storm flow in a forested headwater catchment: Observations and modeling using a
modified TOPMODEL. Water Resources Research 36, 2575-2586.
Sun, G., H. Riekerk, and L.V. Kornhak. 2000. Ground-water-table rise after forest
harvesting on cypress-pine flatwoods in Florida. Wetlands 20, 101-112.
Sun, G., S. McNulty, D. Amatya, R. Skaggs, L. Swift, Jr., J. Shepard, and H. Riekerk.
2002. A comparison of the watershed hydrology of coastal forested wetlands and
mountainous uplands in the Southern U.S. Journal of Hydrology 263, 92-104.

35

Swank, W.T., J.M. Vose, and K.J. Elliott. 2001. Long-term hydrologic and water quality
responses following commercial clearcutting of mixed hardwoods on a southern
Appalachian catchment. Forest Ecology and Management 143, 163-178.
Ursic, S.J. 1991. Hydrologic effects of clearcutting and stripcutting loblolly pine in the
coastal plain. Water Resources Bulletin 27, 925-937.
Vowell, J.L. and R.B. Frydenborg. 2004. A biological assessment of best management
practice effectiveness during intensive silviculture and forest chemical
application. Water, Air and Soil Pollution, 4: 297-307.
Winter, T.C. 2007. The role of ground water in gernerating streamflow in headwater
areas and in maintain base flow. Journal of the American Water Resources
Association 43, 15-25.
Wipfli, M.S., J.S. Richardson, and R.J. Naiman. 2007. Ecological linkages between
headwaters and downstream ecosystems: Transport of organic matter,
invertebrates, and wood down headwater channels. Journal of the American
Water Resources Association 43, 72-85.
Xu, Y.J., J.A. Burger, W.M. Aust, S.C. Patterson, M. Miwa, and D.P. Preston. 2002.
Changes in surface water table depth and soil physical properties after harvest and
establishment of loblolly pine (Pinus taeda L.) in Atlantic coastal plain wetlands
of South Carolina, Soil Tillage Research 63,109-121.

36

CHAPTER III
IMPACTS OF THREE SILVILCULTURAL PRESCRIPTIONS ON SEDIMENT
TRANSPORT AND WATER QUALITY IN HEADWATER STREAMS
OF MANAGED, FORESTED WATERSHEDS IN THE UPPER
GULF COASTAL PLAIN OF MISSISSIPPI

Introduction
Transitional boundaries between terrestrial and aquatic systems represent dynamic
habitats which link ecosystem processes that influence the movement of organisms,
nutrients, materials and energy throughout the river ecosystem (Naiman and Décamp
1997). Disturbance of these areas through silvicultural practices can impact these
processes within an ecosystem at local and landscape levels.
There are no universally accepted definitions for headwater streams (Macdonald
and Coe 2007; Fritz et al. 2008), but they are generally agreed to be a critical component
of stream initiation processes and typically represent from 50 to 80% of the total stream
length in the U.S. (Leopold et al. 1964; Hansen 2001; Benda et al. 2005). Headwater
streams are often considered to be the greatest contributor of nonpoint sources of
sediment in natural conditions and are a crucial part of overall watershed dynamics
(Doppelt el al. 1993; Meyer and Wallace 2001; Gomi et al. 2002). Headwaters are also
important sources for downstream food webs, local biodiversity, and riparian ecosystems;
however, their actual functional role in the context of downstream water quality has not
been well quantified and subsequently not considered in resource management (Gomi et
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al. 2002; Wipfli et al. 2007). Headwater streams begin where surface flow is sufficiently
concentrated to cause scouring and formation of distinct channels and often contain
ephemeral flow for short periods during and after storm events. Although headwater
streams are not often considered to contribute to watershed dynamics except as conduits
for overland flow, there are indications that shallow subsurface flow in these ephemeral
drains may occur for days or weeks post-precipitation events (especially under saturated
soil conditions) and that a number of terrestrial and aquatic organisms may respond to
this highly dynamic hydrologic flow (Muotka and Virtanen 1995; Muys and Granval
1997; Paoletti 1999; Holland and Luff 2000; Sparling 2002).
Major water quality concerns related to timber harvesting activities involve soil
disturbance, sediment, and changes to stream temperatures. Forest harvesting activities
have the potential to increase sediment yields from sources such as exposure of bare soil
through harvesting, installation of roads and trails, and the use of equipment. Sediment is
considered to be the largest potential nonpoint source pollutant of the South (Grace 2005)
and may potentially have a negative impact on water quality by increasing temperature
levels, decreasing dissolved oxygen levels, and decreasing aquatic life habitat.
In response to growing concern about water quality in the United States,
individual states have developed guidelines known as best management practices (BMPs)
for preventing or reducing nonpoint source pollution. Numerous studies have been
conducted to evaluate forestry BMP effectiveness on water quality in the Southeastern
U.S. Most results have generally supported the efficacy of BMPs to provide adequate
protection on riparian ecosystems (Keim and Schoenholtz 1999; Ice et al. 2003; Carroll et
al. 2004; Vowell and Frydenborg 2004).
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Silvicultural streamside management zones (SMZs), a typical BMP, are
management tools designed to preserve riparian ecological functions linking terrestrial
and aquatic ecosystems, reduce logging-induced inputs to streams (e.g. sediment and
woody debris), reduce the volume and velocity of overland flow, stabilize stream banks
and protect streams from increased insolation as a result of canopy removal. Most BMP
studies in the Southeastern U.S. have focused on the use and effectiveness of SMZs as a
forestry BMP to reduce nonpoint source pollution (Lynch et al. 1985; Ursic 1991; Keim
and Schoenholtz 1999; Rivenbark and Jackson 2004). However, this research has been
limited to the riparian zone of perennial and intermittent reaches of stream networks
(Blinn and Kilgore 2001; Carroll et al. 2004; Vowell and Frydenborg 2004).
Additionally, most state forestry BMP manuals provide little or no protection for small
headwater streams characterized by ephemeral drains (Wenger 1999; Blinn and Kilgore
2001).
In Mississippi, SMZ guidelines for perennial and intermittent streams are
specified; however ephemeral drains are typically not required to have SMZs
(Mississippi Forestry Commission 2000). Further, there has been little or no
documentation on the effects of silvicultural practices in ephemeral drains on
downstream water quality in this region. This study examines the influence of headwater
areas (ephemeral and intermittent) on sediment transport and downstream water quality
using selected water quality parameters (temperature, dissolved oxygen, conductivity,
and pH). This study includes one year of pre- and two years of post-harvest observations
for ephemeral-intermittent drains.
The objectives of this study were to (1) examine the influence of headwater
streams on sediment transport and downstream water quality (2) test the influence of
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three silvicultural prescriptions of ephemeral-intermittent areas on sediment transport and
downstream water quality.
Methodology
Site description
The study area comprises three first-order headwater catchments located in
Webster County within the Sand-Clay Hills subsection of the Hilly Coastal Plain
Province of Mississippi. Study sites were chosen based on the presence of intermittent
streams, forest land available for research, and similarity of vegetation, topography, and
soils. We selected four watersheds within each catchment. The study area has a humid
subtropical climate characterized by long, hot summers and short, mild winters.
Precipitation is well distributed throughout the year with a 30 year mean of 1,451 mm.
Short- and high-intensity storms are common and storm precipitation can exceed 100 mm
per day on occasions. Mean winter temperature is 7 °C; mean summer temperature is 26
°C (U.S. National Weather Service station 222896 Eupora, MS). Watershed size ranged
from 3.8 to 9.2 ha among the 12 watersheds. Stream and hillslope gradient ranged from 2
to 19% and 2 to 26%, respectively, but both were generally consistent within catchments
(Table 3.1). Soils were well to moderately well drained Sweatman (Fine, mixed,
semiactive, thermic Typic Hapludults) and Providence (Fine-silty, mixed, active, thermic
Oxyaquic Fragiudalfs) Series (McMullen and Ford 1978). Soils within the rolling to
ruggedly hilly area are high in clay content with A-horizons of either loam or silt loam.
Hillslope water table typically drops to >2 m below the surface in the summer (Choi,
chapter 4).
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Study sites are in the Southeastern Mixed Forest Province (Bailey 1983).
Overstory vegetation is loblolly pine (Pinus taeda L.) of similar age with a smaller
component of mixed hardwoods. Common hardwood species are yellow poplar
(Liriodendron tulipifera L.), sweetgum (Liquidambar styraciflua L.), eastern
hophornbeam (Ostrya virginiana), American beech (Fagus grandifolia Ehrh.), black
cherry (Prunus serotina Ehrh.), oak species (Quercus spp.), and hickory species (Carya
spp.).

Table 3.1.

Physical characteristics of study headwater streams in Webster County,
Mississippi.
Watershed Stream Stream gradient (%) Hillslope gradient (%) Basal area
area (ha) length (m)a Mean (min, max)b
Mean (min, max) removed (%)c
BMP1
4.3
92
5 (4, 6)
26 (13, 39)
8.9
BMP2
5.2
83
4 (3, 5)
22 (3, 42)
32.4
Clearcut
4.4
81
4 (3, 5)
26 (14, 40)
70.1
Reference
5.3
78
5 (4, 5)
21 (3, 39)
-

Watershed Treatment
Union
Union
Union
Union
Congress
Congress
Congress
Congress

BMP1
BMP2
Clearcut
Reference

4.8
5.9
4.9
4.2

117
96
95
102

5 (4, 5)
13 (6, 19)
19 (12, 22)
12 (11, 13)

15 (2, 29)
14 (3, 31)
18 (12, 30)
18 (10, 40)

28.1
53.1
88.3
-

Ingram
Ingram
Ingram
Ingram

BMP1
BMP2
Clearcut
Reference

3.8
9.2
5.2
6.3

73
55
85
116

3 (2, 4)
2 (2, 3)
5 (4, 6)
5 (4, 6)

19 (16, 24)
2 (2, 3)
16 (10, 22)
20 (5, 29)

55.4
75.1
95.2
-

a

Stream length was a distance from the center well of the first measurement transect to
the center well of 5th measurement transect.
b
Stream gradient was measured within measurement transects.
c
Values are approximate based on subsample within water table well transects.
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Study design and treatment
Twelve similar zero-order basins with intermittent streams were selected for study
and arranged in a completely randomized block design (RCB) which consisted of three
blocks of four randomly assigned treatments. The uppermost reaches (ephemeral drains)
not governed by Mississippi’s Forestry BMP guidelines (Mississippi Forestry
Commission, 2000) received one of the following treatments: (1) Clearcut - total harvest
with no BMPs applied within the drainage channels; (2) BMP1 - removal of all
merchantable stems greater than 15.2 cm DBH and 20.3 cm diameter at the base of the
butt log leaving understory intact with minimum surface soil and forest floor disturbance.
Logging debris was prohibited in the drainage channel; (3) BMP2 - same as BMP 1 with
the addition of logging debris to the drainage channel in an attempt to decrease energy in
the system and minimize head-cutting and continued channel development in the
ephemeral area; (4) No harvest - left uncut as a reference or control. Treatment
boundaries were delineated using watershed contours in September 2007. Timber
harvesting was conducted during October - December 2007, while surface soil conditions
were dry using rubber tired feller-bunchers and grapple skidders. Commercial timber
harvesting was carried out in accordance with Mississippi’s Forestry BMP guidelines; the
only exception was BMP2 in which tops were left in drainage channels.
Data collection
Soil erosion/deposition
Erosion/deposition measurements were taken along five well transects of 5 cm i.d.
polyvinyl chloride pipe used as part of another study. At the head of each intermittent
stream, 5 transects were established perpendicular to the developed channel from the top
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of the ephemeral drains through the entire length of the intermittent stream (Figure 3.1).
Spacing between transects was dependent on the length of the drain as well as the areal
extent of the watershed and ranged from 12 to 30 m. Each transect consisted of 5 erosion
measurement points. Twenty-five erosion measurement points were installed per
treatment, for a total of 300 measurement points across the study area and each erosion
measurement point was located at 5 m intervals along each transect (Figure 3.1). After
well installation, the height of the pipe above soil surface was measured, permanently
marked with a vertical line and served as a datum for subsequent measurements; initial
height above surface soil ranged 55 to 70 cm. Erosion/deposition was monitored across
32 months (February 2007 to August 2009) with three pre-harvest measurements
(February, August, and October through December 2007) and four post-harvest
measurements [March 2008 (T1), September 2008 (T2), February 2009 (T3), and August
2009 (T4)].
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Upland
H10

H5

5m

H5

Channel

5m

5m

H10

5m

Ephemeral drain
Perennial stream
Intermittent stream
Soil erosion/deposition measurement points
Monitoring station
Downstream water quality measurement spot

Figure 3.1.

