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Effects of Timber Harvest on Water Quantity

and Quality
Piedmont of North Carolina

Johnny Boggs, Ge Sun, and Steven McNulty

This paired watershed study fested the effects of fimber harvest on water quantity and quality in the North
Carolina Piedmont physiographic region. Four headwater watersheds at Hill Demonstration Forest (HF1, HF2,
HFW1, and HFW2) and two at Umstead Research Farm (UF1 and UF2) were continuously monitored for discharge
and water quality from 2007 to 2013. The HF1 and UF1 watersheds were clearcut (treatment), leaving a 15.2-m
vegetated riparian buffer around the sireams to protect water quality as described in the North Carolina Neuse
River Basin Riparian Buffer Rule. HF2 and UF2 were uncut and used as reference watersheds. Merchantable
timber was selectively removed from the riparian buffer, reducing tree basal area by 27% in HF1 and 48% in
UF1. HF1 and HF2 were nested within HFW1: thus, HFW1 was considered a partial cut where 33% of the
watershed area was harvested, and HFW2 was the reference. We found that discharge in treatment watersheds
increased dramatically, averaging 240% in HF1 and 200% in UF1 and 40% in HFWI during the postharvest
period, 2011-2013. Total suspended sediment export in the treatment watersheds also increased significantly
in HF1 after harvest, probably due to the increase of discharge and movement of in-channel legacy sediment.
Stormflow peak nitrate reached its maximum concentration during the first 2 years after harvest in the treatment
watersheds and then declined, corresponding to the rapid regrowth of woody and herbaceous plants in the riparian
buffer and uplands. We found that 36% of the UF1 streambank trees were blown down but did not cause a measurable
increase in mean daily stormflow total suspended sediment concentration. Most buffer tree blowdown occurred during
the first few years after a harvest. Biodlassification of benthic macroinvertebrates indicated that stream water quality
remained good/fair fo excellent in the treatment watersheds after the harvest. We conclude that the temporary
increases in discharge were relatively large for the Piedmont region compared with those for other regions in the
southeastern United States. However, the increases in channel sediment transport and nutrient exports associated with
the hydrologic change did not have a measurable impact on the indicators of aquatic invertebrate community health
or biodassification rankings.
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in Small Watersheds in the

water comes from forested watersheds,

even when forests are managed primar-
ily for timber production (Dissmeyer 2000,
Jackson et al. 2004, Sun et al. 2004, Brown
et al. 2008). However, potential sources of
disturbance to the forest floor, such as access
and logging roads, stream crossings, and
skid trails, used for forestry activities can
cause soil erosion and contribute sediment
and nutrients to streams and other water
bodies (Brown and Binkley 1994, Aust et al.
2011).

The paired watershed approach has
been widely used for years by researchers to
understand the processes of impacts of land
management on watershed hydrology and
water quality (Swank and Crossley 1988).
The general experimental design consists of
at least two watersheds, one reference and
one treatment, and includes a calibration pe-
riod and a treatment (i.e., timber harvest)
period. Calibrating the paired watersheds re-
quires development of a quantifiable hydro-
logic and water quality relationship through
time between watershed pairs (US Environ-
mental Protection Agency 1993). Preharvest
calibration is a major step in assessing and

I n the United States, the best quality
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developing predictive models of treatment
impacts in a paired watershed design (Swank
et al. 2001). The length of the calibration
period varies across watersheds due to differ-
ent controlling factors such as watershed
size, soil types, surface cover, and topogra-
phy (Brooks et al. 2003).

Although the paired watershed ap-
proach represents the most rigorous method
to quantify forest management effects on
water quantity and quality, its applications
are often costly and time-consuming. There
is also a lack of scientific data and rigorous,
long-term watershed-scale forest hydrologic
studies in the Piedmont region. In addition,
there is still some debate about site-specific
design criteria for riparian buffer zones such
as type of vegetation management and buf-
fer size. For example, research has shown
that when trees in riparian buffers of a cer-
tain size are exposed to high winds, blow-
down can occur (Grizzel and Wolff 1998).
Quantifying the role of evapotranspiration
(ET) in watershed response to disturbance
in Piedmont watersheds can help with the
development of forestry best management
practices (BMPs) for reducing stormflow
and watershed degradation (Boggs and Sun
2011).

This study seeks to quantify the differ-
ences between stream discharge and water
quality characteristics (e.g., total suspended
sediment, nutrients, and temperature) of
forested Piedmont watersheds under undis-
turbed conditions and clearcuts. We hy-
pothesize that the relationships of water
quantity and quality parameters between the
treatment watersheds and the reference wa-
tersheds will be significantly different from
the established relationship of those same
watersheds in their uncut state. We also hy-
pothesize that any changes in water quality
and quantity will not result in a measurable
and sustained change in the benthic bioclas-
sification rankings. Data from this study are
useful for addressing land management chal-
lenges linked to timber harvesting and other
silvicultural activities in the Piedmont re-
gion in the southeastern United States.

Materials and Methods
Study Sites

We used a standard paired watershed
approach in this 6(+) year (2007-2013)
monitoring study. Two paired watersheds
were located in the Hill Demonstration For-
est (HF) and Umstead Research Farm (UF).
The two paired watersheds (treatment wa-
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tershed HF1 versus reference HF2, treat-
ment watershed UF1 versus reference UF2)
and two other watersheds (partial treatment
HFW!1 versus reference HFW2) are located
in the North Carolina Piedmont region
(Figure 1). The HFW1 and HFW2 water-
shed pair was not a part of the original de-
sign, but given that the V-notch weirs were
already installed in the 1960s as part of an-
other study, we took advantage of the oppor-
tunity to monitor them. HF1 and HF2 are
nested within HFW 1. Therefore, HFW1 is
considered a partial treatment watershed
where about one-third of the total watershed
area was clearcut. HF1, HF2, UF1, and UF2
range from 12 to 29 ha in size with perennial
stream channels fitted for stream discharge
and water quality monitoring. Dominant
overstory species on these sites include red
maple (Acer rubrum), pignut hickory (Carya
glabra), mockernut hickory (Carya tomen-
tosa), white oak (Quercus alba), northern red
oak (Quercus rubra), American beech (Fagus
grandifolia), sweetgum (Liquidambar styra-
ciflua), wlip poplar (Liriodendron tulipifera),
sourwood (Oxydendrum arboreum), and lob-
lolly pine (Pinus taeda). HF1 and HF2 are
located in the Flat River Watershed at the
North Carolina State University HF in
northern Durham County. UF1 and UF2
are located in the Knap of Reeds Watershed
at the North Carolina Department of Agri-
culture and Consumer Services UF in west-
ern Granville County. We also monitored
hydrology and water quality in the two
larger (HFW1 and HFW2) watersheds at
HF. A small portion (~10%) of HFW2 was
cut before the beginning of this study, but

this did not appear to alter the discharge
characteristics or other conditions such that
it could not serve as a reference watershed.

HF streams (HF1, HF2, HFW1, and
HFW2) are about 1 m wide and 30 cm deep,
connected to their narrow floodplain, and
have a rocky substrate. These stream chan-
nels have steep upland slopes ranging from
15 to 40% with watersheds underlain by
soils that have features that are consistent
with the Carolina Slate Belt (CSB) region.
HF upland soils are defined as well drained
with depth to water table of >2 m and tend
to function in a similar capacity in the grow-
ing season and dormant season. UF streams
(UF1 and UF2) are about 2 m wide and
1.5 m deep, are detached from their wide
floodplain, and have sandy substrate and
gentle upland slopes averaging 7%. UF wa-
tersheds are underlain by Triassic Basins
(TB) soil characteristics, which are clayey
with lower permeability, higher shrink swell
characteristics, and thinner soil layers than
Carolina Slate Belt soils (US Department of
Agriculture 1971). They also generally have
a 10-cm thick confining clay layer 30 cm
below ground surface, which creates an im-
permeable condition that results in a
perched water table during the dormant sea-
son. These features cause variability in how
TB soils store, release, and generate water
between the growing season and dormant
season. TB soils cover about 3.5% of North
Carolina land (Cleland et al. 2007) and ex-
tend to a small portion of South Carolina.
Additional details on stream channels can be
found in Boggs et al. (2013) and Dreps et al.
(2014).

Management and Policy Implications

be low and recommendations would be localized.

There are three distinct land provinces across North Carolina: the mountains, Piedmont, and coastal plain.
Understanding how region-specific watershed hydrology responds to land management and natural
disturbances can provide useful information to land managers as they set flow targets needed to maintain
ecological integrity in surface waters or to design riparian buffers for water quality protection. We found
that after a dearcut timber harvest with a riparian buffer zone around the sireams, the percent increases
in annual discharge and mean nitrate concentrations tended to be higher in the Piedmont region than in
the other two regions. Our study also found that tree blowdown in the riparian buffer was more likely
to occur in the Piedmont Triassic region than in the Piedmont Carolina Slate Belt region. In the Triassic
region, additional management activities should be part of the preharvest planning process as they may
help mitigate windthrow and uproofing of streambanks and improve the overall riparian buffer functions
and flow dynamics. For example, land planners or loggers should assess whether soils have Triassic or
Slate Belt characteristics to determine if they need fo refrain from creating gaps and retain more windfirm
species within the riparian buffer. Although there was variation in blowdown occurrences among regions,
Triassic soils comprise about 3.5% of North Carolina’s total land area, so any statewide implications would
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Figure 1. Aerial views of paired study watersheds and descriptive atiributes.

