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Logging has been shown to induce nitrogen (N)
leaching. We hypothesized that logging a water-
shed that previously exhibited forest decline
symptoms would place additional stress on the
ecosystem and result in greater N loss, compared
to harvesting vigorous forests. We conducted a
10-year (1988 to 1998) assessment of N export
from the Baldwin Creek watershed in southwest-
ern Pennsylvania that was partially clearcut to
salvage dead and dying northern red oak. N ex-
port from the watershed increased significantly
following salvage logging operations and did not
completely return to prelogging levels by the end
of the study period. The largest annual NO;-N ex-
port of 13 kg/ha was observed during the first year
after harvesting, an increase of approximately 10
kg/ha. Compared to data from other Appalachian
Mountain watersheds in North Carolina, West Vir-
ginia, and Pennsylvania, calculated N loss for
Baldwin Creek was considerably greater. Longer
periods of reduced N uptake due to slow reveg-
etation of salvage logged areas, coupled with in-
creased amounts of N available to leaching, could
have accounted for the large N losses observed
for Baldwin Creek. Salvage logging of dead and
dying trees from forested watersheds in this re-
gion appears to have the potential to result in
much larger N losses than previously reported for
harvest of healthy stands.
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INTRODUCTION

The effects of forest harvesting on water quality have been stud-
ied extensively since the 1970s, with nitrogen (N) often exhibit-
ing the most significant responses to disturbance compared to
other nutrients[1,2,3,4]. Harvesting causes reduced N uptake and
increased soil temperature and moisture that result in higher min-
eralization and nitrification rates[2,4,5]. These changes in N dy-
namics often cause increased nitrate (NO;") leaching below the
rooting zone and increased NO;™ concentrations in streams.
Most studies relating watershed-level nutrient export to for-
est harvesting have involved commercial removal of apparently
healthy stands. However, declining stands can have even greater
NO;™ losses than healthy ones. Durka and colleagues[6] assessed
NO;™ leaching in stream water from declining and nondeclining
sites. They found that 16 to 30% of stream water NO;™ in healthy
or slightly declining stands originated directly from the atmo-
sphere, while on more severely declining sites atmospherically
deposited NO;~ was much higher. The authors suggested that, at
the former sites, NO;~ consumption by plants and soil microor-
ganisms was large enough to assimilate most of deposited NO;™.
At declining sites, NO;~ consumption was much lower, and most
of the deposited NO;™ was exported in stream water. According
to Van Miegroet and Johnson[7], natural tree mortality, forest
gap formation, and defoliation by insects affect forest soil N dy-
namics similarly to forest harvesting and result in elevated soil
water and stream N levels. Gilliam and Adams[8] examined the
effects of forest harvesting on soil N dynamics in an N saturated
hardwood forest in the Central Appalachian region. Net N min-
eralization and nitrification rates were measured and compared
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between clearcut plots with and without N additions. Both net N
mineralization and nitrification were significantly higher at the
harvested plots that had N additions.

Hypotheses about N saturation were developed with respect
to the capacity of forest soils to retain N[7,9,10]. Soils become
N saturated when atmospheric N and internal N mineralization
inputs exceed N retention via microbial immobilization and plant
uptake. In turn, nitrification and NO;™ leaching below the rooting
zone occur, elevating stream water concentrations of NO;~ and
aluminum (Al). Increased cation leaching from the soil can si-
multaneously occur and reduce site fertility and increase soil acid-
ity. N saturated soils may cause severe imbalances in element
concentrations in foliage, leading to a loss of frost hardiness, and
reduced fine-root biomass. Disruptions of tree physiology could
diminish forest productivity and contribute to decline and mor-
tality of trees[7,9,10].

Because both forest harvesting and forest decline alter N
cycles by increasing N availability (through accelerating N min-
eralization and nitrification rates) and decreasing vegetative N
demand, salvage logging operations likely would significantly
affect N cycling, due to the combined effects of harvesting and
forest decline. Rapid regeneration of harvested sites is important
to minimizing nutrient losses from harvested areas. Since rapid
regeneration may not occur on declining sites, nutrient losses
from logging of declining sites may be greater in magnitude and
duration than from logging sites with vigorous stands.