Schematic of field sampling design in study watersheds of Webster
County, Mississippi.

Each transect consisted of 5 erosion measurement points. Twenty-five erosion
measurement points were installed per treatment. Each point was located at 5 m intervals
along each transact. Transect spacing ranged from 12 to 25 m, dependent upon the length
and slope of the drain as well as the areal extent of the watershed. H5 and H10 indicate
5m and 10 m erosion measurement positions from channel center, respectively.

Stream water sampling
Total suspended sediment (TSS) from ephemeral-intermittent drains during the
rising limb of major precipitation events was monitored for 30 months (March 2007 to
August 2009). At the junction of each intermittent flow segment and perennial stream, a
1.8 m length of 25.4 cm i.d. schedule 40 polyvinyl chloride pipe was installed and
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stabilized with sandbags to constrain flow. Level and flow within the pipe were directly
measured with area velocity sensors and flow loggers (ISCO 4150 area velocity flow
logger, ISCO Inc., Lincoln, NE) which recorded at 15-minute intervals. Automatic
composite samplers (ISCO GLS water sampler, ISCO Inc., Lincoln, NE) were linked to
the flow loggers and programmed to begin sample collection when flow depth was
greater than 20 to 50 mm depending on season and flow. Upon initiation of sampling,
samplers were programmed to collect 200 ml of water every 30 minutes up to 20 samples
per event; samples were reserved in a composite bottle. At the end of each precipitation
event, a well-stirred subsample of 500 ml was removed from the composite sample and
analyzed for TSS in the laboratory (APHA 1987). Due to the variability in event-flow in
headwater streams, not all streams were sampled simultaneously and the number of
sampled storm events differed among streams.
Perennial stream water quality was monitored monthly (March 2007 to December
2009) as water exited the treatment watershed at the junction of the intermittent drain and
the perennial stream. In-situ measurements of temperature, pH, dissolved oxygen (DO),
and conductivity were measured using a portable multiparameter sensor (YSI 556 MPS
meter, YSI Incorporated, Yellow Springs, OH). Sensors were calibrated the morning of
sampling and proper calibration was verified upon return from the field.
All four watersheds in each catchment were visited consecutively, and catchments
were visited in the same order every time to reduce effects of diurnal fluctuations in
analysis (Keim and Schoenholtz 1999).
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Data analysis
Post-harvest T1 to T4 represent consecutive time periods for all analyses. For
purpose of characterizing erosion/deposition, we categorized erosion measurement point
positions within each transect as channel, 5m from channel (H5), and 10 m from channel
(H10). Three classes consisting of 25 erosion measurement points (five channels, ten H5,
and ten H10) for each treatment were considered for data analysis (Figure 3.1). Postharvest net erosion/deposition by position (channel, H5, and H10) within treatments was
calculated by subtracting measurements for T1 from those of T4. We also examined each
post-harvest treatment response in net soil erosion/deposition by position and associated
precipitation characteristics (total precipitation, daily maximum precipitation, and
maximum 30-minute intensity). Pearson correlation analysis was used to determine
whether there existed a linear relationship between precipitation characteristics such as
total precipitation, daily maximum precipitation, maximum 30-minute intensity, and net
soil erosion/deposition by position within treatments for each post-harvest period. For
TSS analysis, storm precipitation volume during each sampled event was calculated by
treatment and the relationship between TSS and storm precipitation (volume) was
examined using a simple regression analysis for each post-harvest period (T1 to T4).
A completely randomized block (RCB) design was used to evaluate the effects of
timber harvesting on sediment delivery and downstream water quality and to compare the
resultant hydrologic responses among treatments. For soil erosion/deposition analysis,
we employed the following model.

Yijk = μ + blki + trtij + psnk + trtij × psnk + εijk
(i = 1,…, 4; j = 1,…, 4; k = 1, …, 3)

(Equation 3.1)
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where:
Yijk is the mean net soil erosion/deposition for position k in treatment j in block i.
μ is the grand mean.
blki is the random effect for block i.
trtij is the fixed effect for treatment j in block i.
psnk is a fixed factor for position k, where 1, 2, and 3 represent channel, H5, and H10,
respectively, in treatment j in block i.
εijk is the random error for position k in treatment j in block i.

Pre-harvest value was a covariate for soil erosion/deposition analysis.
For downstream water quality analysis, we separated water quality data in two
groups: summer months (June to September) and non-summer months (October to May)
and examined treatment means across both time periods for all analyses.

Yijk = μ + blki + trtij + tk + trtij ×tk + εijk
(i = 1,…, 4; j = 1,…, 4; k = 1 or 2)

(Equation 3.2)

where:
Yijk is the mean pH, temperature, conductivity, or DO concentration for treatment j in
block i at time k.
μ is the grand mean.
blki is the random effect for block i.
trtij is the fixed effect for treatment j in block i.
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tk is a fixed factor for time k, where 1 and 2 represent summer months and non-summer
months, respectively.
εijk is the random error for treatment j in block i at time k.

Pre-harvest value was a covariate for water quality analysis. We used the MIXED
procedure of SAS (SAS Institute Inc. 2008) for all analyses. When main effects or
interactions were significant, least square means were computed and comparisons were
made using a significance level of α=0.05 and Tukey’s adjustment. A significant
difference in mean TSS among treatments indicates there is a significant difference in
regression slope describing the relationship between storm precipitation and TSS.
Results
Precipitation
This study encompassed three years (one pre- and two post-harvest) with three
distinct precipitation patterns. Total precipitation for 2007 (pre-harvest) was belowaverage at 1001 mm (30-year mean=1,451 mm). Total precipitation for 2008 (1st year
post-harvest) was roughly equal to the 30-year mean at 1498 mm. However, 28% of the
total precipitation for 2008 fell during the months of August and December (Figure 2.3).
The net result was that the study watersheds experienced a severe regional drought from
February 2007 through December 2008 (National Drought Mitigation Center,
http://drought.unl.edu/dm/archive.html). Total precipitation for 2009 (2nd year postharvest) was 2194 mm, the highest in the 25-year record for Webster County,
Mississippi.

48

Soil erosion/deposition
Pre-harvest net soil erosion/deposition was not different between treatments
(p=0.781). No pre-harvest differences were detected among positions; channel
(p=0.116), H5 (p=0.252) and H10 (p=0.201). Twenty-two months post-harvest, there
was net erosion of −0.30 - −1.08 cm in harvested treatments and net deposition of 0.14
cm in the reference. Post-harvest net soil erosion/deposition differed significantly among
treatments (p=0.002). Net erosion/deposition was greatest in the clearcut treatment [−1.08
± 0.42 cm (95% CI)] and other treatments responded similarly (values ranged from [0.14
± 0.44 cm (95% CI)] in the reference to [−0.52 ± 0.55 cm (95% CI) in BMP2]. However,
there was no significant difference between BMP2 and clearcut treatments (Figure 3.2).
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Differences in net soil erosion/deposition by treatment 32 months postharvest in small headwater streams of Webster County, Mississippi.

Means with different letters indicate significant differences at α=0.05. Negative values
indicate soil erosion and positive values indicate soil deposition.

Overall, 22 months post-harvest (T1 to T4), all treatments exhibited net erosion
ranging from −0.47 to −2.24 cm in hillslope positions while channel positions exhibited
variable responses by treatments. Significant differences in net soil erosion/deposition 22
months post-harvest were detected in hillslope positions (H5, p=0.017 and H10,
50

p=0.044), but not in the channel position (p=0.083). Significant effects in hillslope
positions occurred mainly between clearcut and reference treatments. The two BMP
treatments did not differ significantly from the uncut reference (Figure 3.3).
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Differences in net soil erosion/deposition by treatment 32 months postharvest in small headwater streams of Webster County, Mississippi.

Means with different letters indicate significant differences at α=0.05 within a position.
Negative values indicate soil erosion and positive values indicate soil deposition.
* indicates significant difference at α=0.05 among treatments.
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Post-harvest treatment response in net soil erosion/deposition by position and
associated precipitation characteristics (total precipitation, daily maximum precipitation,
and maximum 30-minute intensity) is presented in Figure 3.4. Immediately following
harvest (T1), net soil erosion/deposition was significantly affected by treatments, and
there were discernable patterns in net soil erosion/deposition by topographic position.
Erosion was a dominant process in hillslope positions whereas all channel positions
exhibited net deposition regardless of treatment. Low stream flow, low precipitation, and
low antecedent moisture condition may be possible explanations for net deposition on all
treatment channel positions. Net erosion was highest in the clearcut (−0.98 - −1.21 cm),
followed by BMP1 (−0.65 - −0.79 cm), reference (−0.31 - −0.35 cm), and BMP2
(−0.29 - 0.02 cm) treatments. Logging debris left in riparian areas after harvest may be
responsible for the lower net erosion rate in BMP2 treatment which was conducted under
minimum surface soil and forest floor disturbance. Post-harvest T2 and T3, net erosion
or deposition in hillslope positions decreased drastically. This coincided with increased
canopy cover of understory reestablishment during the first growing season after harvest.
Net erosion/deposition in channel positions, however, was highly variable during this
period and this pattern continued to T4. Post-harvest T4 was the wettest period with
frequent high-magnitude precipitation events. Understory and midstory vegetation had
recovered considerably, and thus, mineral soil exposure associated with timber harvest
had decreased. However, there was considerable net soil erosion in hillslope positions
across all treatments; clearcut (−0.83 - −0.86 cm), BMP1 (−0.33 - −0.34 cm), reference
(−0.22 - −0.30 cm), and BMP2 (−0.20 - −0.30 cm) treatments.
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BMP1 BMP2 Clearcut Reference BMP1 BMP2 Clearcut Reference

Harvest

Figure 3.4.