Riparian Vegetation Surveys

To characterize vegetation composition
along a 10% reach of the stream study area,
4152-m? vegetation survey plots in HF1, 6
plots in HF2, 10 plots in UF1, and 4 plots in
UF2 were established. Stem count, dbh of
overstory trees, and canopy cover in each
plot were measured annually following pro-
tocols outlined in the Carolina Vegetation
Survey (Peet et al. 1998). Percent canopy
cover was measured at plot center with
hemispherical photography every year dur-
ing the growing season. Six 1-m” subplots
were also established in each plot to estimate
percent groundcover. Visual observations
for riparian buffer sediment breakthroughs
or overland flow were assessed at least
monthly or after large (>25 mm) storm
events along the entire reach and width of
the channel. Breakthroughs were deter-
mined to be one of the following: overland
and sediment flowing through the riparian
buffer to the channel; only overland flow

moving through the riparian buffer to the
channel; or evidence of overland flow or sed-
iment moving into the riparian buffer but
being dispersed before reaching the stream
(Rivenbark and Jackson 2004). Field in-
spections in April 2013 and August 2013
revealed considerable blowdown in one of
the treatment watersheds (UF1). Thus,
additional vegetation surveys were taken
to determine the number and diameter
size of standing and windthrown stream
edge trees. Stream edge trees were defined
as trees having roots exposed in the stream
channel. All blowdown trees had tip-up
mounds with some mounds being as large
as 3 m in diameter (Figure 2). If a stream
edge tree had a broken top, it was not
counted as blowdown.

Harvest

The entire watershed areas at both
study sites were clearcut harvested using typ-
ical rubber tire-mounted logging equip-

Expansive clays, perched water, thin soils,
discharges water slowly in growing season
when soils are dry with an in-active confining
clay laver, and fastin dormant season when
soils are wet with an active confining layer

ment. Logging on UF1 took place between
July 7 to Sept. 8, 2010, and logging on HF1
occurred from Nov. 29, 2010 to Jan. 19,
2011. In each clearcut harvest, a 15.2-m ri-
parian buffer was retained on each side of the
stream. High-value trees (trees of =35.6 cm
dbh for pine and =40.6 cm for hardwood)
were harvested from the riparian buffer as
allowed by the Neuse River Basin Riparian
Buffer Rule (NRR). Hand felling of high-
value and merchantable timber within inner
zone 1 (0—3 m from the stream bank) and
outer zone 1 (3-9.1 m from the stream
bank) of the riparian buffer was done as out-
lined in the NRR. On each study site, addi-
tional BMPs were deployed to prevent sedi-
mentation and water quality pollution and
to comply with the North Carolina Forest
Practices Guidelines Related to Water Qual-
ity. For example, trees were skidded to the
log deck without crossing the stream chan-
nel, and slash was redistributed across the
upland and skid trails to limit soil distur-
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Figure 2. Tip-up mound of blowdown of siream edge tree in UF1 at Umstead Research Farm,

Granville County, North Carolina. Photo courtesy of Johnny Boggs, USDA Forest Service, August
2013. Pictured in photo: Neil Williams, Forestry Technician, USDA Forest Service.

bance. Site preparation for replanting in-
cluded one aerial herbicide application, a
bladed fireline around the watershed bound-
ary, and a low-intensity site preparation
burn that was initiated from outside of the
riparian buffer. A fireline was not put
around the riparian buffer. The site prepara-
tion process and hand planting operation
occurred between June 2011 and January
2012 in HF1 and between July 2011 and
January 2012 in UFI. Loblolly pine was
planted in HF1, and shortleaf pine (Pinus
echinata) was planted in UF1.

Stream Discharge and Water Quality
Measurements

A 2-H flume was used as the flow con-
trol structure at the outlet of HF1, HF2,
UF1, and UF2, and a 90° V-notch weir was
used at the outlet of HFW1 and HFW2. A
Sigma 900 Max water sampler with a depth
sensor was used to measure and log dis-
charge data every 10 minutes in units of li-
ters/second. This unit was then converted to
mm to normalize the watershed discharge
data and to make the discharge data compa-
rable to precipitation. Discharge data in this
article are reported in mm (see Supplemen-
tal Figure S18 to convert mm back to liters).
Precipitation was measured in an open area
with a HOBO Datalogging Rain Gauge
RG3 at HF and UF. Water quality concen-

trations and exports were quantified from
grab and storm-based samples. Grab water
samples were collected at least biweekly un-
der baseflow conditions. The Sigma sampler
was programmed to trigger based on an in-
crease in the flow rate of change (e.g., 1.1
liters/second). Storm-based samples were
collected on a stratified sampling program,
intensive sampling during rising limb (6
samples in 1 hour) and less intense sampling
during recession limb (6 samples over 6-10
hours) of the hydrograph. To avoid the po-
tential to overemphasize one limb of the hy-
drograph (or to interpolate between mea-
sured times), a time-weighted mean
concentration for each constituent was com-
puted and then flow weighted concentra-
tions were determined.

Water quality parameters included
total suspended sediment (TSS), total or-
ganic carbon (TOC), ammonium-nitro-
gen (NH,-N), nitrate-nitrogen (NOj3-N),
total phosphorus (TP), total Kjeldahl nitro-
gen (TKN), stream temperature, and a mac-
roinvertebrate bioclassification or biotic in-
dex. Samples were preserved with sulfuric
acid to pH of <2. Water samples collected
from the field were kept at 3.6° C before
analysis. Constituents from each water sam-
ple were determined at the North Carolina
State University Soil Science Analytical Lab-

oratory using standard methods (Greenburg
1992). The changes in water quality param-
eters were initially measured in mg liter '
during both stormflow and baseflow condi-
tions. These values were then multiplied by
discharge volume to determine outputs ex-
pressed as kg ha™' month™" and kg ha™'
year '. Tortal organic nitrogen (TON)
equals TKN minus NH,-N. Total nitrogen
(TN) equals TKN plus NO4-N. Stream
temperature data were logged every 10 min-
utes using HOBO Pro v2 water temperature
sensors.

During the preharvest period, two ben-
thic surveys were completed in all six water-
sheds but only covered the nongrowing sea-
son because of limited sampling time. Seven
postharvest surveys were taken in all water-
sheds and covered both growing and non-
growing seasons. Surveys were taken across
seasons to capture differences in the life cycle
of benthic macroinvertebrates, seasonal dis-
charge, and climate variability. Benthic mac-
roinvertebrate surveys were completed fol-
lowing the semiquantitative methods
outlined by the North Carolina Department
of Environmental and Natural Resources
(2012) Division of Water Resources, Bio-
logical Assessment Unit Qual4 method, for
which a kick net, sweep net, leaf pack, and
visual samples were collected from each
stream. Benthic macroinvertebrate samples
were field sorted and sent to Watershed Sci-
ence, LLC, to be identified to the lowest pos-
sible taxonomic class. To rate water quality
condition, a bioclassification class (excellent,
good, good/fair, fair, or poor) for small
streams (i.e., <4.6 m wide) was assigned to
each survey, which was based on the average
values from Ephemeroptera, Plecoptera, and
Trichoptera (EPT) taxa richness and biotic
index (Lenat 1993, 2014). EPT taxa rich-
ness is the number of Ephemeroptera, Ple-
coptera, and Trichoptera taxa in a sample.
Generally, the higher the taxa richness is, the
better the water quality condition. The EPT
taxon captures the full range of water quality
conditions through time, whereas baseflow
and stormflow samples do not fully capture
conditions between samples. A mixture of
both water chemistry and benthic surveys
probably offers the best data to assess water
quality condition.

The dominant trophic category or
functional feeding group (FFG) percentages
(i.e., collector gather, scraper collector, obli-

H Supplementary data are available with this article at heep://dx.doi.org/10.5849/jof.14-102.
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gate scraper, shredder, predator, collector
filters, and omnivore scavenger) for each
macroinvertebrate species was calculated by
assigning a semiquantitative value to the oc-
currence class: rare = 1, common = 3, and
abundant = 10. The FFG percentages were
used in conjunction with bioclassification
and other indicators to provide additional
information about the treatment effect
and to assess process-level attributes about
the aquatic ecosystem (Rawer-Jost et al.
2004).

Data Processing and Analysis

The experimental design consisted of a
pair of watersheds (reference and treat-
ment), a calibration or preharvest period, a
treatment (i.e., tree harvest), and a posthar-
vest period (Swank et al. 2001). In the pre-
harvest phase (2007-2010), discharge, TSS,
and the water quality parameters from the
paired watersheds were calibrated.

To calibrate the watersheds, a set of lin-
ear relationship/models (y = mx + 6) be-
tween daily discharge and monthly TSS and
nutrient concentrations and exports from
each pair were generated with all 2 < 0.05.
Postharvest reference watershed data were
then put into that linear model to predict
what the treatment watershed trend would
be if the harvest had not occurred. Posthar-
vest modeled treatment data and postharvest
measured reference data were compared to
evaluate the treatment effect. Our paired
watersheds did not have identical soil and
vegetative composition and stormflow dis-
charge. Thus, calibrating the reference wa-
tershed to the treatment watershed provided
a more accurate assessment of treatment ef-
fects on discharge, water quality data, and
cause-effect relationships compared with
referencing the treatment watershed di-
rectly. Our 32-month calibration period de-
veloped a robust enough model for these
small catchments to account for any changes
or variation in climate and other factors dur-
ing the postharvest period (US Environ-
mental Protection Agency 1993). Wilm
(1944, 1948) developed the following equa-
tion to determine the minimum length of
calibration time required for a watershed to
predict treatment effects with a reasonable
level of certainty (in our study, measured
and modeled discharge was within 2 SD of
each other)

where k equals the number of observations
from each of the two data sets, six is the SE of
the estimate (y) in mm/month, the Fstatistic
equals F{2 + [F/(k — 1)1}, and 4 equals the
smallest noteworthy change in monthly run-
off. Based on Wilm’s equation calibration,
watersheds (HF1 and HF2) could be cali-
brated in 10 months at « = 0.05 and 32
months at @ = 0.01 (Boggs et al. 2008).