The objective of this research was to assess N export from
the Baldwin Creek watershed in southwestern Pennsylvania,
which was partially salvage logged to recover dead and dying
hardwoods, primarily northern red oak (Quercus rubra). The
study involved two steps: (1) determining changes in N export
from the disturbed watershed, using stream flow and stream N
concentration data and (2) comparing results obtained with data
from a nearby control stream (Linn Run) and other studies in-
volving conventionally clearcut catchments. We hypothesized that
significant increases in N export would occur following the dis-
turbance on the Baldwin Creek watershed and that salvage log-
ging would induce greater N losses, compared to clearcut
watersheds with essentially healthy vegetation at the time of har-
vest.

EXPERIMENTAL METHODS/PROCEDURES

Study Area

The salvage logged and control watersheds (Baldwin Creek and
Linn Run, respectively) are located on the Laurel Hill in south-
western Pennsylvania, in the northern portion of the Appalachian
Plateau Province. Baldwin Creek and Linn Run are second-or-
der streams on unglaciated, forested watersheds located about
25 km apart. Detailed watershed descriptions are given by
DeWalle and others[11]. Stream flow and chemistry data have
been collected at continuous monitoring stations on Baldwin
Creek and Linn Run from October 1988 to the present. Water-
shed areas at the continuous monitoring stations are 535 ha for
Baldwin Creek and 1000 ha for Linn Run. Mature forests on
both watersheds originate from cutting done near the turn of the
century.
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Laurel Hill lies directly in the path of weather systems that
carry acidic emissions from the industrialized Ohio Valley, and
the area historically received high amounts of acid deposi-
tion[12,13,14]. Much of the area is underlain by acidic sand-
stone and, as a result, most of the soils are naturally acidic.
Demchik and Sharpe[15] suggested that soil acidification could
be responsible for observed forest decline in the area.
Sweeney[ 16] observed large losses of base cations from Baldwin
Creek and Linn Run and speculated that these losses occurred as
aresult of atmospheric deposition. Demchik and Sharpe[15] con-
ducted a study of high- and low-mortality red oak plots located
in the Laurel Hill region. Soils in the high-mortality plots had
lower base cation levels, higher available Al, and lower Ca to Al
ratios. Soil liming significantly improved northern red oak growth.
Trees on Baldwin Creek watershed were defoliated by gypsy moth
for several years prior to salvage logging. This additional stress
most likely contributed to the observed decline in northern red
oak.

Soils and Vegetation

In June 2000, we assessed vegetative cover and soil chemistry
on Baldwin Creek watershed. Two transects running from the
bottom to the top of the watershed were established, and 25 sam-
pling locations (240 m apart) were positioned along the two
transects (Fig. 1). At each sampling location, one 4-m diameter
plot was established. To assess chemical characteristics of soils,
we collected mineral (15- to 20-cm depth) and organic soil
samples at each of the 25 sampling locations. Soils were ana-
lyzed at the Agricultural Analytical Services Laboratory at
Pennsylvania State University, following the recommended soil
testing procedures for the northeastern U.S.[17]. Ca to Al ratios
were determined using 0.01 M SrCl, extraction[18,19]. NO;-N,
NH,-N, and TKN (total kjeldahl N) were determined following
the procedures described in Sparks[20]. Soil analyses generally
confirmed the presence of acid, infertile soils on the watershed
(Table 1). Mineral soil had a mean pH of 4.0, with low base cat-
ion levels and a low cation exchange capacity (CEC). Williard
and colleagues[21] previously reported that soils on Baldwin
Creek and Linn Run have similar N concentrations and similar C
to N ratios.