Soil erosion/deposition (cm)

Table 3.2 summarizes the results of Pearson correlation analysis to determine the
relationship between precipitation variables (total precipitation, daily maximum
precipitation, and maximum 30-minute intensity) and net soil erosion/deposition by
position within treatment for each post-harvest period. Net soil erosion/deposition in
channel positions is more likely related to precipitation volume (total precipitation and
daily maximum precipitation) which is closely tied to ephemeral stream flow (Choi,
chapter 2). Hillslope positions, however, had a significant linear relationship between net
soil erosion/deposition and maximum 30-minute intensity in all cases except BMP2, H10.
The average hillslope gradient (19%) in the study watersheds did not permit much lateral
flooding except during extreme events; thus total precipitation and daily maximum
precipitation were not primary factors affecting net soil erosion/deposition on hillslopes.

Table 3.2.

Net erosion/
deposition
BMP1
BMP2
Clearcut
Reference

Relationships between net soil erosion/deposition and precipitation
characteristics in small headwater streams of Webster County, Mississippi.

TP
-0.47*
0.03
-0.56*
-0.19

Channel
DMP
-0.51*
0.18
-0.53*
0.05

MI
-0.10
-0.45
-0.26
-0.61*

TP
0.28
0.15
0.01
0.15

H5
DMP
0.02
-0.06
-0.19
-0.10

MI
0.82*
0.60*
0.55*
0.65*

TP
0.43
-0.40
0.10
0.23

H10
DMP
0.13
-0.49
-0.15
-0.10

MI
0.96*
0.01
0.71*
0.90*

* indicates significant in coefficient values at α=0.05.
TP: total precipitation, DMP: daily maximum precipitation, and MI: maximum 30-minute
intensity.

Storm TSS
Due to regional extreme pre-harvest drought conditions, we collected only twelve
water samples from three storm events for TSS analysis. There was no significant
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difference (p=0.149) in TSS pre-harvest among treatments; mean TSS concentrations
were 283.9 mg/L (BMP1), 263.7 mg/L (BMP2), 214.7 mg/L (clearcut), and reference
(166.4 mg/L) treatments. Post-harvest (T1 to T4), there were significant differences in
mean TSS among treatments overall; the most significant increase occurred in the
clearcut treatment (452.9 mg/L) while other treatments had similar values ranging from
200.5 mg/L in reference to 242.9 mg/L in BMP2 treatments. Significant linear
relationships were derived between TSS and storm precipitation during this period in all
treatments except the reference treatment: clearcut (r2=0.58; p<0.001), BMP2 (r2=0.47;
p<0.001), BMP1 (r2=0.43; p<0.001), and reference (r2=0.14; p=0.19) treatments (Figure
3.5A). Due to prolonged drought conditions and difficulties with field equipment, TSS
data were not available for post-harvest T1 which would be expected to have had the
highest TSS. During post-harvest T2 to T3, the clearcut treatment had the highest mean
TSS among treatments, and the two BMP treatments tended to have slightly higher mean
TSS than the reference treatment. There were no significant differences between BMP1,
BMP2, and reference treatments in mean TSS (Figure 3.5B and 3.5C). During postharvest T4, mean TSS increased in all treatments with the exception of the reference and
there were significant differences between clearcut and other treatments: 566.8 mg/L
(clearcut), 325.6 mg/L (BMP1), 304.5 mg/L (BMP2), and 189.8 mg/L (reference). Postharvest increases in TSS were primarily due to the increased magnitude and frequency of
intense storm events (Figure 3.5D). There was a significant linear relationships between
TSS and storm precipitation in all treatments, except the reference: clearcut (r2=0.78;
p<0.001), BMP1 (r2=0.76; p<0.001), BMP2 (r2=0.50; p<0.011), and reference (r2=0.26;
p<0.331) treatments. This may indicate that TSS in the two BMP treatments returned to
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values similar to pre-harvest level or reference levels. The clearcut treatment, however,
remained elevated above the reference level for the 22 months after harvest.
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Relationships between TSS and storm precipitation post-harvest among
treatments in small headwater streams of Webster County, Mississippi.

Data are not available for T1 and reference during T3 due to prolonged drought
conditions and equipment malfunction. *indicates significant differences in mean TSS
among treatments for each time period at α=0.05.
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Downstream water quality
During the summer 2007 and 2008, there was little to no stream flow in the
perennial streams and most water quality parameters exhibited large variability (Figure
3.6). Therefore, we were concerned that inclusion of summer months in the overall
analysis may skew these water quality parameters. Prior to harvest, there were
significant differences in conductivity (p=0.001), pH (p=0.011), and DO (p=0.001)
among treatments during the summer months. All treatments had similar values in water
quality parameters during the remaining months. This was due to large variability in
stream flow among watersheds associated with the summer drought conditions.
Following harvest, downstream water quality did not change significantly, however, there
was a significant but marginal difference (p=0.044) in DO concentration among
treatments during the summer (Figure 3.6): 6.03 ml/L (BMP2), 5.99 ml/L (BMP1), 5.53
ml/L (reference), and 5.28 ml/L (clearcut). As expected, stream temperature was
inversely related to DO concentration with strong seasonal patterns; relatively low
temperature and high DO concentrations occurred during the winter and relatively high
temperature and low DO concentrations occurred during the summer.
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Discussion
Although a number of studies have reported timber harvesting effects on sediment
yield and water quality in Southeastern U.S. (Beasley et al. 1986; Ulsic 1991; Wynn et al.
2000; Caroll et al. 2004; Houser et al. 2006), few studies have examined sediment
transport following harvest using direct measurement of soil erosion/deposition in small
watersheds. In the present study, net erosion was the primary process in harvested
treatments and hillslope positions within all treatments even though channel positions
varied largely among treatments. However, net soil erosion/deposition patterns
indentified in the present study differ from previous studies at other experimental
watersheds of Mississippi. Keim and Schoenholtz (1999) reported that net deposition
occurred in all channel and hillslope positions among treatments in a study of harvesting
impacts on first-order perennial streams in the steep loessial bluff region of Mississippi.
A similar result observed by Carroll et al. (2004) in a study of effectiveness of SMZs on
first- or second-order perennial streams in the Sand-Clay Hills of Mississippi. First-order
perennial streams typically have lower channel and hillslope gradients than the
uppermost portions (ephemeral drains) of headwater systems; they also have a larger
storage capacity than ephemeral and intermittent streams, thus sediments moved through
in-channel and external sources (e.g. bank erosion) during a flood (Q> bankfull
discharge) are often deposited in relatively flat riparian areas (floodplains).
The goal of the BMP2 treatment was to decrease hydrologic energy in the fluvial
system to minimize head-cutting and channel erosion by adding logging debris to the
ephemeral drains as a sediment baffle; therefore we tested whether there were differences
in net soil erosion/deposition and TSS between BMP1 (normal BMP) and BMP2
(modified BMP) treatments. We expected BMP2 would have reduced net soil erosion in
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both channel and hillslope positions in comparison to BMP1. However, our expectations
were not supported by the results in channel position. Channel aggradation and
degradation is likely more affected by inherent channel conditions (e.g. watershed size,
channel gradient, and channel morphology), and temporal and spatial changes of logging
debris in channel system following harvest. Within the channel, there was a larger
change in net soil erosion/deposition in harvested treatments than in the reference
treatment. However, logging debris served to cover surface soil thereby reducing soil
erosion in the BMP2 hillslope positions (H5 and H10) even though there was no
significant difference in soil erosion between the two BMP treatments. Clearcut sites
typically have more logging debris than partial cut sites (Jackson et al. 2001; Carroll et al.
2004). Logging debris in clearcut sites may result in sediment storage or surface soil
coverage. However, logging debris did not function as sediment storage or surface soil
coverage in the clearcut (no BMP) treatment of this study indicating that logging slash
left on the ground following intensive soil disturbance may not retain sediment efficiently
(Figure 3.4). This may be related to higher TSS in the clearcut treatment as compared to
the two BMP treatments. We also expected BMP2 would have lower TSS than BMP1.
BMP2 did have consistently lower TSS than BMP1, but the difference was minor and not
statistically significant. The clearcut treatment was the highest level of disturbance on
ephemeral-intermittent drains. Generally, TSS increases during or after harvest, but
typically returns to values at or below pre-harvest conditions or reference level within 2
to 3 years following harvest (Kochenderfer et al. 1997; Macdonald et al. 2003; Gomi et
al. 2005). Our results indicate that TSS in the two BMP treatments returned to reference
levels, but remained elevated above reference levels for the 22 months of monitoring
after harvest in the clearcut treatment.
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Understanding the linkages between hillslopes and channels in headwater streams
is critical because the rate at which sediment is delivered to channels depends on the
efficiency of the linkage (Gomi et al. 2005). The present study was limited by the lack of
a reliable water flux measurement in order to quantify the sediment transported from
headwater streams. During field visits we observed that sediment produced from
hillslopes was deposited near channel banks and intensive storms often transported these
sediments directly to drainage channels. There were some treatments which had
concentrated flow areas directly connected to drainage channels through skid trails or
hillslope ridges. Evidence of direct connections in sediment transport from hillslopes to
drainage channels within soil erosion measurement transects was lacking due to dense
vegetation and litter cover with the exception of clearcut treatments where sediment was
frequently transported through skid trails (e.g. sheet and rill erosion) and small hillslope
failures. However, it is important to note that all harvested treatments were clearcut
above the SMZ (outside water table well transects) where there could be the possibility of
tractors driving through the ephemeral drains. Ephemeral-intermittent drainages in this
study have dynamic patterns and a high magnitude of change in net soil
erosion/deposition even though they have less fluvial power than downstream reaches
(e.g. first- and second-order stream) within this headwater system. In the present study,
we found ephemeral-intermittent drainages are an efficient conduit to move water and
sediment from zero-order basins during storm events, and this longitudinal connectivity
may play a greater role in material transport than lateral connectivity (hillslope to
drainage channel). Water table elevation resulting from timber harvesting may increase
the spatial and temporal frequency of saturation-excess overland flow and in turn increase
longitudinal connectivity of surface flow during storm events (Sidle et al. 2000).
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TSS concentrations tend to be more dependent on storm precipitation or
precipitation intensity than simple measurement of discharge (Nistor and Church 2005;
Karwan et al. 2007) as was the case in the present study (Hatten, unpublished data).
Results from this study suggest that there were generally good correlations between TSS
and storm precipitation in all treatments across 26 months of the study (Figure 3.4).
However, post-harvest T2 to T3, relationships between TSS and storm precipitation were
lacking and higher variability was probably due to flushing effect of in-channel and
external sources of sediment by the first few storm events immediately post-harvest (T1),
infrequent storm events during a prolonged drought period (T2), and increased discharge
resulting from drought recovery (T3). The study watersheds had the largest volume of
storm precipitation and total precipitation during post-harvest (T4) (Figure 4). This
period showed drastically different responses compared to Post-harvest T2 to T3. Higher
availability of sediment as a result of constant sediment supply from harvested treatments
(BMP1, BMP2, and clearcut) were probably responsible for the significant linear
relationships between TSS and storm precipitation during the largest storm event. We
observed evidence of sediment transport from small slope failures, channel crossing
areas, and skid trails in the clearcut treatment as well as destabilized logging debris in
drainages and bank erosion in most harvested treatments following the storm event.
However, caution should be exercised in making direct comparisons between net soil
erosion/deposition patterns (Figure 3.4) and TSS (Figure 3.5) due to lack of lateral
connectivity.
The effects of timber harvesting on physical water characteristics are highly
variable depending on climatic and topographic conditions (size, shape, elevation, slope,
and soil type) of the watersheds, harvest intensity (clearcut vs. selective cutting), and land
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use change (Wegehenkel 2003; Clinton and Vose 2006). Keim and Schoenholtz (1999)
and Carroll et al. (2004) found that timber harvesting did not significantly affect most
water quality parameters during studies of harvesting impacts to first- or second order
headwater streams in Mississippi as we found in our study. In the present study, results
showed that timber harvesting did not significantly affect all water quality parameters
with the exception of DO concentration during the summer. Such subtle changes in
downstream water quality were primarily due to maintaining SMZs in all treatments
including clearcut along downstream reaches (first-order stream). Timber harvesting in
these areas was carried out in accordance with Mississippi’s Forestry BMP guidelines.
As would be expected, ground disturbing activities were greatly reduced in SMZs as
compared to other portions of treatments. Dodds and Oakes (2008) observed in a study
of harvest impacts to headwater streams in eastern Kansas that water quality parameters
sampled in downstream reaches were closely correlated with riparian cover adjacent to
first-order streams. We found marginal differences among treatments in DO
concentration during the summer. Ice and Sugden (2003) reported that low DO
concentrations during the summer are common in many low-gradient, low-velocity
streams of the South. Baillie et al. (2005) suggested that pre-existing constraints on
stream water quality can influence the magnitude of harvesting impacts. Differences in
DO concentration in the study watersheds may not be due to timber harvesting alone, but
rather a function of prolonged drought conditions pre- and post-harvest in combination
with timber harvesting or effects of naturally occurring conditions in the summer.
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Conclusions
This study tested potential management prescriptions for ephemeral-intermittent
drains in the Upper Gulf Coastal Plain of Mississippi. We found that forest clearcutting
with no BMP’s involving intensive surface soil and forest floor disturbance resulted in
substantial impacts to net soil erosion/deposition in both channel and hillslope positions
and significantly increased TSS following harvest. Clearcutting appears to have
increased the flux of sediment to lower stream reaches which could have had an adverse
affect on downstream water quality. These impacts were minimized by implementing
two potential zero-order stream BMP’s during harvesting activities. These findings
support the use of either BMP treatments for ephemeral-intermittent drains, however,
BMP2, a typical BMP with the additional measure of leaving tops/logging debris in
ephemeral drain, is likely more beneficial to both landowners and forest managers in that
more timber can be harvested due to reduced operational constraints. Longitudinal
connectivity may play a greater role in material transport to downstream reaches than
lateral connectivity in these zero order basins. Thus, understanding hydrologic changes
(e.g. water table) following harvest is critical and should be considered in resource
management of headwater systems.
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CHAPTER IV
CORRELATIONS AMONG VEGETATION AND SUBSURFACE HYDROLOGY IN
EPHEMERAL-INTERMITTENT DRAINS OF MANAGED, FORESTED
WATERSHEDS IN THE UPPER GULF COASTAL PLAIN
OF MISSISSIPPI