We analyzed mean annual (» = 3) TSS
and nutrient concentrations and exports
across preharvest and postharvest periods us-
ing a z-test (SAS Institute, Inc. 2011). The
t-test was selected, and the significance level
was set to @ = 0.05 to determine which
group values (measured versus modeled)
were statistically different from each other.
Significant differences statements are o =
0.05. Storm parameters were derived from a
constant slope separation method where wa-
ter is discharged from a watershed in excess
of 1.1 mm/day as described by Hewlett and
Hibbert (1967). The constant slope value
was applied to the separation analysis during
13 to 44 storms when at least 15-20 mm of
measured rainfall occurred. Slope separation
was terminated when the total volume of
discharge exceeded the baseflow discharge.
The average separation analysis lasted 21.2
(SE, 3.3 hours) hours during the nongrow-
ing season (November to April) and 12.9
(2.2) hours during the growing season (May
to October).

Results

Vegetation Changes in the Riparian
Buffer

The riparian buffer vegetation for the
preharvest period was consistent with a basal
area range found in the closed-canopy Pied-
mont mixed pine-hardwood riparian forests
(Supplemental Table S1; Figure 1). Accord-
ing to the NRR, trees can be removed from
the riparian buffer during logging. Selective
removal of trees from the riparian buffer re-
duced HF1 pine and hardwood overstory
basal areas by 24 and 28%, respectively.
Tree removal from the riparian buffer re-
duced UFI pine and hardwood overstory
basal areas by 50 and 46%, respectively. The
reference watershed total overstory basal
area increased 13% from 2009 to 2013 in
both HF2 (30.5-34.5 m® ha™ ') and UF2
(36.9-41.8 m* ha™ ).

There were two events of stream edge
tree blowdown in UF1. One was docu-
mented on Apr. 17, 2013, in which 11% of
stream edge canopy trees blew down, and

the other on Aug. 28, 2013, when an addi-
tional 25% of stream edge canopy trees blew
down. Trees in UF1 that were above the
mean riparian buffer dbh blew down more
often than trees below the mean buffer dbh,
with hickory and oak species experiencing
100% blowdown within the buffer (Table
1). Pine and sweetgum experienced 50% or
greater blowdown when trees were above the
mean dbh. When there was more than one
tree present, tulip poplar was the most wind-
firm tree species (i.e., those least likely to be
blown down during high wind events). Tree
blowdown was also documented on Mar.
14, 2014, in treatment watershed (HF1) at
the HF site. This documented blowdown
was outside of the water quality monitoring
period for this study, and none of the wind-
thrown trees were located at the stream edge.

Percent groundcover shifted in treat-
ment watersheds from leaf litter dominated
in 2009 (preharvest, Figure S2a) to a mix-
ture of woody, herbaceous, and leaf litter
dominated from 2011 to 2013 (postharvest,
Figure S2b). Percent groundcover in refer-
ence watersheds (HF2 and UF2) remained
dominated by leaf litter from 2009 to 2013
(Figures S2c¢ and d). UF2 herbaceous
groundcover increased in 2013 compared
with that in other years (Figure S2d) proba-
bly due to an opening in the canopy struc-
ture around one of the riparian buffer survey
plots. The higher SE (7.8%) of herbaceous
groundcover in the UF site than in other
plots is reflective of localized canopy open-
ness. We did not observe sediment flowing
overland and through the riparian buffer to
the channel during the monitoring period at
the UF or HF site.

Precipitation and Discharge
Cumulative precipitation amounts for
the preharvest and postharvest periods were
3,818 and 3,256 mm at HF and 3,460 mm
and 3,266 mm at UF, respectively. Mea-
sured and modeled cumulative discharges
were similar during the preharvest period
but increased dramatically during the posthar-
vest period (Tables 2 and 3; Figure 3 and Sup-
plemental Figure S3). Measured postharvest
discharge increased above modeled posthar-
vest discharge by 263, 264, and 192% in HF1,
by 45, 45, and 37% in HFW1, and by 248,
218, and 143% in UF1 from 2011, 2012, and
2013, respectively. Although precipitation to-
tals were similar between preharvest and post-
harvest periods, the percent discharge of pre-
cipitation decreased from preharvest to
postharvest period in the reference watersheds
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Table 1. Percentage of stream edge trees that blew down in treatment watershed, UF1.

Percent of
stream edge Percent of
trees stream edge Total no. No. of No. of

that blew trees that of all trees stream edge stream edge Total no.

Stream edge ~ down, largeror  blew down,  tallied on stream  trees that blew  trees that of stream

tree equal to smaller edge, both down, larger blew down, edge trees

Common Species dbh range the mean than mean standing or equal to smaller than  that DID NOT

name (scientific name) (cm) dbh (%) dbh (%) and blownover the mean dbh mean dbh blowover
American beech  Fagus grandifolia 18-18 — 0 2 — 0 2
Blackgum Nyssa sylvatica 30-30 — 0 2 — 0 2
Elm Ulmus spp. 20 — 0 1 — 0 1
Hickory Carya spp. 20-33 100 0 4 1 0 3
Ironwood Carpinus caroliniana 18 — 0 1 — 0 1
Oak Quercus spp. 18-76 100 0 6 4 0 2
Pine Pinus spp. 38-53 50 — 4 2 — 2
Red cedar Juniperus virginiana 20 — 100 1 — 1 0
Red maple Acer rubrum 13-20 — 25 4 — 1 3
Sourwood Oxydendrum arboretum 10-15 — 0 7 — 0 7
Sweetgum Liquidambar styraciflua 13-76 65 38 25 11 3 11
Sycamore Platanus occidenralis 33 0 — 1 0 — 1
Tulip poplar Liriodendron tulipifera 15-79 20 0 8 1 0 7

Blowdown percentage is separated into above and below mean diameter at breast height (dbh) to test whether larger trees were more vulnerable to blowdown than smaller trees. Mean stream edge tree
dbh was 33 cm.
* —, tree size not present at stream edge in the riparian buffer.
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Figure 3. Daily precipitation, cumulative measured discharge with harvest, and modeled discharge without harvest in treatment watersheds
over monitoring period (a) HF1, (b) HFW1, (c) UF1. Rectangle indicates tree harvest period; HF1 and HFW1 were harvested Nov. 29, 2010
to Jan. 19, 2011 and UF1 was harvested July 7, 2010 to Sept. 8, 2010.
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Table 2. Measured and modeled discharge, precipitation, percent ET, and percent discharge of precipitation during preharvest and
postharvest period in a timber harvest study at Hill Demonstration Forest, Durham County, NC.

n
Year  (days) Period HF1 measured HF1 modeled HF2 measured HFW1 measured HFWI modeled HFW2 measured Precipitation HF
....................................... (MM) . o e
2007 105 Preharvest 7 13 17 20 29 8 152
2008 366  Preharvest 117 113 142 151 199 171 1,197
2009 365 Preharvest 209 190 236 262 256 257 1,358
2010 365  Preharvest 170 190 236 286 236 226 1,096
2011 18 Preharvest 6 4 5 7 5 1 14
Total 508 510 637 725 725 663 3,817
ET (%) preharvest 87 87 83 81 81 83
2011 347  Postharvest 247 68 88 175 121 62 1,002
2012 366  Postharvest 251 69 89 180 124 60 1,057
2013 365  Postharvest 327 112 142 291 212 191 1,198
Total 826 249 318 646 457 313 3,256
ET (%) postharvest 75 92 90 80 86 90
Percent discharge of precipitation
2007 105  Preharvest 4 9 11 13 19 5
2008 366  Preharvest 10 9 12 13 17 14
2009 365  Preharvest 15 14 17 19 19 19
2010 365 Preharvest 16 17 22 26 22 21
2011 18  Preharvest 41 27 35 48 36 10
Mean 17 15 19 24 22 14
2011 347  Postharvest 25 7 9 17 12 6
2012 366  Postharvest 24 7 8 17 12 6
2013 365  Postharvest 27 9 12 24 18 16
Mean 25 8 10 20 14 9

Percent ET is estimated as (total precipitation — total discharge)/total precipitation X 100 over the preharvest and postharvest monitoring periods. Percent discharge of precipitation equals
(precipitation/discharge X 100). HF1 and HFW1 harvest ended on Jan. 19, 2011. Measured discharge is cumulative flow values from the pressure transducer. Modeled discharge is cumulative flow
values from the linear model that was developed during the calibration period to determine what discharge would be if the clear cut had not occurred. HF1 and HFW1, treatment watersheds; HF2 and
HEFW?2, reference watersheds.

Table 3. Measured and modeled discharge, precipitation, percent ET, and percent discharge of precipitation during preharvest and
postharvest period in a timber harvest study at Umstead Research Farm, Granville County, NC.

n UF1 measured UF1 modeled UF2 measured Precipitation
Year (days) Period discharge discharge discharge UF
............................. (Mm) . .o
2007 105 Preharvest 2 1 3 198
2008 366 Preharvest 128 122 164 1,249
2009 365 Preharvest 281 286 372 1,307
2010 251 Preharvest 125 145 189 705
Tortal 537 554 728 3,460
ET (%) preharvest 84 84 79
2010 114 Postharvest 52 15 23 223
2011 365 Postharvest 181 52 78 985
2012 366 Postharvest 261 82 117 967
2013 365 Postharvest 376 155 208 1,091
Total 870 304 427 3,266
ET (%) postharvest 75 91 88
Percent discharge of precipitation
2007 105 Preharvest 1 0.3
2008 366 Preharvest 10 10 13
2009 365 Preharvest 22 22 28
2010 251 Preharvest 18 21 27
Mean 13 13 17
2010 114 Postharvest 23 7 10
2011 365 Postharvest 18 5 8
2012 366 Postharvest 27 8 12
2013 365 Postharvest 34 14 19
Mean 26 9 12

Percent ET is estimated as (total precipitation — total discharge)/total precipitation X 100 over the preharvest and postharvest monitoring periods. Percent discharge of precipitation equals
(precipitation/discharge — 100). UF1 harvest ended on Sept. 8, 2010. Measured discharge is cumulative flow values from the pressure transducer. Modeled discharge is cumulative flow values from the
linear model that was developed during the calibration period to determine what discharge would be if the clearcut had not occurred. UF1, treatment watershed; UF2, reference watershed.
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Table 4. Mean values for stormflow hydrologic characteristics of treatment watersheds with harvest (measured) and without harvest

(modeled) during the postharvest period.