To assess regeneration, we determined percent ground cover
for all vegetation within each of the 25 plots and counted the
number of seedlings by species. Regeneration was poor, espe-
cially at the higher-elevation plots within the watershed. Leaf
litter and hayscented fern (Dennstaedtia punctilobula) accounted
for more than 75% of ground cover, while tree seedlings like
sweet birch (Betula lenta), red maple (Acer rubrum), and north-
ern red oak accounted for less than 15%. The mean number of
woody stems per square meter of watershed was remarkably low
for all species (<0.03 stems/m?), providing further evidence of
poor regeneration. The most common woody species were sas-
safras (Sassafras albidum), red maple, northern red oak, sweet
birch, and witch hazel (Hamamelis virginiana).

Tree mortality was assessed by examining the ten overstory
trees closest to the center of each plot and recording the number
of dead trees and the number of trees with >50% crown loss. An
average of 40.4% of the trees observed near the 25 plots on the
watershed were either dead or had >50% dieback. Tree mortality
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FIGURE 1. Approximate location of salvage-logged areas and soil and vegetation sampling plots on the Baldwin Creek watershed.

TABLE 1
Chemical Characteristics of Soils on the Baldwin Creek Watershed
Organic Soil Mineral Soil
Parameter Mean Range Mean Range
pH 3.8 3.4-4.2 4.0 3.5-4.6
Acidity (meq/100 g) 225 12.6 —29.7 12.7 41-224
CEC (meg/100 g) 18.7 15.5-21.2 12.8 48-16.9
% K Saturation 1.4 0.6-2.6 0.6 0.1-15
% Mg Saturation 2.6 1.6-3.7 1.7 1.1-3.6
% Ca Saturation 15.8 8.6 —24.7 5.7 3.1-12.1
NO;z-N (mg/kg) 53.6 7.6 —228.5 4.5 0.83-22.4
NH,-N (mg/kg) 169.2 29.8 — 467 12.2 2.1 -66.2
TKN (%) 1.7 05-23 02  0.07-0.99
Ca:Al molar ratio 52 11.4 -128.5 2.1 0.4-9.9

and decline were also significantly greater on the higher eleva-
tion plots.

In response to the extensive decline and mortality of north-
ern red oak on the Baldwin Creek watershed, the Pennsylvania
Game Commission conducted extensive clearcutting and thin-
ning during the early 1990s to salvage dead and dying trees.
Harvest records were acquired from the Game Commission to
document the location, timing, and size of all harvest areas on
the watershed (Table 2). Approximately 64% of the watershed
was harvested in some way during 1990 to 1992 at the locations
shown in Fig. 1.
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Stream Export of N

Hourly stream flow data were collected from Baldwin Creek
during 1988 to 1998 using a continuous water level recorder. A
total of 443 samples were collected and analyzed for NO;™ and
NH," during the same time period. Sampling frequency for NO,
and NH, varied considerably during the study period, from hourly
to monthly. Detailed descriptions of stream data collection and
analysis are available from DeWalle and others[11].

Because of variable chemistry sampling frequencies, the
period-weighted method was thought to be appropriate for stream
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TABLE 2
Areal Extent of Salvage Logging
Operations on the Baldwin Creek Watershed

Clearcut Area  Selectively Cut Area  Total Cut
Year ha (%) ha (%) ha (%)
1990 25 (5) 43 (8) 68 (13)
1991 20 (4) 0 20 (4)
1992 181 (34) 71 (13) 252 (47)
Total 226 (42) 114 (21) 340 (64)

export calculations[ 1]. Solute concentrations taken at the begin-
ning and end of an interval were averaged and multiplied by the
total stream flow for that period. The following formula was used
to compute NO;~ and NH," fluxes for a desired interval, using an
appropriate conversion factor to yield the results in kg/ha:

F (kg/ha) = Q (m*/km?) X C (mg/l) x 107° (1)
where F is the flux for the period, Q is stream flow for the period,
and C is average concentration for the period. Computed NO;~
and NH," fluxes then were converted to NO;-N and NH,-N and
summed to determine monthly and yearly stream export. A simi-
lar procedure was used by Sweeney[ 16].