Introduction
Headwaters are a critical component of the stream network and typically represent
from 50 to 80% of the total stream length in the U.S. (Leopold et al. 1964; Hansen 2001;
Benda et al. 2005). Headwater streams occupy topographically high positions and a
substantial portion of drainage basins at points of stream initiation, thus their ecological
importance (e.g. initiation of fluvial transport of materials, energy, and nutrients to larger
streams and the maintenance of local biodiversity) has recently received much attention
(Fritz et al. 2008). The role of headwater streams tends to be underestimated because of
their small source areas (Gomi et al. 2002); subsequently they are rarely considered in
resource management (Wipfli et al. 2007).
Zero-order basins are the uppermost portions of headwater streams, terminating at
the head of first-order streams and are common features of landscapes in the U.S. Zeroorder basins have been defined as hillslope features that join hillslopes and streams and
typically include intermittent streams (Tsukamoto and Minematsu 1987; Sheridan and
Thomas 2005). Although the physical characteristics and geomorphology of zero-order
basins have been studied (Tsukamoto and Minematsu 1987; Reneau and Dietrich 1990),
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little research has documented vegetation communities in the uppermost portions of
headwater systems (Sheridan and Thomas 2005). It is not obvious whether the
distribution of vegetation communities follow hillslope gradients and whether there are
distinct vegetation communities between these drainage channels and surrounding
hillslopes (Gemborys and Hodgkins 1971; Spackman and Hughes 1995; Hughes and
Cass 1997; Zimmerman et al. 1999).
In the United States, properly installed forestry best management practices
(BMPs) provide adequate protection on intermittent and perennial streams (Ice et al.
2003; Carroll et al. 2004; Vowell and Frydenborg 2004). However, most forestry BMP
programs provide little or no protection for small headwater areas characterized by
ephemeral drains. In order to reduce ambiguity associated with ephemeral drains, we
adopted the following definition from the 2000 Mississippi’s forestry BMP guidelines for
purposes of this study: ephemeral drains (also referred to as any draws, ephemeral
streams, ephemeral areas, or dry washes) are drainage structures connected to a stream in
response to storm flow following heavy rains or when soils are saturated (Mississippi
Forestry Commission 2000). One important component of BMPs is a Streamside
Management Zone (SMZ), which is a vegetated buffer designated along riparian areas.
The purpose of the SMZ is to prevent logging-induced inputs (e.g. sediment and woody
debris) from entering streams and reduce the volume and velocity of overland flow in
order to preserve riparian ecological functions linking terrestrial and aquatic ecosystems.
There is growing concern that SMZs should be extended to their upstream limits
(e.g. ephemeral drains) to appropriately manage and maintain hydrologic functions in
order to preserve productivity, downstream water quality, and biota within the watershed.
There is considerable debate surrounding buffer width and extent in forest management.
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Do zero-order basins have riparian zones and if so, how wide should buffers be to
maintain hydrologic and ecologic function? If zero-order basins have a discernible
riparian zone that warrants protection, buffer extension may result in loss of economic or
other values in terms of non-harvestable timber to landowners (Brosofske et al. 1997;
Hagan et al. 2006). Criteria for defining the upstream limits of SMZs are indefinite.
Thus, landowners and foresters may have difficulty identifying upstream limits of SMZs
and determining. In Webster County, Mississippi, the upper limit is often locally defined
by the “fern line” based on the experience of local foresters without corroborating data
indicating that the fern line adequately represents the hydrologic and ecologic functional
limits of the watershed. In addition, the blue-line streams from US Geological Survey
(USGS) topographic contour maps are not reliable tools for determining stream extent
and are not designed to represent ephemeral drains (Hansen 2001). Policy makers and
forest managers are faced with the difficulty of making decisions about appropriate
riparian zone protection for ephemeral drains based on generally insufficient information
regarding the contributions of ephemeral drains to downstream segments.
In this study, we used plot-based field characterizations of vegetation in
conjunction with water table measurements to document the relationships between
vegetation communities and hydrologic gradient in the uppermost portion of small
headwater streams and determine whether hydrology controls vegetation communities.
The study includes pre- and post-harvest observations documenting two potential best
management strategies for headwater areas. Our objectives were to (1) detect the
transition zone between upland and riparian areas that can be identified based on
vegetation communities, (2) determine the effects of timber harvesting on vegetation
communities in these transition areas, and (3) in the event that we can detect distinct
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vegetation communities, identify potential indicators of riparian hydrology which could
be used in rapid delineation of SMZs by forest managers.
Methodology
Site description
The study area comprises three first-order headwater catchments located in
Webster County within the Sand-Clay Hills subsection of the Hilly Coastal Plain
Province of Mississippi. Study sites were chosen based on the presence of intermittent
streams, forest land available for research, and similarity of vegetation, topography, and
soils. We selected four watersheds within each catchment. The study area has a humid
subtropical climate characterized by long, hot summers and short, mild winters.
Precipitation is well distributed throughout the year with a 30 year mean of 1,451 mm.
Short and high intensity storms are common and storm precipitation can exceed 100 mm
on occasions. Mean winter temperature is 7 °C; mean summer temperature is 26 °C
(U.S. National Weather Service station 222896 Webster, MS). Watershed size ranged
from 3.8 to 9.2 ha among the 12 watersheds. Stream gradients and hillslope gradients
ranged from 2 to 19% and 2 to 26%, respectively, but both were generally consistent
within catchments (Table 4.1). Soils were well to moderately well drained Sweatman
(Fine, mixed, semiactive, thermic Typic Hapludults) and Providence (Fine-silty, mixed,
active, thermic Oxyaquic Fragiudalfs) Series (McMullen and Ford 1978). Soils within
the rolling to ruggedly hilly area are high in clay content with A-horizons of either loam
or silt loam. Hillslope water table typically drops to >2 m below the surface in the
summer.
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Study sites are in the Southeastern Mixed Forest Province (Bailey 1983).
Overstory vegetation is loblolly pine (Pinus taeda L.) of similar age with a lesser
component of mixed hardwoods. Common hardwood species are yellow poplar
(Liriodendron tulipifera L.), sweetgum (Liquidambar styraciflua L.), eastern
hophornbeam (Ostrya virginiana), American beech (Fagus grandifolia Ehrh.), black
cherry (Prunus serotina Ehrh.), oak species (Quercus spp.), and hickory species (Carya
spp.). Dominant shrubs include American beautyberry (Callicarpa americana L.),
switchcane (Arundinaria gigantea (Walter) Muhl.), red buckeye (Aesculus pavia L.), and
American witchhazel (Hamamelis virginiana L.). Common herbaceous species are
Christmas fern (Polystichum acrostichoides (Michx.) Schott), sweet white violet (Viola
blanda Willd.), yellow wood sorrel (Oxalis stricta L.), variable panicgrass
(Dichanthelium commutatum (Schult.) Gould), and Vasey’s grass (Paspalum urvillei
Steud.).
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Table 4.1.

Physical characteristics of study headwater streams in Webster County,
Mississippi.
Watershed Stream Stream gradient (%) Hillslope gradient (%) Basal area
area (ha) length (m)a Mean (min, max)b
Mean (min, max) removed (%)c
BMP1
4.3
92
5 (4, 6)
26 (13, 39)
8.9
BMP2
5.2
83
4 (3, 5)
22 (3, 42)
32.4
Clearcut
4.4
81
4 (3, 5)
26 (14, 40)
70.1
Reference
5.3
78
5 (4, 5)
21 (3, 39)
-

Watershed Treatment
Union
Union
Union
Union
Congress
Congress
Congress
Congress

BMP1
BMP2
Clearcut
Reference

4.8
5.9
4.9
4.2

117
96
95
102

5 (4, 5)
13 (6, 19)
19 (12, 22)
12 (11, 13)

15 (2, 29)
14 (3, 31)
18 (12, 30)
18 (10, 40)

28.1
53.1
88.3
-

Ingram
Ingram
Ingram
Ingram

BMP1
BMP2
Clearcut
Reference

3.8
9.2
5.2
6.3

73
55
85
116

3 (2, 4)
2 (2, 3)
5 (4, 6)
5 (4, 6)

19 (16, 24)
2 (2, 3)
16 (10, 22)
20 (5, 29)

55.4
75.1
95.2
-

a

Stream length was a distance from the center well of the first measurement transect to
the center well of 5th measurement transect.
b
Stream gradient was measured within measurement transects.
c
Values are approximate based on subsample within water table well transects.