No. of Event
Watershed Season storms  duration Beginflow  Peakrate  Time peak Total discharge  Baseflow  Stormflow  Preciptation  D/P ratio
hr ... (mm/day). . . .. hr . (mm/storm) .

HF1 measured Growing 40 11.00 (1.32)* 0.70 (0.13)* 9.43 (3.44) 2.75(0.58) 1.65 (0.53)*  0.53 (0.11)* 1.12 (0.44) 24.90 (1.98) 0.05 (0.01)*
with harvest

HF1 modeled Growing 40 6.37 (0.82)* 0.19 (0.04)* 5.11 (0.90) 2.02 (0.41) 0.61 (0.25)*  0.13 (0.04)* 0.49 (0.21) 22.50 (1.74) 0.02 (0.01)*
without harvest

HFW1 measured  Growing 44 10.38 (1.08)* 0.56 (0.09) 7.82 (2.18)* 2.48 (0.36) 1.36 (0.39) 0.43 (0.09) 0.92 (0.31) 23.71 (1.67)* 0.05 (0.01)
with harvest

HFW1 modeled ~ Growing 33 7.49 (0.97)* 0.48 (0.06) 2.59 (0.59)* 1.86 (0.15) 0.59 (0.18) 0.27 (0.06) 0.33 (0.12) 18.77 (1.72)* 0.03 (0.01)
without harvest

UF1 measured Growing 36 17.21 (1.68)* 0.35 (0.07)*41.60 (7.94)* 3.52 (0.51) 7.17 (1.48)*  0.69 (0.11)* 6.48 (1.39)* 25.86 (2.76) 0.24 (0.04)*
with harvest

UF1 modeled Growing 33 9.96 (1.72)* 0.07 (0.02)*14.12 (3.97)* 2.47(0.52)  2.69 (0.87)* 0.23 (0.06)* 2.47 (0.82)* 21.08 (2.54) 0.09 (0.02)*
without harvest

HF1 measured Nongrowing 23 23.48 (8.05) 0.79 (0.18)* 5.24 (1.60) 5.64 (1.14)  2.11 (0.68)* 0.86 (0.19)* 1.25(0.51) 23.05(2.51) 0.07 (0.01)*
with harvest

HF1 modeled Nongrowing 23 10.75(1.30) 0.32 (0.05)* 3.65(0.59) 4.31(0.88) 0.72 (0.13)*  0.28 (0.07)* 0.44 (0.08) 20.33 (1.74) 0.03 (0.00)*
without harvest

HFW1 measured Nongrowing 19 14.77 (2.19) 0.64 (0.05) 3.74 (0.66) 5.32(1.12) 1.50 (0.46) 0.70 (0.18) 0.80 (0.28) 20.22(2.32) 0.06 (0.01)
with harvest

HFW1 modeled  Nongrowing 13 14.68 (2.55) 0.55(0.05) 3.03(0.77) 5.76(1.21) 1.34 (0.44) 0.66 (0.20) 0.68 (0.25) 15.43 (2.94) 0.08 (0.02)
without harvest

UF1 measured Nongrowing 20 25.47 (2.34) 0.48 (0.11)*33.01 (6.62)* 6.29 (1.07)  9.03 (1.92)* 1.33(0.29) 7.70 (1.72)* 22.97 (2.75) 0.33 (0.04)"
with harvest

UF1 modeled Nongrowing 19 21.38 (2.46) 0.24 (0.07)*13.58 (2.79)* 6.13 (1.08)  4.65(0.99)* 0.79 (0.16) 3.85(0.85)* 21.78 (2.77) 0.19 (0.03)*

without harvest

Measured stormflow parameters are values from the pressure transducer. Modeled stormflow parameters are values from the linear model that was developed during the calibration period to determine
what stormflow would be if the clear cut had not occurred. Standard errors are in parentheses.
*#-test to determine significant difference (P < 0.05) between measured with harvest versus modeled without harvest within watershed and season.

due to fewer (8 versus 3) intense storms
(= 254 mm/hour) and smaller discharge
events. These factors probably led to greater
amounts of deep seepage and water storage
during postharvest than during preharvest in
the reference watersheds.

Stormflow characteristics changed after
harvest in all treatment watersheds (Table
4). Measured growing season stormflow du-
ration with harvest was significantly higher
than that of modeled growing season storm-
flow duration without harvest in all water-
sheds. Measured growing and nongrowing
season beginflow and discharge to precipita-
tion ratios in the treatment watershed were
significantly higher than modeled beginflow
and discharge to precipitation ratio in both
HF1 and UF1. This indicated that growing
and nongrowing season soils were wetter af-
ter harvest in HF1 and UF1. Measured peak
rate of stormflow was significantly higher
than the modeled peak rate in UF1 during
both growing and nongrowing seasons and
both were significantly higher in HFW1
only during the growing season. Measured
total discharge increased significantly above
the modeled total discharge in HF1 and UF1
during both the growing and nongrowing sea-
sons. In UF1, the growing and nongrowing
season stormflow increased significantly.
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Mean Annual, Peak Nitrate, and Daily
Stormflow Water Quality Concentration

Mean annual measured preharvest TSS
and nutrient concentrations were not signif-
icantly different from mean annual modeled
preharvest concentrations in either water-
shed (Table 5). All values were within back-
ground levels for forests or near the detec-
tion limits. Mean annual measured TP, TN,
and TON concentrations were highest in
HF1 compared with those for HFW1 and
UFI1. UF1 had a higher mean annual mea-
sured TOC concentration than the other
treatment watersheds.

Mean annual measured NO;-N con-
centration during the postharvest period was
statistically higher than mean annual mod-
eled NO;-N concentration in both HF1
and UF1 with NO5-N reaching 0.13 mg li-
ter ' in HF1 and 0.45 mg liter ' in UF1
(Table 5). Mean annual measured TP con-
centration was significantly higher than the
modeled value in UF1 during the postharvest
period. Mean annual measured TSS, TOC,
NO;-N, TN, and TON concentrations were
higher in UF1 than in HF1 and HFW1.

The stream nitrate concentration peaked
during the postharvest period at 4.9 mg liter '
inHF1,at4.5 mg liter ! in HFW1, and at 6.9
mg liter " in UF1 (Supplemental Figure $4).

By the mid-2012 postharvest period, NO5-N
peak concentrations in the treatment water-
sheds were near preharvest peak concen-
trations. The mean daily stormflow TSS
concentrations in the treatment water-
sheds were similar between preharvest,
postharvest, and blowdown periods (Sup-
plemental Figure S5).

Mean Annual Export of TSS and
Nutrients

Mean annual measured TSS and nutri-
ent export values during the preharvest pe-
riod were not significantly different from
mean annual modeled preharvest exports in
all watersheds (Table 6). In the postharvest
period, all mean annual measured constitu-
ents were higher than the mean annual mod-
eled constituents in all treatment water-
sheds. However, mean annual measured TN
was the only water quality parameter that
was significantly higher than the mean an-
nual modeled value across all treatment wa-
tersheds. The measured TSS load increased
significantly from the modeled TSS in
HF1. Although not significant, measured
TSS load also increased from modeled
TSS in HFW1 and UF1. Mean annual
measured TOC and TON increased sig-

nificantly above mean annual modeled



Table 5. Mean annual measured and modeled TSS and nutrient concentrations during preharvest and postharvest periods in the
treatment watersheds.

HF1 HFW1 UF1
Period Constituents Measured Modeled Measured Modeled Measured Modeled
................................... (mgliterfl)
Preharvest TSS 36.8 (0.02) 35 (0.04) 27.9(9.7) 26.7 (5.2) 35.7 (9.3) 33.8 (6.4)
TOC 6.1 (6.4) 6.2 (2.9) 5.7 (0.9) 5.7 (0.5) 10.0 (0.96) 9.5 (0.96)
NH,-N 0.03 (0.3) 0.04 (0.4) 0.01 (0.02) 0.01 (0.03) 0.01 (0.007) 0.01 (0.005)
NO,-N 0.01 (0.01) 0(0.01) 0.02 (0.06) 0.03 (0.013) 0.01 (0.002)
TP 0.08 (0.005) 0.07 (0.00) 0.06 (0.02) 0.06 (0.01) 0.07 (0.009) 0.06 (0.01)
TN 0.71 (0.004) 0.69 (0.002) 0.52 (0.13) 0.50 (0.08) 0.66 (0.05) 0.67 (0.05)
TON 0.67 (0.06) 0.64 (0.004) 0.5 (0.12) 0.48 (0.06) 0.62 (0.049) 0.59 (0.04)
Postharvest TSS 31.1 (0.06) 34.3 (0.01) 23.8 (0.7) 23.2(1.2) 33.6 (0.8) 28.6 (2.3)
TOC 4.6 (0.3) 5.5 (1.1) 4.7 (0.8) 5.2 (0.5) 15.1 (3.9) 8.2 (0.3)
NH,-N 0.08 (0.4) 0.03 (0.4) 0.02 (0.03) 0.01 (0.01) 0.04 (0.005) 0.06 (0.036)
NO;-N 0.13 (0.01)* 0.00 (0.002)* 0.06 (0.05) 0.45 (0.156)* 0.01 (0.005)*
TP 0.09 (0.04) 0.07 (0.00) 0.07 (0.02) 0.06 (0.01) 0.08 (0.001)* 0.06 (0.004)*
TN 0.81 (0.01) 0.64 (0.004) 0.52 (0.08) 0.44 (0.08) 1.37 (0.20) 0.82 (0.17)
TON 0.6 (0.07) 0.6 (0.02) 0.43 (0.06) 0.43 (0.07) 0.89 (0.17) 0.60 (0.03)

The predictive model was not good enough to develop a reliable modeled value (i.e., probability statistic = 0.43 for NO3-N in HFW1 and 0.62 for NH4-N in UF1). Measured concentrations are mean
values from water samples collected during baseflow and stormflow. Modeled concentrations are mean values from the linear model that was developed during the calibration period to determine what
load would be if the clearcut had not occurred. HF1 and HFW1 were harvested from Nov. 29, 2010, to Jan. 19, 2011, and UF1 was harvested July 7, 2010, to Sept. 8, 2010. Standard errors are in
parentheses.