Mean monthly and mean annual concentrations were calcu-
lated as weighted averages by dividing the total export of ionic
species for a period by the total stream flow for that period[1].
Two sample t-tests were conducted to compare presalvage log-
ging with postsalvage logging concentration, stream flow, and
export values.

Large gaps in stream flow and chemistry data existed for the
periods from June 1990 through October 1991 and January 1996
through November 1996, and these periods were not included in
the analysis. For three smaller gaps (not exceeding 2 months),
stream flow or average concentration values for the period were
approximated by averaging the adjacent monthly stream flow and
average monthly concentration values at the beginning and end
of the period.

The paired watershed method was used to quantify changes
in N export from Baldwin Creek, with Linn Run as a reference
stream[2]. A calibration equation relating N export from Baldwin
Creek to N export from Linn Run was developed for the
presalvage logging period. This equation was used to predict N
export for Baldwin Creek after salvage logging, and differences
between the observed and predicted values were calculated. The
difficulty with using the paired watershed approach was that only
1 year (1989) of calibration data was available. However, the
1989 water year was considered representative of the postsalvage
logging period in terms of both precipitation and stream flow.

Results for Baldwin Creek are presented on the basis of an
October-to-September water year. Thus, the period from Octo-
ber 1, 1988, through September 30, 1989, is the 1989 water year.
The 1991 and 1996 water years were not included in the study,
since stream flow and chemistry were not monitored during these
periods. In addition, because of missing stream flow and chemis-
try data, the 1990 water year covers only a 9-month period, the
1992 water year covers only an 11-month period, and the1997
water year covers a 10-month period.
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Given the data availability constraints, analyses were divided
into three intervals. The presalvage logging period included wa-
ter year 1989, the salvage logging period included the 1990 and
1992 water years, and the postsalvage logging period included
water years 1993 to 1998.

Results of the following studies in the eastern U.S., relating
watershed-level N export to forest harvesting, were obtained from
the literature and compared to results from Baldwin Creek:

Watershed 2 (clearcut and herbicided) at the Hubbard Brook
Experimental Forest in New Hampshire; detailed description
and results in Likens and colleagues[22];

Watershed 7 (clearcut) at the Coweeta Hydrologic Laboratory
in North Carolina; detailed description and results in
Swank[23];

Watershed 3 (clearcut) at the Leading Ridge Watershed
Research Unit in Pennsylvania; detailed description and
results in Lynch and Corbett[24];

Watershed 3 (clearcut) at the Fernow Experimental Forest
in West Virginia; detailed description and results in Aubertin
and Patric[25];

South Haddix watershed (clearcut) at the Fernow Experi-
mental Forest in West Virginia; detailed description and
results in Kochenderfer and Edwards[26].

Where possible, the literature NO;-N results from these stud-
ies were converted to kg/ha/year. For watershed 2 at the Hubbard
Brook Experimental forest, watershed 3 at the Leading Ridge
Research Unit, and watershed 3 at the Fernow Experimental
Forest, the absolute increases in NO;-N export following
clearcutting were not reported. For these watersheds, we calcu-
lated the NO;-N export increase following clearcutting as the
difference between the reported NO;-N export value for each
year after cutting and the mean pretreatment NO;-N export.