Study design and treatment
Twelve similar zero-order basins with intermittent streams were selected for study
and arranged in a completely randomized block design which consisted of three blocks of
four randomly assigned treatments (Table 4.1). The uppermost reaches (ephemeral
drains) not governed by Mississippi’s Forestry BMP guidelines (Mississippi Forestry
Commission, 2000) received one of the following treatments: (1) Clearcut - total harvest
with no BMPs applied within the drainage channels; (2) BMP1 - removal of all
merchantable stems greater than 15.2 cm DBH and 20.3 cm diameter at the base of the
butt log leaving understory intact with minimum surface soil and forest floor disturbance.
Logging debris was prohibited in the drainage channel; (3) BMP2 - same as BMP 1 with
the addition of logging debris to the drainage channel in an attempt to decrease energy in
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the system and minimize head-cutting and continued channel development in the
ephemeral area; (4) No harvest - left uncut as a reference or control. Treatment
boundaries were delineated using watershed contours in September 2007. Timber
harvesting was conducted during October - December 2007, while surface soil conditions
were dry using rubber tired feller-bunchers and grapple skidders. Commercial timber
harvesting was carried out in accordance with Mississippi’s Forestry BMP guidelines; the
only exception was BMP2 in which tops were left in drainage channels.
Data collection
Water table measurement
At the head of each intermittent stream, 5 transects were established perpendicular
to the developed channel from the top of the ephemeral drains through the entire length
of the intermittent stream (Figure 4.1). Spacing between transects was dependent on the
length and slope of the drain as well as the areal extent of the watershed and ranged from
12 to 30 m. Monitoring stations were located at 5 m intervals along each transect (Figure
4.1). Three hundred screened wells, 3 m in depth and 5 cm internal diameter, were
constructed of 0.25 cm thick polyvinyl chloride and installed in grids of 25 per subwatershed to monitor subsurface hydrology. Boreholes were drilled with a 5 cm hand
auger to a depth of approximately 2.5 m or until water, gravel, and rocks prevented
further drilling; final depths ranged from 1.5 to 2.5 m below the soil surface. Following
well installation, boreholes were backfilled with excavated soil and packed with bentonite
clay at the surface to prevent infiltration along the polyvinyl chloride pipe -soil interface.
Groundwater wells were monitored on a monthly schedule from January 2007 to
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December 2009 using an electronic measuring tape; all measurements were referenced to
the soil surface datum.

Upland
Hillslope

Channel

Hillslope
Ephemeral Zone

Water table
well transect
Transitional Zone

25− 50 m
5m

Intermittant Zone

Ephemeral drain
Vegetation sampling plot

Figure 4.1.

Perennial stream
Intermittent stream
Plot used water table and PI analysis

Schematic of field sampling design in the study watersheds of Webster
County, Mississippi.

Vegetation
Vegetation surveys were conducted twice yearly at the beginning and end of the
growing season (May and September) during post-harvest years. Pre-harvest vegetation
inventory was conducted prior to treatment installation in September, 2007. Overstory,
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midstory, and understory strata were measured using the Corps of Engineers Wetlands
Delineation Manual’s modified approach for areas greater than 2 ha in size
(Environmental Laboratory 1987). Diameter at breast height was measured for all
overstory trees having a DBH ≥ 7.62 cm within a 9.14 m fixed-radius plot where plot
center was located at the center well of the 1st, 3rd, and 5th transect (3 per treatment); DBH
was converted to basal area by species. The midstory stratum was comprised of all
sapling and shrubs having a DBH < 7.62 cm and a height ≥ 1 m within a 3.05 m fixedradius plot where plot center was located at the 1st, 3rd, and 5th well of each transect (15
per treatment). Measurements were converted to total height-per-species using midpoints
of the following height classes and ranges: (1) 0.3-0.9 m, (2) 0.91-1.5 m, (3) 1.51-2.1 m,
(4) 2.11-2.7 m, (5) 2.71-3.3 m, and (6) > 3.3 m. Woody vine measurements comprised a
count of all woody vines having a height of ≥ 1 m which were at the same measurement
locations as the shrub stratum. The understory stratum was comprised of all plants < 1 m
in height. Vegetative cover class was visually estimated using a 1 m2 quadrat with the
center of each well serving as the observation point (Figure 4.1). Measurements were
converted to total cover-per-species using midpoints of the following cover classes and
ranges: (1) 0-5%, (2) 6-25%, (3) 26-50%, (4) 51-75%, (5) 76-95%, and (6) 96-100%.
Data analysis
Geomorphic structures are important to headwaters in various ways. Geomorphic
surfaces (Gregory et al. 1991), lateral zones (Nierenberg and Hibbs 2000; Clinton et al.
2010), and longitudinal zones (Lite et al. 2005) have been used to explain vegetation
characteristics in first-order headwater streams. Our study approach involved collecting
concomitant data on vegetation and hydrology across longitudinal (parallel to channel)
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and lateral (perpendicular to channel) hydrologic gradients. In order to detect
relationships between vegetation communities and hillslope hydrology, we categorized
plot positions in lateral zones as either hillslope or channel, and in longitudinal zones as
ephemeral, transitional, or intermittent. Six classes consisting of 9 plot locations (3
channels and 6 hillslopes) for each treatment were considered for data analysis: channel
within intermittent zone (CI), hillslope within intermittent zone (HI), channel within
transitional zone (CT), hillslope within transitional zone (HT), channel within ephemeral
zone (CE), hillslope within ephemeral zone (HE) (Figure 4.1).
Prevalence index
Species were classified according to their wetland indicator status based on
designations in the National List of Vascular Plant Species that Occur in Wetlands for
Region 2 (U.S. Fish and Wildlife Service 1996); obligate (OBL), facultative wetland
(FACW), facultative (FAC), facultative upland (FACU), upland (UPL), non-indicator
(NI) (Figure 4.2). Species that were not on the National List of Vascular Plant Species
that Occur in Wetlands for Region 2 and plants that were not identified at the species
level were assigned as non-indicators and were not counted in the assessment.
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Table 4.2.

Distribution of plant species by indicator category (U.S. Fish and Wildlife
Service 1996) in small headwater streams in Webster County, Mississippi.
Number of species

Numeric
index

Probability of
occurrence in
wetlands (%)

Tree

Shrub/
woody vine

Herbaceous/
forbs

Total

Obligate wetland (OBL)

1

> 99

1

1/-

5

7

Facultative wetland
(FACW)

2

67-99

6

2/4

9

21

Facultative (FAC)

3

34-66

10

9 / 12

14

45

Facultative upland
(FACU)

4

1-33

13

11 / -

21

45

Upland (UPL)

5

<1

-

-/-

3

3

Wetland indicator status

We calculated a prevalence index (PI) for 9 vegetation plots located at the 1st, 3rd,
and 5th well of the 1st, 3rd, and 5th transect from the head of intermittent streams adjacent
to perennial streams (Figure 4.1). PI was determined by calculating the weighted average
for each stratum (Equation 4.1) and then calculated the mean for all layers within a plot.
“Plus” and “minus” designations were not considered in the assigned indicator status (e.g.
both FAC- and FAC+ were counted as FAC). Individual weighted averages for each
stratum were calculated as follows (Federal Interagency Committee for Wetland
Delineation 1989):

PI 

(1  FOBL)  (2  FFACW )  (3  FFAC)  (4  FFACU )  (5  FUPL)
FOBL  FFACW  FFAC  FFACU  FUPL

where:
PI is prevalence index for stratum.
FOBL is abundance measure of obligate species.
FFACW is abundance measure of facultative wetland species.
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(Equation 4.1)

FFAC is abundance measure of facultative species.
FFACU is abundance measure of facultative upland species.
FUPL is abundance measure of upland species.

Mean PI was calculated as:
(∑ PIs ) / S

(Equation 4.2)

where:
∑ PIs is sum of PI for all strata.
S is number of strata.

The resultant PI is a value between 1.0 and 5.0 that reflects the wetland potential
of a vegetation community, where 3.0 is the threshold that separates wetlands from
uplands (Wentworth et al. 1988; Federal Interagency Committee for Wetland Delineation
1989). A vegetation community is typically considered to be hydrophytic if PI < 3.0
(Segelquist et al. 1990), however, Wentworth et al. (1988) suggested that where PI < 2.0
or PI > 4.0, the area has a high probability as being a wetland or upland, respectively,
based on vegetation data alone. For scores within 0.5 units of 3.0, additional data
regarding soils and/or hydrology are necessary to make a wetland determination
(Wentworth et al. 1988; Tiner 1991). Based on the recommendations of Wentworth et al.
(1988), we designated PI < 2.5 as wetland, 2.5 < PI ≤ 3.5 as a wetland/upland transition
zone, and PI ≥ 3.5 as upland. We examined PI for each stratum independently and the
mean PI for all strata by year of observation to elucidate changes in vegetative structure
(by stratum and overall, respectively) over time at each vegetation plot.
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Effects of timber harvesting on vegetation communities
We used water table data and PI to evaluate the effects of timber harvesting on
vegetation communities and to examine influences of hydrology on vegetation
communities. To detect timber harvesting effects on water table height through time, 4
matching periods were considered to comply with those of vegetation data; 1st year postharvest spring (December 2007-May 2008), 1st year post-harvest fall (June 2007November 2008), 2nd year post-harvest spring (December 2008-May 2009), 2nd year postharvest fall (June 2009-November 2009). The differences and relative differences
between pre- and post-harvest mean water table height were used to detect changes in
water table responses to harvesting. Pre-harvest mean water table height was determined
for the months January 2007 (project inception) through November 2007 (harvest). The
difference between pre- and post-harvest water table height for each well was quantified
as follows:

DWTij = Post_WTij – Pre_MWTij

(Equation 4.3)

where:
DWTij is difference in monthly water table height for each well in treatment j in block i.
Post_WTij is post-harvest monthly water table height for each well in treatment j in
block i.
Pre_MWTij is pre-harvest mean water table height (January 2007 through November
2007) for each well in treatment j in block i.
i and j represent each treatment and block, respectively.
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Relative difference was calculated as:
RDWTij =( Post_WTij – Pre_MWTij) / Pre_MWTij

(Equation 4.4)

where:
RDWTij is relative difference in monthly water table height for each well in treatment j in
block i.