*#-test to determine significance (P < 0.05) between measured and modeled values within the watershed and period.

Table 6. Mean annual measured and modeled TSS and nutrient loads during preharvest and postharvest periods in the treatment
watersheds.

HF1 HFW1 UF1
Period Constituents Measured Modeled Measured Modeled Measured Modeled
.......................................... (kg ha ™y ) o
Preharvest TSS 74.2 (23.9) 73.4 (18.5) 82.5(29.1) 82.0 (15.6) 93.4 (27.4) 85.2 (23.5)
TOC 9.4 (1.3) 9.3 (1.2) 13.9 (1.9) 13.8 (1.4) 22.2(7.3) 22.2(7.9)
NH,-N 0.02 (0.01) 0.02 (0.01) 0.013 (0.01) 0.013 (0.01) 0.013 (0.003)
NO;-N 0.003 (0.001) 0.004 (0.001) 0.03 (0.01) 0.03 (0.02) 0.03 (0.001)
TP 0.16 (0.06) 0.15 (0.04) 0.17 (0.04) 0.17 (0.03) 0.19 (0.09) 0.19 (0.08)
™ 1.19 (0.39) 1.17 (0.23) 1.37 (0.35) 1.36 (0.33) 1.56 (0.66) 1.56 (0.56)
TON 1.17 (0.39) 1.14 (0.23) 1.33 (0.35) 1.32 (0.32) 1.52 (0.67) 1.52 (0.56)
Postharvest TSS 94.4 (14.8)* 31.4 (9.6)* 59.8 (13.9) 44.5 (3.3) 84.5(25.9) 36.9 (7.0)
TOC 13.8 (2.2)* 4.3 (0.6)* 11.3 (1.8) 7.8 (0.8) 32.7 (4.1)* 9.9 (1.8)*
NH,-N 0.27 (0.12) 0.01 (0.002) 0.07 (0.03) 0.006 (0.001) 0.09 (0.02)
NO;-N 0.68 (0.33) 0.001 (0.001) 0.19 (0.1) 1.14 (0.46) 0.04 (0.02)
TP 0.31 (0.1) 0.06 (0.01) 0.21 (0.1) 0.11 (0.02) 0.22 (0.06) 0.09 (0.02)
TN 2.62 (0.26)* 0.72 (0.14)* 1.28 (0.18)* 0.71 (0.07)* 3.13 (0.56)* 0.89 (0.24)*
TON 1.67 (0.21)* 0.71 (0.14)* 1.03 (0.17) 0.67 (0.07) 1.89 (0.40)* 0.79 (0.15)*

The predictive model was not good enough to develop reliable modeled value (i.e., probability statistic = 0.43 for NO;-N in HFW1 and 0.62 for NH4-N in UF1). Measured loads are mean values from
water samples collected during baseflow and stormflow multiplied by discharge. Modeled loads are mean values from linear model that was developed during the calibration period to determine what
load would be if the clearcut had not occurred. HF1 and HFW 1 were harvested Nov. 29, 2010 to Jan. 19, 2011, and UF1 was harvested July 7, 2010 to Sept. 8, 2010. Standard errors are in parentheses.

“#-test to determine significance (P < 0.05) between measured and modeled values within the watershed and period.

values in both HF1 and UF1. Modeled
postharvest loads were lower than mod-
eled preharvest loads for all constituents in
all treatment watersheds because percent
discharge of precipitation was smaller dur-
ing the postharvest period than during the
preharvest period.

Benthic Macroinvertebrates

Preharvest water quality bioclassifica-
tion ranged from good to excellent in all
treatment watersheds (Table 7). Postharvest
bioclassification in harvested sites ranged
from good/fair to excellent, whereas those in
the reference sites ranged from fair to excel-

lent. In the preharvest period, mean non-
growing season EPT taxa richness and biotic
index values were not significantly different
between any treatment and reference water-
shed pair. In the postharvest period, both
mean growing season and nongrowing sea-
son EPT taxa richness increased (improved)
significantly in HFW1 compared with that
for HFW?2 and in UF1 compared with that
for UF2. The biotic index decreased or im-
proved significantly in HFW1 compared
with that in HFW2 during the nongrowing
season. The dominant FFG or trophic cate-
gory was similar between treatment and ref-
erence watersheds during the postharvest pe-

riod (Figure 4). For example, the highest
FFG percentage was for shredders in the
HF1 and HF2 pair (29 and 27% of the total
macroinvertebrates in the samples, respec-
tively) and the HFW1 and HFW?2 pair (25
and 26%, respectively). Collector gatherers
FFG was the highest in the UF1 and UF2
pair (21 and 33%, respectively).

Stream Temperature

Preharvest monthly maximum stream
temperature values were 24.8° C in HFI,
22.4° Cin HF2,25.8° Cin HFW1, 24.5° C
in HFW?2, 23.5° C in UF1, and 24.1° C in
UF2. After the harvest, monthly maximum
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Table 7. EPT taxa richness, biotic index, and bioclassification in treatment and reference watersheds during preharvest and postharvest

periods.
Preharvest Postharvest
January  April Mean March July  February February  June  January Mean Mean

Watershed Index 2010 2010  nongrowing 2011 2011 2012 July2012 2013 2013 2014 growing  nongrowing
HF1 (treatment) EPT taxa richness 13 16 14.5 (1.5) 9 8 11 9 16 7 12 8.0 (0.6) 12.0(1.5)
HF2 (reference) EPT taxa richness 21 17 19.0 (2.0) 14 10 14 12 12 9 15 10.3 (0.9) 13.8 (0.6)
HFW1 (treatment) EPT taxa richness 24 22 23.0 (1.0) 20 11 20 12 20 11 14 11.3 (0.3)* 18.5(1.5)*
HFW2 (reference) EPT taxa richness 20 17 18.5 (1.5) 17 2 11 4 13 7 11 4.3 (1.5)* 13.0 (1.4)*
UF1 (treatment) EPT taxa richness 16 12 14.0 (2.0) 19 10 20 11 14 10 12 10.3 (0.3)* 16.3 (1.9)*
UF2 (reference) EPT taxa richness 18 10 14.0 (4.0) 10 0 12 1 12 4 10 1.7 (1.2)* 11.0 (0.6)*
HF1 (treatment) Biotic index 4.5 3.3 3.9 (0.60) 5.2 4.0 4.8 4.2 4.2 3.6 4.1 3.9(0.19) 4.6 (0.26)
HF2 (reference) Biotic index 3.8 3.0 3.4 (0.40) 4.9 3.2 4.8 3.7 4.7 3.8 3.9 3.6 (0.18) 4.6(0.22)
HFW1 (treatment) Biotic index 3.9 3.4 3.7 (0.25) 4.1 3.3 4.0 3.8 3.7 3.6 3.9 3.6 (0.15) 3.9 (0.08)*
HFW?2 (reference) Biotic index 4.1 2.8 3.5 (0.65) 4.6 6.3 4.2 4.5 4.4 3.0 4.3 4.6 (0.95) 4.4 (0.08)*
UF1 (treatment) Biotic index 4.8 4.8 4.8 (0.00) 5.4 4.8 4.7 4.9 4.1 4.1 5.1 4.6 (0.27) 4.8 (0.28)
UF2 (reference) Biotic index 4.5 4.0 4.3 (0.25) 5.4 6.6 4.5 5.4 6.3 4.6 5.2 5.5(0.59) 5.3(0.36)
HF1 (treatment) Bioclassification ~ Good Excellent Good/fair Excellent Good Excellent  Excellent Excellent Excellent
HF2 (reference) Bioclassification ~ Excellent Excellent Good Excellent Good Excellent  Good Excellent Excellent
HFW!1 (treatment) Bioclassification  Excellent Excellent Excellent  Excellent Excellent Excellent Excellent Excellent Excellent
HFW?2 (reference) Bioclassification ~ Excellent Excellent Good Fair Excellent Good Good Excellent Good
UF1 (treatment) Bioclassification ~ Good Good Good/fair Good Good Good Excellent Excellent Good
UF2 (reference) Bioclassification ~ Good Excellent Good/fair Fair Good Good/fair Fair Good Good

Criteria for North Carolina biotic index for small streams (<4 m wide): excellent, <4.3; good, 4.3-5.1, good/fair, 5.2-5.8; fair, 5.9—6.9; poor, >6.9. In the postharvest period, the mean nongrowing
season includes March 2011, February 2012, February 2013, and January 2014 and the growing season included July 2011, July 2012, and June 2013. Standard errors are in parentheses.