RESULTS AND DISCUSSION

Trends in Stream Flow, N Concentration and
N Export

Stream flow in Baldwin Creek varied considerably over the
10-year study period (Fig. 2A). Stream flow was near normal
during the 1989, 1992, 1997, and 1998 water years. Below-aver-
age stream flows were observed during 1990 and 1995, when



Herrmann et al.: Nitrogen Export from Salvage Logging

TheScientificWorld (2001) 1(S2), 440—448

&0 A Flow
=
E 50
E
E 401
S
5 307 sal
- i
£ 201
@
D T T T T T T T T T T
1.4 7 E. Nitrogen Concentration
o 121
£ 4] | wno3N
= J— -
5081 MH4-IM
=
E 0E A
E 04 4
02 - - Sal\t_age »
Logging
n
7 .
C. Mitrogen Export
6
= e NO3-M
57 — NH&-M
E
E47
=
i 31 - Salvgge »
=] Logaing
= 7
=
w
1
D T T T T T T “‘MY—xm

1988 1583 1990 1991 1992 1993 1994 1595 1996 1997 1995

FIGURE 2. Mean monthly stream flow (A), stream N concentrations (B), and stream N export (C) for the Baldwin Creek watershed.

droughts occurred. Much above-normal stream flows occurred
in both 1993 and 1994, mostly in response to heavy winter snows
and spring rainfall (Fig. 2A).

Virtually all of the total annual N export from Baldwin Creek
occurred as NO;-N, because stream NH,-N exports were very
low (Fig. 2C) and changed little with time (Fig. 2B). NH,-N con-
centrations in Baldwin Creek were always less than 0.06 mg/l
and were often below detection limits. Similar patterns of low
NH,-N leaching have been reported elsewhere[22,23,25]. NH,*
is not very mobile and is not readily leached out of soils, because
it can be assimilated by plants and microorganisms, oxidized to
NH;and NO;™ by nitrifying bacteria (nitrification), adsorbed onto
soil colloids, fixed in the interlayer of clays, or reacted with soil
organic matter. In contrast, NO;™ is not adsorbed strongly and is
highly soluble; therefore, it is much more mobile and easily
leached[10]. It was the primary component of total N and re-
sponded markedly to salvage logging. Stream NO;-N concentra-
tions increased considerably after salvage logging and then
decreased gradually after October 1993. However, NO;-N con-
centrations did not return to pretreatment levels by the end of the
10-year period. Similar NO;-N responses have been reported in
the literature[22,23,25].
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The highest stream flow and N export from Baldwin Creek
occurred in the spring and summer months of 1993 and 1994
(Fig. 2). Other studies have demonstrated similar patterns of N
loss after tree harvesting[2,22,24]. This is likely due to increased
soil temperatures and subsequent biological activity combined
with reduced uptake by harvested vegetation. Recent research
by Eshleman and others[27] indicated that gypsy moth defolia-
tion could cause elevated N leaching. While extensive gypsy moth
defoliation did occur on the Baldwin Creek watershed, the ob-
served increases in N leaching occurred shortly after salvage log-
ging and did not appear to be related to earlier defoliation
episodes.

Mean annual stream N concentrations for all years after 1989
were significantly greater than the presalvage logging value
(Table 3). However, stream N export increases were not signifi-
cant in 1990 or 1995. The low N export during 1990 was prob-
ably due to a combination of below-average stream flow (Table 3)
and the small area (13%) of the watershed that was salvage logged
during that year. The greatest amount of logging took place in
1992, and the most significant effects were observed during 1993
and 1994, when both stream flow and N concentrations were
high (Table 3). The 1995 water year included a major drought
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TABLE 3
Mean Annual N Concentrations, Mean Monthly Discharge,
Mean Monthly N Export, Total Annual Discharge,
and Total Annual Stream N Export for Baldwin Creek Watershed

Monthly
Stream Monthly Total Total N
N conc. Discharge N Export Discharge Export

Year (mg/l) (cm/mo) (kg/ha/mo) (cmlyear) (kg/halyear)
1989 — Prelogging 0.27 6.31 0.18 75.75 2.13
1990 — Logging 0.352 5.43 0.19 48.88 1.73
1991 — Logging Insufficient data
1992 — Logging 0.912 5.18 0.492 56.93 5.35
1993 — Postlogging 0.952 9.90 1.092 119.16 13.00
1994 — Postlogging 0.962 8.10 0.812 96.94 9.70
1995 — Postlogging 0.75° 1.41 0.11 16.91 1.37
1996 — Postlogging Insufficient data
1997 — Postlogging 0.582 5.95 0.342 59.53 3.41
1998 — Postlogging 0.582 7.04 0.402 84.52 4.86