The difference and relative difference in monthly water table heights for each well
was averaged for each period.
We used the difference and relative difference between pre- and post-harvest
mean PI to detect changes in vegetation communities. The difference between pre- and
post-harvest mean PI for each vegetation plot was quantified as follows:

DPIijk = Post_PIijk – Pre_PIij

(Equation 4.5)

where:
DPIijk is difference in the mean PI for each vegetation plot in treatment j in block i at
observation period k.
Post_PIijk is post-harvest mean PI for each vegetation plot in treatment j in block i at
observation period k.
Pre_PIij is pre-harvest mean PI for each vegetation plot in treatment j in block i.
i, j, and k represent each treatment, block, and observation period, respectively.
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Relative difference was calculated as:
RDPIijk = (Post_PIijk – Pre_PIij) / Pre_PIij

(Equation 4.6)

where:
RDPIijk is relative difference in the mean PI for each vegetation plot in treatment j in
block i at observation period k.

A randomized complete block (RCB) design was used to evaluate the effects of
timber harvesting on water table height and vegetation communities. The MIXED
procedure of SAS (SAS Institute Inc. 2008) was used to fit a mixed linear model to water
table data composed of the means of water table measurements taken monthly and to
vegetation data composed of the means of PI taken seasonally (spring, fall) in the 6
classes (9 plot locations) of each treatment.

Yijkl = μ + blki + trtij + tijk + trtij × tk + psnl + trtij × tk × psnl + εijkl
(i = 1,…, 4; j = 1,…, 4; k = 1, …, 4; l = 1,…, 6)

(Equation 4.7)

where:
Yijkl is the mean DWT, RDWT, DPI, or RDPI for position l in treatment j in block i at time
k.
μ is the grand mean.
blki is the random effect for block i.
trtij is the fixed effect for treatment j in block i.
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tk is a fixed factor for time k, where 1 and 2 represent spring and fall measurements of
2008 and 3 and 4 represent spring and fall measurements of 2009, respectively.
psnl is a fixed factor for position l, where 1, 2, 3, 4, 5, and 6 represent CI, HI, CT, HT,
CE, and HE, respectively, in treatment j in block i at time k.
εijkl is the random error for position l in treatment j in block i at time k.

Our objective was to evaluate the effects of timber harvesting on vegetation
communities and the changes in vegetation communities along the hydrologic gradient.
Therefore, when interactions among main effects were significant, planned comparisons
were tested using pairwise contrasts of the least square means for water table depth and
PI at the same plot/well classes which represent hydrologic gradients in lateral and
longitudinal zones within each treatment. We also tested differences between pre- and
post-harvest observations on both water table depth and PI using two sample t-tests. A
significance level of α=0.05 was used for all statistical tests.
Determination of indicator species
Two procedures were used in the synthesis of vegetation, soils, and hydrology
data to determine which plots may contain potential indicator species. The first
procedure was a simple analysis of PI. Plots were classified as wetland where PI < 2.5
based on the recommendations of Wentworth et al. (1988) and as being “potential
wetland” where PI < 3.0. Plots that consistently exhibited PIs < 3.0 over three years of
study (5 vegetation surveys) were included in the initial classification. We also included
those plots that consistently exhibited PI < 3.0 during post-harvest years (4 vegetation
surveys) due to the presence of extreme drought conditions during the pre-harvest.
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In a second procedure, we used soils and hydrology data to corroborate data for
plots that met our criteria for hydrophytic vegetation. Indicators of saturated soil
conditions were examined based on field observation (soils) and water table data
(hydrology) for each plot identified as having hydrophytic vegetation. Plots which had
little evidence of hydric soil indicators (e.g. gleyed soil colors and redoximorphic
features) were dropped from the initial “potential wetland” plot list. We also examined
each plot in which the water table was < 30 cm from the surface at some time during the
growing season and counted the number of months which met the criteria; all plots which
did not meet our 30 cm minimum for at least half (5 months) of growing season were
removed from the “potential wetland” plot list. We then examined all OBL and FACW
species that consistently occurred on the remaining plots. An indicator evaluation
statistic was calculated for these OBL and FACW species that occurred on channel and
hillslope plot locations across all 5 vegetation surveys (Equation 4.8).

Validity

(Equation 4.8)

where:
Validity is a measure of whether an indicator occurred only with its object, and is
expressed as a percentage.

We chose validity as a measure of indicator utility becase it emphasizes species
presence rather than species absence; species absence can be due to other factors besides
the presence of a specific moisture gradient (Goslee et al. 1997). We also analyzed the
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results of using Polystichum acrostichoides (Michx.) Schott, a species used for rapid
estimation of intermittent stream extent by local industry foresters, and compared its
utility as an indicator with that of other species identified in our study area. We used two
criteria for identification of potential indicators in this study: (1) the species must have
greater validity associated with channel positions than the fern species P. acrostichoides
or (2) the species must have greater than 70 % association with channel positions.
Results
Precipitation
This study encompassed three years (one pre- and two post-harvest) with three
distinct precipitation patterns. Total precipitation for 2007 (pre-harvest) was belowaverage at 1001 mm (30-year mean=1,451 mm). Total precipitation for 2008 (1st year
post-harvest) was roughly equal to the 30-year mean at 1498 mm. However, 28% of the
total precipitation for 2008 fell during the months of August and December (Figure 2.3).
The net result was that the study watersheds experienced a severe regional drought from
February 2007 through December 2008 (National Drought Mitigation Center,
http://drought.unl.edu/dm/archive.html). Total precipitation for 2009 (2nd year postharvest) was 2194 mm, the highest in the 25-year record for Webster County, Mississippi
(Figure 4.2).
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Figure 4.2.

Precipitation from Jan. 2007 through Dec. 2009 and 30 year mean
precipitation (1971-2000) for Webster County, Mississippi.

Subsurface hydrology
During the 2 years post-harvest, mean water table height dynamics differed
significantly among the treatments (p<0.001) (Figure 4.3). Increases in water table
height was highest on BMP2 (38.7%), followed in decreasing order by reference (12.9%),
BMP1 (24.9%), and clearcut (36.6%) treatments when compared to pre-harvest
measurements. The BMP1 and BMP2 treatments showed different water table responses
following harvest: mean water table height of BMP2 treatment was 14% higher than that
of BMP1 treatment post-harvest. 2008 and 2009 measurements taken at the same well
locations differed significantly (p<0.001); differences were greater in the Fall than in the
Spring (p< 0.001). Significant differences in mean water table height were apparent
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between channel and hillslope positions reflecting topographic locations in lateral zone
(p<0.001).
In all wells within harvested treatments, water table height increased post-harvest;
differences in mean water table height were lower each Fall than during the previous
Spring (p<0.001) (Figure 4.3). Water table responses may not solely due to timber
harvesting, but rather a function of changing precipitation patterns pre- and post-harvest
in combination with timber harvesting (similar patterns were observed in reference)
therefore mean water table height for each well within the reference was subtracted from
the value for corresponding wells within the other treatments to account for differences
caused by differing levels of precipitation. Increases in water table height following
timber harvesting ranged from 1.6 cm in BMP1 to 28 cm in BMP2 during spring 2008,
from 12.6 cm in BMP1 to 28.2 cm in clearcuts during fall 2008, from 10.5 cm in BMP1
to 34.9 cm in clearcuts during spring 2009, and from 25.1 cm in BMP1 to 54.2 cm in
BMP2 during fall 2009. Increases in water table height were greater during the fall (June
through November) than during the spring (December through May). Post-harvest
differences in mean water table height were significantly higher in 2009 than in 2008 (p<
0.001) as a result of higher precipitation in 2009. Mean water table heights in most well
locations were significantly higher post-harvest except during the fall of 2008 when the
sites were still recovering from persistent drought (Figure 4.3). Small increases or
decreases in the water table height during the fall of 2008 reflected prolonged drought
conditions. Moreover, precipitation during this period (584.2 mm) was lower than preharvest precipitation (653.8 mm) (Figure 4.2).
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Changes in mean water table height by treatment over 4 post-harvest time
periods in small headwater streams of Webster County, Mississippi.

Positive values indicate an increase in water table height relative to pre-harvest means;
negative values indicate a decrease in water table height relative to pre-harvest means.
* indicates significant differences between pre- and post-harvest values at α=0.05.

Vegetation
Over three years of study, a total of 150 species were observed, of which 121
species were used for analysis: 30 trees, 23 shrubs, 16 vines, and 52 herbaceous plants.
Distribution into indicator status categories (U.S. Fish and Wildlife Service 1996) was as
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follows: 7 OBL, 21 FACW, 45 FAC, 45 FACU, and 3 UPL (Table 4.2). Three species
were listed as non-indicator (NI) and 23 species were not on the National List of Vascular
Plant Species that Occur in Wetlands for Region 2. We were not able to identify 3
grasses at the species level. Temporal variation in abundance was observed in study
zero-order basins (Figure 4.4) and corresponds to yearly total rainfall amounts.
Abundance was higher post-harvest than pre-harvest for all treatments; the highest
abundance occurred in 2009 which was the wettest year.
There was little temporal variation in abundance by wetland designation across all
treatments except FAC species (Figure 4.4). Some species exhibited a clear spatial
difference with lateral gradient, but not with longitudinal gradient. Arisaema dracontium
(L.) Schott (FACW), Ludwigia glandulosa Walter (OBL), Ludwigia alternifolia L.
(OBL), Hydrangea quercifolia Bartram (NI), and Osmunda regalis L. (OBL) occurred
mostly within channel. Berchemia scandens (Hill) K. Koch (FACW), Dichanthelium
commutatum (Schult.) Gould (FAC), Lonicera japonica Thunb. (FAC), Smilax
rotundifolia L. (FAC), Vitis rotundifolia Michx. (FAC), and Paspalum urvillei Steud.
(FAC) were observed over a wide range of riparian areas. Exotic or pioneer plants such
as Conyza canadensis (L.) Cronquist (FACU), Solidago canadensis L. (FACU), Solanum
nigrum L. (FACU), Eupatorium sertinum Michx. (FAC), and Rubus argutus Link
(FACU) were most abundant in disturbed areas and under open canopies.
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Proportion of species by wetland indicator classes within treatments by
year in small headwater streams of Webster County, Mississippi.

Prior to harvesting, mean PI was similar across all treatments and ranged from
3.19 to 3.25 and no significant difference was evident among treatments. Mean PIs were
3.20, 3.24, 3.06, 3.27, 3.13, and 3.27 on CI, HI, CT, HT, CE, and HE locations,
respectively. Significant differences in mean PI were detected in lateral gradients (p<
0.0057), but not in longitudinal gradients; mean PI was always lower on channel than on
hillslope with no significant difference between the two classes within intermittent zone
locations. Following harvesting, significant effects occurred mainly in the clearcut
treatment where mean PI shifted toward the drier end of the spectrum. PI in all plot
locations within clearcuts increased consistently post-harvest while those of other
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treatments varied with time of observation (Figure 4.5). In addition, mean PI in clearcuts
was significantly higher post-harvest than pre-harvest (p<0.001). BMP1, BMP2, and
reference, had similar values on difference in the mean PI, but only the mean PI in the
reference was higher post-harvest than pre-harvest (p<0.0295). PI increased (but not
significantly) on hillslope positions within both BMP treatments post-harvest (p<0.001)
(Figure 4.5).
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-0.3

Changes in mean PI by treatment over 4 post-harvest time periods in small
headwater streams of Webster County, Mississippi.