* r-test to determine significance (P < 0.05) between mean treatment versus mean reference EPT (Ephemeroptera [mayfly], Plecoptera [stonefly], and Trichoptera [caddisfly]) taxa richness and biotic
index values of each watershed pair (HF1 versus HF2, HFW1 versus HFW2, and UF1 versus UF2) during preharvest and postharvest periods and across the nongrowing season or growing season.

stream temperature spiked during the first
two growing seasons in HFW1 and during
the first growing season only in UF1 (Sup-
plemental Figure S6a and b). Unexpectedly,
a spike in temperature was not observed in
the other treatment watershed, HF1, during
the postharvest period.

Discussion

Discharge Response to Harvesting
Understanding  regional site-specific
water resource responses to timber removal
and other land disturbances can help land
managers set flow targets to reduce storm-
flow and watershed degradation and manage
general streamflow dynamics. When ET is
reduced through clearcut harvesting, dis-
charge has been shown to increase by 370
mm (60%) in the mountains (Johnson and
Kovner 1954), 91 mm (99%) in the coastal
plain of North Carolina (Amatya et al.
2006), and 250 mm (55%) in the Piedmont
of South Carolina (Williams et al. 2000)
during the 1st year. During the Ist year after
harvest in our study, we found that discharge
increased more dramatically after forest re-
moval compared with the values in these
studies. Discharge increased 180 mm
(263%) over modeled discharge rates in
HF1 and 129 mm (248%) over modeled
discharge rates in UF1. We believe this large
increase in annual discharge postharvest is
driven primarily by the type of topography

10 Journal of Forestry « MONTH 2015

and climatic conditions found in our study
catchments and their effects on ET. ET was
estimated to be about 80% of the annual
water budget for our study sites. In contrast
to the results for the Piedmont, Sun et al.
(2002) reported that annual ET was 70% of
precipitation for a coastal plain pine planta-
tion and 47% of precipitation in a hard-
woods watershed at Coweeta in the moun-
tains of North Carolina. Post and Jones
(2001) reported that ET in mountainous re-
gions in the United States ranged from
about 36 to 50% of the water budget. Thus,
when our watersheds were clearcut, a large
response in discharge was expected because
the tree hydrologic ET pump was removed
from the system.

The effect of the disturbance on dis-
charge was less when a smaller portion of our
Piedmont watershed was disturbed. For ex-
ample, HFW1 experienced 33% tree re-
moval from the watershed (HF1 experi-
enced 92% timber removal) that resulted in
an increase in discharge of 54 mm (45%)
during the first year after harvest. Ona 10%
forest removal basis (54 mm X 10/33% =
16.4 mm year ' in HFW1 and 180 mm
yc:af1 X 10/92%=19.6 mm in HF1), the
uncut portion of HFW1 dampened the ef-
fect on discharge from the cut area, HF1,
during year 1 by 20% (i.e., 19.6 mm —16.4
mm/16.4 mm). However, the capacity to
buffer against the effects of a clearcut on

streamflow may depend on the distance of
the disturbance from the stream channel.
Based on a simulation study using Visualiz-
ing Ecosystems for Land Management As-
sessments (VELMA), Abdelnour et al.
(2011) reported that a 20% clearcut area
near the catchment divide resulted in an av-
erage annual discharge increase of 53 mm,
whereas a 20% clearcut near the stream re-
sulted in an average annual discharge in-
crease of 92 mm. Stednick (1996) reported
that when 20% or less of a watershed was
harvested, it was unlikely that any increase in
annual discharge would be detected. In ad-
dition, an increase in peak flow may be un-
detectable in harvested areas of less than
29% (Grant et al. 2008) or 32% of removal
of the basal area (Bent 1994). We detected
an increase in peak rate in all treatment wa-
tersheds with the largest differences between
measured versus modeled occurring in the
growing season.

Water Quality Response to Harvesting

The significant increases in NO5-N
concentrations in both HF1 and UF1 after
harvest were below levels considered harm-
ful to biological integrity (Binkley et al.
1999, Boggs et al. 2013) but were generally
higher than values found in the North Car-
olina mountains (Clinton 2011), Alabama
coastal plain (Lockaby et al. 1994), or South
Carolina coastal plain (Askew and Williams
1986) or Piedmont (Williams et al. 2000).
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Figure 4. Mean functional feeding group percentages in treatment versus reference (HF1
versus HF2, HFW1 versus HFW2, and UF1 versus UF2) watersheds during the postharvest

period, 2011-2013.

Quantifying nutrient values in the North
Carolina Piedmont after a harvest may not
only help to document stream quality re-
sponses to disturbances but can also provide
further context for managing water re-
sources through improved planning and
treatment strategies across regions. Nitrate
peaks in our study were probably driven by a
reduction in plant nitrogen uptake that left
the highly mobile nitrate anions vulnerable
to flushing during storm events (Hornberger
etal. 1994). UF1 had considerably more ni-
trate spikes than HF1 and HFW1 (Supple-
mental Figure S4) because of the rapid lat-
eral and increased stormflow that occur in
these TB soils. UF1 stormflow, peakflow,
and total discharge increased significantly in
the postharvest period in both growing and
nongrowing seasons, increasing the poten-
tial to quickly mobilize accumulated nitrate
to the stream channel. Increases in peak
NO;-N were delayed by 6—8 months from

the time of harvest. This delay is not uncom-
mon as time is needed for ammonium to
accumulate in the soil after reduced demand
by the trees, and time is also needed for ni-
trifying populations to increase with the in-
creasing soil ammonium. In addition, time
is needed for root systems and slash to decay
and release additional N back into the soil.
However, despite the pulse increases,
NO;-N levels remained low. By mid-2012,
the regrowth of woody and herbaceous
plants is what probably reduced stormflow
peak NO5-N concentrations to preharvest
levels in all treatment watersheds. HFW1
demonstrated a greater capacity to retain ni-
trate compared with that for HF1 and UF1
because a much smaller percentage of
HFW1 was disturbed. Although the UF1
site exhibited the highest peak NO3-N con-
centrations over a relatively short period, the
TB soils found on the UF1 site only com-
prise 3.5% of North Carolina’s total land

area (Cleland et al. 2007), so any impacts
would be localized.

Some of the measured water quality
loads were not significantly different from
modeled loads during the postharvest period
because discharge and climate variability in-
creased with increasing exports (Table 6).
Despite this statistical limitation, it is still
informative to discuss the annual load pat-
terns because they indicate the amount of
nutrient impact on the ecosystem. Mean an-
nual measured TN load was the only param-
eter that increased significantly above mean
annual modeled load values in all treatment
watersheds. Mean annual measured TP,
TOC, and TSS loads increased 1- to 2-fold
above mean annual modeled loads across
treatments. These increases are consistent
with effects of timber removal on sediment
and nutrient yields from headwater catch-
ments (Arthur et al. 1998, Fraser et al.
2012). In addition, changes in TP export
tend to follow changes in TSS export given
that phosphorus often attaches to small par-
ticles of sediment (Brady 1990). The in-
creases in TSS and nutrient exports in the
treatment watersheds were probably driven
by the large increase in discharge in response
to the clearcut harvest (Swank and Vose
1994, McBroom et al. 2008) and movement
of in-channel legacy sediment during pre-
harvest (Boggs et al. 2013) and postharvest
periods (J.L. Boggs, USDA Forest Service,
unpubl. data, Sept. 8, 2010 to Dec. 31,
2013). Given that postharvest discharge and
NO;-N concentration spikes declined each
year and corresponded to increased ET and
plant growth, TSS, ammonium, and other
nutrient exports will probably match pre-
harvest levels within the next 5 years. Over-
all, our results showing that temporary in-
creases in discharge were accompanied by
increased in-channel sediment transport and
nutrient exports but did not measurably im-
pact indicators of aquatic invertebrate com-
munities align with those of other timber
harvesting studies (Table 8).

The macroinvertebrate bioclassification
rankings indicated that stream quality re-
mained good/fair to excellent in the treat-
ment watersheds during the postharvest pe-
riod (Table 7). However, some reference
watersheds had bioclassification scores that
ranked from fair to a maximum of good/fair.
These reference watershed scores were often
linked to low discharge periods during the
growing season that drove down the pres-
ence of certain indicator aquatic species. For
example, the UF2 July 2011 survey had the
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Table 8. Comparison of postharvest discharge, sediment, and nitrate in paired watershed timber harvesting studies.

Study Treatment Location Discharge  Sediment NO;-N  Sediment NO;-N Conclusions
(mmyr ") .. (mgliter ") .. .(kgha 'yr")
This study
HF2 Control North Carolina/ 105 29 0.003 41 0.002 Temporary increases in discharge were
Piedmont accompanied by increased in-channel
HFW2 Control 105 22 0.001 33 0.02 sediment transport and nutrient
UF2 Control 130 34 0.29 56 0.36 exports but were not sufficiently
HF1, 15.2-m buffer Clearcut with buffer 280 31 0.13 94 0.67 disruptive to impact aquatic life and
HFW1, 15.2-m buffer Clearcut with buffer 215 24 0.06 61 0.19 ecological integrity.
UF1, 15.2-m buffer Clearcut with buffer 262 33 0.48 101 1.37
Fraser et al. (2012)
Control Control Georgia/Piedmont 418 SMZ greatly reduced the water quality
12-21-m buffer Clearcut with buffer 1,067 effects of clearcutting.
Clinton 2011
Control Control North Carolina/ 16 0.04 Stream nitrate concentration increased
Mountains only in the no buffer site. Total
10-m buffer Clearcut with buffer 32 0.05 suspended solids concentration
30-m buffer Clearcut with buffer 8 0.02 increased only slightly above that for
No buffer Clearcut without 24 0.12 the reference site.
buffer
McBroom et al. (2008)
.. .SW3, SW5, SW8 Control Texas/East 14 42 Sediment load increased with discharge.
.. .SW2, SW4, SW9  Clearcut/conventional 78 111 First year sediment loss was higher on
prep with BMPs intensive watershed than conventional
.. .SW1, SW6, SW7 Clearcut/intensive 98 225 watershed but not to loads that would
prep with BMPs degrade or impact water quality.
Williams et al. (2000)
Kenamore One Control South Carolina/ 458 114 0.03 522 0.16  Increases in discharge were accompanied
Piedmont by increases in sediment and nutrient
Holley Springs, Clearcut with BMPs 709 98 0.08 894 0.58 exports. Sediment loads without
12.2-m buffer BMPs can be 10-fold higher than
Ramsey Bridge, Clearcut/herbicide 677 95 0.09 647 0.60 loads with BMPs according to
12.2-m buffer with BMPs Hewlett (1979).
Kenamore Two, Clearcut/mechanical 902 90 0.14 802 0.81
12.2-m buffer and thin with
BMPs
Arthur et al. (1998)*
Watershed A Control Kentucky/Cumberland 490 1.0 30 0.24  Harvested watersheds had higher
Plateau discharge and concentrations of
Watershed B, 15.2-m  Clearcut with BMPs 600 1.8 250 1.91 nitrate and other nutrients compared
buffer with those for the control. Regrowth
Watershed C Clearcut without 650 2.0 300 2.18 of vegetation reduced nutrient losses
BMPs within 3 years of harvest.
Kochenderfer et al.
(1997)
Haddix Clearcut with BMPs ~ West 1.45 58 Sediment loads returned to preharvest
Virginia/Allegheny levels by the 3rd postharvest year.
Plateau