Positive values indicate increase in PI relative to pre-harvest means; negative values
indicate decrease in PI relative to pre-harvest means. * indicates significant difference
between pre- and post-harvest values at α=0.05.
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Table 4.3 summarizes the results of plot classification by year using the PI
recommendations of Wentworth et al. (1988); results are presented for individual strata
and combined across all strata. Vegetation comprised predominantly FAC species
followed by FACU and FACW species with relatively few OBL or UPL species (Figure
4.4). When PI was combined across strata, all plots were classified as transitional or
upland (PI between 2.5 and 4.0). The relative percentages of wetland/transitional/upland
plots across all strata for each year were: 0/94/6 in 2007, 0/79/21 in 2008, and 0/79/21 in
2009. During the extreme drought year of 2007, the sites were colonized mostly by
species adapted to changing moisture regime.

Table 4.3.

Number of sample plots designated wetland, transitional, and upland for
each vegetation stratum by year of observation in small headwater stream
riparian areas of Webster County, Mississippi.
Wetland
a

Type of
stratum
Overstory
Midstory
Pre-harvest
Understory
Year

(PI < 2.5)
Number
Range
designated
c
1 (0.9)
2.38

Upland
Transition zone
(PI ≥ 3.5)
(2.5 ≤ PI < 3.5)
Number
Number
Range
Range
designated
designated
99 (91.7) 2.63-3.41
9 (8.3) 3.53-3.72
70 (64.8) 2.50-3.48 38 (35.2) 3.50-4.00
88 (81.5) 2.50-3.46 19 (17.6) 3.50-3.89
102 (94.4) 2.71-3.47
6 (5.6) 3.57-3.66

Combinedd

-

-

Overstory
Midstory
Understory
Combined

5 (2.3)
4 (1.8)
-

2.20-2.41
2.00-2.33
-

156 (72.2)
108 (50)
169 (78.2)
170 (78.7)

2.51-3.41
2.50-3.48
2.50-3.47
2.56-3.49

60 (27.8)
103 (47.7)
43 (20)
46 (21.3)

3.50-4.00
3.50-4.00
3.50-4.00
3.50-3.84

Overstory
2 year
Midstory
b Understory
post-harvest
Combined

3 (1.4)
4 (1.8)
-

2.25-2.40
1.80-2.33
-

150 (69.4)
115 (53.2)
166 (76.9)
170 (78.7)

2.51-3.41
2.57-3.48
2.50-3.47
2.61-3.49

66 (30.6)
98 (45.4)
46 (21.3)
46 (21.3)

3.50-4.00
3.50-4.00
3.50-4.00
3.50-3.78

st

1 year
post-harvestb

nd

a

Zone criteria recommended by Wentworth et al. (1988).
Post-harvest years represent Spring and Fall data combined (n=216).
c
Numbers in parenthesis indicate percent designated.
d
Mean across all strata.
b
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Effects of timber harvesting
Upon normalization of PI by pre-harvest data, mean PI differed significantly
among treatments (p<0.001). Post-harvest increase in mean PI was greatest on the
clearcut (6.6%); other treatments responded similarly but to a considerably lesser extent
(values ranged from 0.4% in BMP1 to 1.1% in the reference). Comparisons among plot
positions in longitudinal zones were highly variable across treatments, seasons, and years
of observation with no general trends. Within transects, there were significant
differences among mean PI between channel and hillslope positions during 2 years of
post-harvest measurement (p<0.001).
Results of pairwise comparisons using the least square means for water table
height and PI at the same plot/well locations within each treatment are presented in
Figure 4.6. Interaction effects occurred between treatments and plot/well locations for
both mean water table (p<0.001) and mean PI (p<0.001). The two BMP treatments,
when compared to the reference, exhibited a downward shift in mean PI associated with
increased water table height. This trend was observed on most plot/well locations in the
two BMP treatments indicating a negative relationship between water table response and
PI. Responses in mean PI were similar between BMP1 and BMP2 treatments and notable
changes were observed on hillslope positions in BMP2 compared to BMP1. In
comparing clearcut versus BMP1 and reference, there was a positive relationship between
water table height and PI. Increase in mean PI on most plot locations in the clearcut
corresponded to elevation in the water table. Clearcut treatment, when compared to
BMP2, had similar change in mean water table height, however mean PI shifted upward
across all plot locations likely as a result of increased sunlight following canopy removal.
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Figure 4.6.

Pairwise comparisons by treatment using relative changes in mean water
table height and mean PI in small headwater streams of Webster County,
Mississippi.

Legend pertains to both graphs: Top graph (A) represents comparisons between PI of
plots at the same topographic positions; bottom graph (B) represents comparisons
between water table height of plots at the same topographic positions. Graph reflects
change noted when comparing treatment B to treatment A. For pairwise comparisons of
relative change in PI, positive PI values indicate a shift toward drier species assemblages
and negative values indicate a shift toward wetter species assemblages. For pairwise
comparisons of relative change in water table heights, positive values indicate a shift
toward higher water table heights and negative values indicate a shift toward lower water
table heights.
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Determination of indicator species
Criteria used for initial classification of plot “wetness” were those of Wentworth
et al. (1988). Wentworth’s classification scheme yielded 0 plots which could be
construed as having hydrophytic vegetation, so for purposes of determining potential
indicators a breakpoint PI of 3.0 was used to divide hydrophytic from non-hydrophytic
vegetation. Over three years of study there were 16 vegetation plots that met the new
classification criteria and could be construed as having a predominance of hydrophytic
vegetation (Table 4.4). Most of these plots were on channel locations from different
longitudinal zones. Hydric soil indicators and water table data compared well with
vegetation data both laterally and longitudinally. Three channel and two hillslope
positions that did not meet soil and hydrology criteria were not included in the revised
procedure. Eleven potential indicator species were identified after the second procedure;
8 herbs/forbs, 2 trees, and 1 shrub (Table 4.4). We did not include species such as G.
obtusum and F. pennsylvanica that were weakly associated with channel positions. Our
procedure resulted in 3 indicator species meeting validity criteria that were strongly
associated with channel positions (Table 4.5). P. acrostichoides, a species used for rapid
estimation of intermittent stream extent by local industry foresters, was also strongly
associated with channels at 68%. Each indicator species indentified had higher validity
than P. acrostichoides, but less total frequency of occurrence across the study areas.

98

Table 4.4.

Watershed

List of potential indicator species and sample plots with PI < 3.0 by
treatment in small headwater stream riparian areas of Webster County,
Mississippi.
Species
Arisaema dracontium (L.) Schottc

BMP1

Plot locations with PI < 3.0
BMP2
Clearcut Reference

Arundinaria gigantea (Walter) Muhl.c
Union

Leersia oryzoides (L.) Sw. c

CI (6)a
CT (5)
CE (6)

-

CEb (0)

HIb (0)
CT (7)

CT (3)

CE (6)

-

CT (5)
CE (5)

CI (6)
CT (5)

CI (6)

CTb (3)

Ludwigia glandulosa Walterc
Osmunda regalis L.c
Viola blanda Willd.c
Arundinaria gigantea (Walter) Muhl.c
Fraxinus pennsylvanica Marsh.d

Congress

Mikania scandens (L.) Willd.
Salix nigra Marsh.

CI (5)

c

c

Viola blanda Willd.c
Arundinaria gigantea (Walter) Muhl.c
Galium obtusum Bigelow d
Ingram

Osmunda regalis L.c
Ludwigia alternifolia L.

c

HIb (0)

-

Ludwigia glandulosa Walterc
Viola blanda Willd.c
a

Numbers in parenthesis are the mean number of months water-table depth within 30 cm
from the surface.
b
Plots which had little evidence of hydric soil indicators.
c
Species which was strongly associated with channel.
d
Species which was strongly associated with hillslope.
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100

FAC

28.1

Christmas fern

25.8

Polystichum acrostichoides (Michx.) Schott

FACW

7.2

68.3

76.1

75.3

100

31.7

23.9

24.7

-

Validity (%)
Total
frequency (%) Channel Hillslope
22.8
70.5
29.5

55.8

Switchcane

Arundinaria gigantea (Walter) Muhl.
Ssp. Tecta (Walter) McClure

OBL

US&FWS
Indicator Status
FACW-

Combined

Cylindricfruit primrose-willow

Ludwigia glandulosa Walter

Common name
Sweet white violet

Species

List of potential indicator species for determining hydrologically influenced portions in small headwater
riparian areas of Webster County, Mississippi.

Viola blanda Willd.

Table 4.5.

Discussion
Previous studies have indicated that low levels of timber harvesting do not reduce
species abundance. Cannon et al. (1994) in a study of selective logging in lowland
rainforests in Indonesia found that moderate timber harvesting enhances species
abundance when compared to unharvested controls. Plumptre et al. (1997) reported that
the number of species increased in compartments of Budongo Forest Reserve in Uganda
that were disturbed by harvesting. A similar trend occurred in forested headwaters of
Webster County, MS in that overall abundance increased gradually after harvesting.
Increases reflected colonization by generalist FAC species that are well adapted to
changing environmental conditions (Figure 4.4). However, increases in abundance might
be due in part to timber harvesting and in part to drought recovery and increased
precipitation post-harvest because the same increasing trend in abundance was found in
the reference.
Despite drought recovery and increased precipitation post-harvest, there was little
change over time in the number of plots classified as wetlands; however, upland plots
increased considerably. Josselyn et al. (1990) found that there was a direct relationship
between mean rainfall for the two months prior to a vegetation survey and mean PI (r 2=
0.83) and suggested that PI determined during the wet season/year may actually indicate
that the site has a stronger upland character compared to measurements taken in dry
season/year. In the present study, we had similar results (r 2= 0.81), however, the
unexpected results were primarily due to timber harvesting effects associated with
overstory removal of loblolly pine (Pinus taeda L.) which represented the majority of
harvested species in the study area. Removal of this FAC species allowed FACU species
such as Carya ovata (Mill.) K. Koch, Ostrya virginiana (Mill.) K. Koch, Quercus alba
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L., Ulmus alata Michx., and Prunus serotina Ehrh. to dominate the overstory stratum
which resulted in a stronger upland designation. FACU species such as Callicarpa
americana L., Rubus argutus Link and Vaccinium arboreum Marsh. were the most
abundant species in the post-harvest midstory stratum. These results may help explain
why there was a greater percentage of vegetation plots designated as upland after
harvesting. Similar results were described by Dewey et al. (2006) in a study on wetland
delineation of a bottomland hardwood forest in East Texas. The weighted average
method is very sensitive to changes in removal of species with large abundance (cover,
height, or basal area) (Carter et al. 1988).
A number of studies have reported elevated water table as a response to timber
harvesting (Williams and Lipscomb 1981; Lockaby et al. 1997; Xu et al. 2002), as was
the case in the present study. Elevated water tables are likely due to a reduction in
evapotranspiration through the removal of overstory timber and consequent reduction in
transpiration surface (a reduction in leaf area). Seasonal responses of water table postharvest were apparent in that water table heights were more elevated during fall months
(June through November) than during spring months (December through May). This
may suggest that elevated water tables caused by timber harvesting are more pronounced
during the growing season; similar results were found by Xu et al. (2002) in a study of
wetland pine plantations pine forested wetlands of South Carolina. A similar result was
found in a study of seasonal responses of annual water yield at the Glenmorgan research
farm in India (Sharda et al. 1998) in which they observed that the major reduction in
mean annual water yield occurring in blue gum (Eucalyptus globulas) plantations
occurred during the months from July to October. In the present study, water table
elevation in BMP2 and clearcut increased 38.7% and 36.6%, respectively over pre102

harvest values. Despite considerable differences in basal area removed between BMP2
and clearcut treatments (Table 4.1), increase in water table elevation was not directly
related to basal area removal in areas adjacent to monitoring grids. Consistently high
water tables in BMP2 treatments is most likely a function of watershed size as BMP2
treatment watersheds were the largest in each of the three replicates. Shaman et al.
(2004), in a study of spring-fed watersheds in the Catskill Mountains of New York,
reported a threshold watershed size of 800-2100 ha above which groundwater
contributions are independent of basin size, and below which contributions decrease with
decreasing basin area. Watershed sizes in the present study ranged from 3.8 to 9.2 ha
(Table 4.1).
Vegetation communities are related to topographic positions which represent
gradients of water availability. This idea is often useful for identifying riparian zones as
described in larger order riparian systems (Pabst and Spies 1998; Lite et al. 2005),
however, it is not obvious whether vegetation communities in low order basins follow
topographic patterns. Clinton et al. (2010), in a study on identification of riparian zone
width using structural and functional characteristics in southern Appalachian first order
headwater streams, found that vegetation composition was not a good parameter for
defining riparian zone width. In the present study, prior to harvesting, mean PI differed
significantly between channel and hillslope positions whereas intermittent zones yielded
little difference in lateral gradient between channel and hillslope positions. These
differences may represent distinct vegetation communities between channel and hillslope
positions in zero order basins, even though there may not be a pronounced transition
zone. A similar result was reported by Sheridan and Thomas (2005) in a study on
vegetation-environment relationships in zero-order basins in coastal Oregon, in which
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they found that the understory stratum follows gradients in geomorphic conditions. In the
present study, vegetation patterns between channel vs. hillslope positions changed
significantly in both ephemeral and intermittent stream reaches, but not within
transitional stream reaches. Changes in PI between channel vs. hillslope positions within
transitional stream reaches may be being driven by harvesting disturbance. Timber
harvesting may increase overland flow as a result of alteration of soil, hydrology, and
fluvial processes such as erosion-deposition dynamics within riparian areas; all of which
may affect changes in vegetation communities within channel systems (Burrows et al.
2002; Davies et al. 2005). The average hillslope gradient in the present study was 19%
and did not permit much lateral flooding except during extreme events; therefore
hillslope positions were more likely affected by other factors such as different levels of
light from residual forest canopy and forest floor disturbance (Roberts and Zhu 2002).
Pairwise comparisons of relative changes in mean water table height and mean PI
(Figure 4.6) elucidate the effects of timber harvesting, especially with respect to the
reference condition. The two BMP treatments, when compared to the reference,
demonstrate moderate increases in water table height across most slope positions. Given
an increase in water table height, a corresponding decrease in PI of associated vegetation
would be expected. In general, this was true within channel, however effects were
variable on hillslope positions. The shift in PI toward wetter assemblages may indicate
that the two BMP treatments provide enough residual habitat for the survival and the
growth of OBL and FACW species in spite of harvesting disturbances; BMPs for these
treatments required leaving understory intact, minimum surface soil and forest floor
disturbance, and prohibition of logging equipment within channel. Selective harvesting
in these two BMP treatments resulted in more available light at the forest floor, drier soil,
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and microclimates creating greater opportunities for opportunistic pioneer species
consisting mostly of FAC and FACU species. A tendency toward drier microclimates
was apparent in hillslope positions, however, these patterns are likely to be short-term
effects and most of the pioneer species will become less abundant as the residual canopy
becomes denser (Davies et al. 2005). Unexpected results such as a shift toward wetter PI
in hillslope positions of BMP1 and BMP2 may be attributed to the presence of shallow
seeps perched above less permeable soil layers. Seeps were commonly observed on
hillslopes following precipitation events especially as water tables increased.
The goal of the BMP2 treatment was to decrease energy in the system thereby
minimizing head-cutting and continued channel development in the ephemeral drain.
Therefore, we tested whether there were differences in hydrologic and/or vegetative
response between BMP1 (normal BMP) and BMP2 (modified BMP). We had expected
BMP2 would have a greater hydrologic response than BMP1 across all slope positions,
however the response was not mirrored by vegetation except within channel positions in
BMP2, even though more basal area was removed from BMP2 than BMP1. Residual
logging debris in the channels of BMP2 may have affected vegetation communities.
Alternatively, stand heterogeneity may be another factor in that selective cuts
preferentially remove more timber where there is a concentration of high-value timber,
resulting in greater canopy opening and light penetration as well as increased soil
disturbance. Sites with similar soil and forest floor condition, but different levels of light
from residual canopy would likely show different patterns of community response
(Fenton and Frego 2005). There may also be in differences in operational
implementation of harvest prescription between BMP1 and BMP2. For example, if more
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basal area was removed in BMP2 due to reduced operational constraints in terms of
logging debris, the understory would likely be more affected in BMP2 than in BMP1.
When compared to other treatments, mean PI was higher in the clearcut, but these
increases were not directly related to increases in water table height. The comparison of
BMP2 versus clearcut treatment shows that the changes in vegetation community resulted
from harvesting disturbances as evidenced by both treatments having similar increases in
water table height. Jolley et al. (2010) found that sedimentation affects the composition
of riparian vegetation by altering ground surface microtopography, changing mineral soil
substrate, and damaging plants. In the present study, increased sediment retention within
stream channels and on hillslope positions may contribute to subtle changes in
microenvironment and subsequent alteration of the vegetation community. Opportunistic
pioneer species may be allowed to colonize and proliferate across disturbed riparian areas
(Appleby 1998).
Evaluation of soils and hydrologic characteristics is essential to make a wetland
determination because hydrophytic vegetation is not the sole criterion. In general, there
was a good correlation between PI calculated by plot-based weighted averages and soil
hydrology. Sixteen vegetation plots that had PI < 3.0 were identified for evaluating
potential indicator species and most of those plots were in channel locations which
suggests that hydrology could be the primary factor influencing vegetative communities
in zero-order basins of this study (Table 4.4). Nine of the 11 potential indicator species
were associated with channels positions while two species were identified as probable
indicators of hillslope hydrology (Table 4.4). Most wetland indicator species identified
in our study were herbaceous thus herbaceous plants may be more sensitive to moisture
gradients and disturbance. This is consistent with other work documenting the use of
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herbaceous plants as indicators to identify wetland water sources (Goslee et al. 1997) and
riparian zones (Hagan et al. 2006). While there is no universal method for bioindicator
selection criteria, it is generally recognized that the indicator(s) selected should at the
very least (1) be expected to mimic the structure and function of ecological processes, (2)
have sufficient biotic integrity that the measure will change when the environment that
supports the community changes, (3) be realistically manageable and (4) be appropriate
to ecosystem scale of interest and, where possible, link across scales (Brooks et al. 1998,
Hilty and Merenlender 2000). Our analysis involved the a priori expectation that
wetland indicator species would more likely be associated with channel positions. The
nine species presented in Table 4.4 could be used as indicators for channel positions
within zero-order basins in the study area. However, among the nine indicator species, V.
blanda, L. glandulosa, and A. gigantea had higher frequency of occurrence than that of
the remaining species which represented < 5% across all vegetation plots. This suggests
that these three species are therefore the more appropriate indicators of wetland
hydrology for this study area and that the others are too rare to be useful as indicators.
This also suggests that using only strong indicator species may give better results than
using all potential indicators. P. acrostichoides was strongly associated with channel
positions and had highest total frequency of occurrence across the study areas which
suggests that this species alone is viable for as an indicator of hydrology in these systems
although the combined use of three most indicative species yielded nearly double the
occurrence than that of P. acrostichoides and increased validity by 8% (Table 4.5). The
combined use of strong indicator species identified in our study and the “fern line” used
by local industry foresters would provide a means for rapid assessment of hydrologically
functional SMZs in these zero-order basins.
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Conclusions
This study examined changes in vegetative communities and water table
dynamics affected by timber harvesting in small headwater streams and thus provides
relevant information for silvicultural practices and riparian management in zero-order
basins. Hydrology has long been thought to be the primary factor affecting vegetation
communities in riparian areas (Allen-Diaz 1991; Stromberg et al. 1996; Castelli et al.
2000). In the present study, two distinct vegetation communities (channel and hillslope)
corresponded to water table gradients. Timber harvesting affected these vegetation
patterns directly as a result of changes in forest structure through basal area removal and
indirectly through disturbance of soil, hydrology, and fluvial processes such as erosiondeposition dynamics within these riparian areas. Combined direct and indirect
disturbances affected vegetation communities in clearcuts, whereas direct disturbances
were the primary driving factors with respect to changes in vegetation community in the
two treatments where BMPs were employed. Four indicator species (V. blanda, L.
glandulosa, A. gigantean, and P. acrostichoides) were identified as having a strong
response to changes in hydrology. Indicator species identified in this study may be
absent or of limited value as indicators in zero-order basins outside the study area,
therefore, care should be taken when applying our indicator species to other areas,
however, the procedure used to determine these indicator species will be useful to those
outside the region. Our indicator analysis based on soils and hydrology has the potential
for rapid estimation of true hydrologic boundaries of headwater streams and mapping of
SMZs by field foresters.
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CHAPTER V
CONCLUSIONS
This dissertation addressed hydrologic functions of headwater streams with
respect to water quantity, water quality, and vegetation community by testing three
silvicultural management prescriptions for ephemeral-intermittent drains and provides
relevant information for headwater riparian management. Results indicate that
downstream water quality issues are more likely related to soil disturbance caused by
harvest operation rather than changes in water quantity following harvesting. However,
connectivity expanded by increased water yield as a result of timber harvest may play a
greater role in material transport to downstream reaches in these zero-order basins.
Therefore, understanding hydrologic changes (e.g. water table) following harvest is
critical and should be considered in resource management of headwater systems.
Results indicate that forest clearcutting with no BMP’s along zero-order basins
alters the biophysical conditions of headwater systems. Lack of attention to these zeroorder basins in management prescriptions may impair water quality, aquatic habitat, and
biodiversity. Therefore, hydrologically functional portions of ephemeral-intermittent
drains should be considered in BMP implementation in order to preserve their hydrologic
and ecologic functions within headwater system. Indicator analysis based on soils and
hydrology has the potential for rapid estimation of these hydrologically functional
portions of ephemeral-intermittent drains within headwater streams and mapping of
SMZs by field foresters.
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Two tested silvilcultural management prescriptions (BMP1 and BMP2)
functioned equally. Nevertheless, the use of BMP2, a modified BMP in which logging
debris was permitted within ephemeral drains, is likely a feasible option for riparian
management in the study zero-order basin and may have the added benefit of reduced
sediment load and increased harvest yield due to reduced operational constraints. Further
research is needed to elucidate the physical and chemical effects of logging debris in
ephemeral-intermittent drains on sediment flux and downstream water quality.
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