* Sediment and nutrient values were averaged across all postharvest years.

lowest EPT taxa richness and was the lowest
discharge month (0.13 mm) compared with
any other month. The UF2 bioclassification
for July 2011 was fair, whereas the UF1 bio-
classification was good and had a measured
discharge of 2.3 mm. UF1 without harvest
discharge (based on a model from the cali-
bration period) would have been 0.11 mm.
This suggests that the additional discharge
in UF1 after the harvest may have improved
stream habitat for benthic macroinverte-
brates beyond what would have been ob-
served without harvest. However, the dom-
inant FFG (i.e., collector gatherers in UF
and shredders in HF) in the treatment and
reference watersheds remained the same,
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and the distribution of FFG in the water-
shed pairs was similar after harvest (Figure
4). Jackson et al. (2007) also found that
macroinvertebrate groups did not decline
significantly after harvest. This suggests that
any increase or fluctuations in discharge or
nutrient concentrations probably did not
pose any risk to water quality, despite differ-
ences in bioclassification scores between our
watershed pairs during certain surveys.

Riparian Buffer Vegetation

Our study is consistent with findings
from previous work indicating that blow-
down occurs during the first few years after a
harvest under normal weather events or pat-

terns (Moore 1977, Jackson et al. 2007). In
UF1, 36% of stream edge trees blew down
during two windstorm events in the third
postharvest year. There was no measurable
change in UF1 mean daily TSS concentra-
tions in stormflow water samples compared
with those in treatment watersheds without
blowdown, HF1 and HFW1 (Supplemental
Figure S5). Grizzel and Wolff (1998) found
a similar result where 33% of buffer trees
were windthrown but did not produce a sig-
nificant amount of additional sediment to
the headwater stream channel. They also
noted that any sediment delivered to streams
from windthrown trees was small relative to
the amount stored in the channel. There ap-



pears to be some degree of riparian buffer
resiliency to the windthrow disturbance that
protected water quality in UF1. The resil-
iency is possibly the result of the increase in
herbaceous and woody vegetation growth as
HF1 herbaceous plant coverage increased
from 0.8% preharvest to 21% postharvest,
and UF1 herbaceous plant coverage in-
creased from 2.1 to 28% over the same time
period (Figure S2). This additional coverage
and plant root structure could provide
groundcover protection and soil stability in
the riparian buffer (Wynn and Mostaghimi
2006). Streambank failure could occur in
the future in UF1 because the edge function
of the riparian buffer had been compro-
mised, which may cause excessive sedimen-
tation to occur. Therefore, forestry BMPs
and measures should always be imple-
mented to prevent windthrow and uproot-
ing of streambanks to ensure that the ripar-
ian buffer function is not compromised.

Different tree blowdown patterns be-
tween UF1 and HF1 were probably caused
by differences in tree size, species, and soil
characteristics at our study sites (Steinblums
et al. 1984, Sinton et al. 2000, Steil et al.
2009). The UF1 riparian buffer trees were
larger (30 cm) than the HF1 riparian buffer
trees (23.8 cm). Trees in UF1 that were
above the mean riparian buffer dbh blew
down more often than trees below the mean
dbh (Table 1), suggesting that larger trees
were less windfirm than smaller trees. For
trees above a mean riparian buffer dbh of 33
cm and in cases where more than one tree
was present, the order for most windfirm
species to least windfirm species appears to
be tulip poplar > sweetgum > pine spp. >
hickory spp. = oak spp. Although there was
variation in blowdown occurrences among
regions (Triassic versus Carolina Slate Belt),
TB soils comprise about 3.5% of North Car-
olina’s total land area, so any statewide im-
plications would be low and recommenda-
tions would be site-specific.

Conclusions

Our 6-year study has resulted in impor-
tant findings in forest hydrology, nutrient
exports, and vegetated riparian buffer func-
tions in Piedmont watersheds. Among sim-
ilar studies in the region, this paired water-
shed study provides a complete assessment
of hydrology and water quality responses to
timber harvesting. We conclude that forest
vegetation removal plays a more significant
role in affecting water balances and mean
and peak nitrate concentrations in this re-

gion than in the mountains and coastal
plains. However, overall stream water qual-
ity in the Piedmont was not negatively af-
fected by increases in discharge, nutrient
loading, and stream edge tree blowdown.
The knowledge gained from this project will
be useful to land managers. It should pro-
vide a better understanding of how Pied-
mont watersheds store, release, and dis-
charge water and nutrients across growing
and dormant seasons, how riparian buffers
function, and how to apply the most appro-
priate timber harvest management practices
for protecting water resources across regions.

Literature Cited

ABDELNOUR, A., M. STIEGLITZ, F. PAN, AND R.
McKAaNE. 2011. Catchment hydrological re-
sponses to forest harvest amount and spatial
pattern. Water Resour. Res. 47(9):W09521.

AmMATYA, D.M., R'W. SkaGas, C.D. BLANTON,
AND J.W. GiLLIAM. 2006. Hydrologic and wa-
ter quality effects of harvesting and regenera-
tion of a drained pine forest. P. 538550 in
Hydrology and management of forested wetlands,
Proc. of the international conference. ASABE
Publ. 701P0406, American Society of Agricul-
tural and Biological Engineers, St. Joseph, MI.

ARTHUR, M.A., G.B. CortHraP, AND D.L.
BrOWN. 1998. Effects of best management
practices on forest stream water quality in east-
ern Kentucky. /. Am. Water Resour. Assoc. 34:
412-417.

Askew, G.R., AND T.M. WiLLIAMS. 1986. Water
quality changes due to site conversion in
coastal South Carolina. Souzh. J. Appl. For. 10:
134-136.

Aust, W.M., M.B. CarroLL, M.C. BOLDING,
AND C.A. DOLLOFF. 2011. Operational forest
stream crossings effects on water quality in the
Virginia Piedmont. /. Appl. For. 35(3):123—
130.

BENT, G.C. 1994. Effects of timber cutting on
runoff to Quabbin Reservoir, central Massa-
chusetts. P. 187-196 in Proc., effects of human-
induced changes on hydrologic systems, Marston,
R.A., and V.R. Hasfurther (eds.). American
Water Resources Association, Bethesda, MD.

Binkiey, D., H. BurNHAM, AND H.L. ALLEN.
1999. Water quality impacts of forest fertiliza-
tion with nitrogen and phosphorus. For. Ecol.
Manage. 121(3):191-213.

Boaas, J.L., G. Sun, W. SuMMER, S.G. Mc-
NuLTy, W. SWARTLEY, AND E. TREASURE.
2008. Effectiveness of streamside management
zones on water quality: Pretreatment measure-
ments. P. 1-6 in AWRA summer specialty con-
ference; 2008 June 30—July. 2. USDA For.
Serv., Southern Research Station, Asheville,
NC.

BogGgas, J.L., AND G. SuN. 2011. Urbanization
alters watershed hydrology in the Piedmont of
North Carolina. Ecohydrology 4(2):256-264.

Boaas, J.L., G. SuN, D.G. JoNES, AND S.G. Mc-
NuLty. 2013. Effect of soils on water quantity
and quality in Piedmont forested headwater

watersheds of North Carolina. /. Am. Water
Resour. Assoc. 49(1):132—150.

BraDY, N. 1990. The nature and properties of soils,
10th ed. Macmillan Publishing, New York.
550 p.

Brooks, K.N., P.F. Froruorr, H.M. GRre-
GERSEN, AND L.F. DEBANO. 2003. Hydrology
and the management of watersheds, 3rd ed. Iowa
State University Press, Ames, IA. 574 p.

BrownN, T.C., AND D. BINKLEY. 1994. Effect of
management on water quality in North Ameri-
can forests. USDA For. Serv., Gen. Tech. Rep.
RM-248, Rocky Mountain Forest and Range
Experiment Station, Fort Collins, CO. 27 p.

Brown, T.C., M.T. HOBBINS, AND J.A. RAMIREZ.
2008. Spatial distribution of water supply in
the conterminous United States. /. Am. Water.
Resour. Assoc. 44:1474—1487.

CLELAND, D.T., J.A. FREEOUF, J.E. KEys Jr., G.J.
Nowacki, C. CARPENTER, AND W.H. MCNAB.
2007. Ecological subregions: Sections and subsec-
tions of the conterminous United States [1:
3,500,000] [CD-ROM], Sloan, A.M. (car-
tog.). USDA For. Serv., Gen. Tech. Rep. WO-
76D, Washington, DC.

CLINTON, B. 2011. Stream water responses to
timber harvest: Riparian buffer width effec-
tiveness. For. Ecol. Manage. 261:979-988.

DissMEYER, G.E. 2000. Drinking water from for-
ests and grasslands: A synthesis of the scientific
literature. USDA For. Serv., Gen. Tech. Rep.
SRS-39, Southern Research Station, Asheville,
NC. 246 p.

Dreps, C., A.L. JamEs, G. SuN, AND J.L. BOGGs.
2014. Water balances of two Piedmont head-
water catchments: Implications for regional
hydrologic landscape classification. /. Am. Wa-
ter Resour. Assoc. 50(4):1063—-1079.

Fraser, N., R. JAcKsON, AND D. RADCLIFFE.
2012. A paired watershed investigation of sil-
vicultural best management practices revisited:
B.F. Grant Memorial Forest, Georgia. For. Sci.
58(6):652—-662.

GRANT, G., S. LEWIS, F. SWANSON, J. CISSEL, AND
J. MCDONNELL. 2008. Effects of forest practices
on peak flows and consequent channel response: A
state-of-science report for western Oregon and
Washington. USDA For. Serv., Gen. Tech.
Rep. PNW-GTR-760, Pacific Northwest Re-
search Station, Portland, OR. 76 p.

GREENBURG, A.E. 1992. Standard methods for the
examination of water and wastewater, 18th ed.
American Public Health Association, Wash-
ington, DC. 1100 p.

GRrizzEeL, J.D., AND N. WOLFE. 1998. Occurrence
of windthrow in forest buffer strips and its ef-
fect on small streams in Northwest Washing-
ton. Northw. Sci. 72(3):241-223.

HEWLETT, ].D., AND A.R. HIBBERT. 1967. Fac-
tors affecting the response of small watersheds
to precipitation in humid areas. P. 275-290 in
Forest hydrology, Sopper, W.E., and H.-W. Lull
(eds.). Pergamon Press, New York.

HEWLETT, J.D. 1979. Forest water quality: An
experiment in harvesting and regenerating
Piedmont forests. University of Georgia,
Georgia Forest Research Paper, Athens, GA.
22 p.

Journal of Forestry « MONTH 2015 13



HORNBERGER, G.M., K.E. BENcALA, AND D.M.
McKNIGHT. 1994. Hydrological controls on
dissolved organic carbon during snowmelt in
the Snake River near Montezuma, Colorado.
Biogeochemistry 2(5):147-165.

JACksoN, C., D. BATZER, S. CRrOsS, S. HAGGERTY,
AND C. STURM. 2007. Headwater streams and
timber harvest: Channel, macroinvertebrate,
and amphibian response and recovery. For. Sci.
53(2):356-370.

Jackson, C.R., G. Sun, D. Amartya, W.T.
SWANK, M. RIEDEL, J. PATRIC, T. WILLIAMS, ET
AL. 2004. Fifty years of forest hydrology in the
Southeast. P. 33-112 in A century of forested
and wildland watershed lessons, Ice, G.G., and
J.D. Stednick. The Society of American For-
esters, Bethesda, MD.

Jounson, E.A., AND J.L. KOVNER. 1954. Increas-
ing water yield by cutting forest vegetation.
Georgia Miner Newsl. 7:145-148.

KOCHENDERFER, J.N., P.J. EDWARDS, AND F.
Woob. 1997. Hydrologic impacts of logging
an Appalachian watershed using West Virgi-
nia’s best management practices. North.
J. Appl. For. 14:207-218.

LENAT, D.R. 1993. A biotic index for the south-
eastern United States: Derivation and list of
tolerance values, with criteria for assigning wa-
ter quality ratings. /. North Am. Benthol. Soc.
12:279-290.

LENAT, D.R. 2014. Biological monitoring of Bolin
Creek and Tributaries, Carrboro, North Caro-
lina. Lenat Consulting Services, Raleigh, NC.
32 p.

Lockasy, B.G., F.C. THORNTON, R.H. JONEs,
AND R.G. CrawsoN. 1994. Ecological re-
sponse of an oligotrophic floodplain forest to
harvesting. /. Environ. Qual. 23:901-906.

McBroom, M.W., R.S. Beastey, M. CHANG,
AND G.G. ICE. 2008. Storm runoff and sedi-
ment losses from forest clearcutting and stand
re-establishment with best management prac-
tices in East Texas, USA. Hydrol. Proc. 22:
1509-1522.

MoORE, M.K. 1977. Factors contributing to wind-
throw in streamside leave strips on Vancouver
Island. Canada Land Management Rep. 3,
British Columbia Ministry of Forest, Victoria,
BC, Canada. 34 p.

14 Journal of Forestry « MONTH 2015

NORTH CAROLINA DEPARTMENT OF ENVIRON-
MENT AND NATURAL RESOURCES. 2012. Stan-
dard operating procedures for benthic macroin-

vertebrates. Division of Water Quality,
Biological Assessment Unit, Raleigh, NC.
49 p.

PeeT, R.K., T.R. WENTWORTH, AND P.S. WHITE.
1998. A flexible, multipurpose method for re-
cording vegetation composition and structure.
Castanea 63(3):262-274.

Post, D.A., AND J.A. JoNES. 2001. Hydrologic
regimes of forested, mountainous, headwater
basins in New Hampshire, North Carolina,
Oregon, and Puerto Rico. Adv. Water Resour.
24:1195-1210.

RawERr-JosT, C., J. BOHMER, J. BLANK, AND H.
RAHMANN. 2004. Macroinvertebrate func-
tional feeding group methods in ecological as-
sessment. Hydrobiologia 442/443:225-232.

RIVENBARK, B.L., AND C.R. JACKSON. 2004. Con-
centrated flow breakthroughs moving through
silvicultural streamside management zones:
Southeastern Piedmont, USA. . Am. Water
Resour. Assoc. 40(4):1043-1052.

SAS INSTITUTE, INC. 2011. /MP, version 11. SAS
Institute, Inc., Cary, NC.

SINTON, D.S., J.A. JONES, J.L. OHMANN, AND
F.J. Swanson. 2000. Windthrow distur-
bance, forest composition, and structure in
the Bull Run Basin, Oregon. Ecology 81(9):
2539-2556.

STEDNICK, ].D. 1996. Monitoring the effects of
timber harvest on annual water yield. /. Hy-
drol. 176:79-95.

StEIL, J.C., C.R. BLINN, AND R. Korka. 2009.
Foresters’ perceptions of windthrow dynamics
in northern Minnesota riparian management
zones. North. J. Appl. For. 26(2):76-82.

SteINBLUMS, L.]., H.A. FROEHLICH, AND J.K. Ly-
ONS. 1984. Designing stable buffer strips for
stream protection. /. For. 82(1):49-52.

Sun, G., S.G. McNuLty, D.M. AmATYA, R'W.
SKAGGS, L.W. SWIFT JR., ].P. SHEPARD, AND H.
RIEKERK. 2002. A comparison of the watershed
hydrology of coastal forested wetlands and the
mountainous uplands in the southern US. J.
Hydrol. 263:92-104.

SuN, G., M. RieDEL, R. JacksoN, R. Korka, D.
AMATYA, AND J. SHEPARD. 2004. Influences of

management of Southern forests on water
quantity and quality. P. 195-234 in Southern
Jorest science: Past, current, and future. USDA
For. Serv., Gen. Tech. Rep. SRS-GTR-75,
Southern Research Station, Asheville, NC.

SwaNK, W.T., AND D.A. CROSSLEY. 1988. Forest
hydrology and ecology at Coweeta. Ecological
Studies 66, Springer-Verlag, New York. 16 p.

SwaNK, W.T., AND .M. VOsE. 1994. Long-term
hydrologic and stream chemistry responses of
southern Appalachian catchments following
conversion from mixed hardwoods to white
pine. P. 164172 in Hydrolgie kleiner Einzugs-
gebiete: Gedenkschrift Hans M. Keller, Landol,
R. (ed). Schweizerische Gesellschaft fur Hy-
drologie und Limnologie, Bern, Switzerland.

SwaNk, W.T., .M. Vosg, anp K.J. ELLIOTT.
2001. Long-term hydrologic and water quality
responses following commercial clear-cutting of
mixed hardwoods on a southern Appalachian
catchment. For. Ecol. Manage. 143:163-178.

US DEPARTMENT OF AGRICULTURE, SOIL CON-
SERVATION SERVICE. 1971. Guide for interpret-
ing engineering uses of soils. US Government
Printing Office, Washington, DC. 86 p.

US ENVIRONMENTAL PROTECTION AGENCY.
1993. Paired watershed study design. EPA No.
841-F-93-009, Office of Water, Washington,
DC. 8 p.

WiLLiams, T.M., D.D. Hook, D.]. Lirpscoms, X.
ZENG, AND J.W. ALBISTON. 2000. Effectiveness
of best management practices to protect water
quality in South Carolina Piedmont. P. 271-277
in Proc. of the tenth biennial southern silvicultural
research conference, Waldrop, A. (ed.). USDA
For. Serv., Gen. Tech. Rep. SRS-30T, Southern
Research Station, Asheville, NC.

WiLm, H.G. 1944. Statistical control of hydro-
logic data from experimental watersheds.
Trans Am. Geophys. Union Pt. 2:616—622.

Wim, H.G. 1948. How long should experimental
watershed be calibrated? USDA For. Serv., Res.
Note 2, Rocky Mountain Forest and Range
Experiment Station, Fort Collins, CO. 7 p.

WYNN, T., AND S. MOSTAGHIMI. 2006. The ef-
fects of vegetation and soil type on streambank
erosion, southwestern Virginia, USA. /. Am.
Water Resour. Assoc. 42(1):69—82.