@ Value is significantly greater than the 1989 (presalvage logging) value in the same column (two sample

t-test), (o = 0.05).

that produced the lowest stream flow during the study period.
Since stream export is predominantly a function of stream flow,
even a significant concentration increase, coupled with a decrease
in discharge, can result in no increase or even a decrease in stream
exports. Annual postlogging stream flow was not significantly
different than 1989, even when mean and total discharges in-
creased by more than 50% (Table 3). This is presumably due to
the large associated variability in the stream flow data. Mean N
concentration and annual N export were still significantly higher
then presalvage logging levels at the end of the study in 1997
and 1998 (Table 3).

A linear regression line was fitted to the 1989 monthly
NO;-N export data from Baldwin Creek plotted against that from
Linn Run (Fig. 3). This regression equation then was used to

predict monthly NO;-N exports from Baldwin Creek from 1990
to 1998, had salvage logging not occurred on the watershed. Pre-
dicted monthly values were summed by water year. Differences
between observed and predicted values represent NO;-N export
increases attributable to salvage logging. Confidence limits (o0 =
0.05) calculated around the predicted monthly values were used
to determine whether observed and predicted annual NO;-N ex-
ports were significantly different. No significant NO;-N export
increases occurred in 1990 and 1995 (Fig. 4). Again, this was
likely due to below-normal stream flow during both years and
the small amount of salvage logging during 1990. The greatest
increases in NO;-N occurred in 1992, 1993, and 1994, immedi-
ately following salvage logging activities; however, statistically
significant increases were still evident in 1997 and 1998 (Fig. 4).
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Baldwin Creek’s Response Compared to
Previous Watershed Studies

Table 4 compares the calculated increases in NO;-N export from
Baldwin Creek following salvage logging with the results of the
other watershed studies outlined previously. Most of the reviewed
studies involved commercial clearcutting of the total watershed
area, except for Leading Ridge where only 43% of the total wa-
tershed area was clearcut. Salvage logging activities on Baldwin
Creek included clearcutting of about 42% of the total watershed
area and selective cutting of about 22% of the total area (Table 2).
Martin and Pierce[28] provided evidence that clearcutting less
than the entire watershed area reduced the magnitude of stream
NO;-N concentration increases, compared to clearcutting the to-
tal watershed area. They suggested that clearcutting the entire
drainage area caused the greatest nutrient export. If the entire
area of Baldwin Creek watershed were clearcut, annual NO;-N
exports would likely have increased more than was observed.
Therefore, to compare Baldwin Creek to other catchments with
watershed-wide clearcuts, the NO;-N export values were multi-
plied by a simple area-based weighting factor to approximate
Baldwin Creek’s response if the entire watershed had been
clearcut. Because salvage logging on Baldwin Creek watershed
included both clearcut and selectively cut areas, and we had no
means of determining how the effects of clearcutting differed
from the effects of selective cutting, we considered two extreme
scenarios and used two different weighting factors. If selective
cutting and clearcutting were assumed to have comparable ef-
fects on NO;-N export, then all of the salvage logged areas, or
approximately 64% of Baldwin Creek watershed area, could be
considered clearcut. In this case, the appropriate area-based
weighting factor for the entire watershed would be 1.56. On the
other hand, if selective cutting were assumed to have a negli-
gible effect, then only 42% of Baldwin Creek watershed would
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have an effect on NO;-N export. In this case the appropriate area-
based weighting factor for the entire watershed would be 2.38.
Thus, in Table 4, Baldwin Creek x 1.56 represents a more con-
servative estimate of Baldwin Creek’s response to salvage log-
ging, while Baldwin Creek x 2.38 represents a less conservative
estimate.

N export from Baldwin Creek was much higher than all other
watersheds, with the exception of Hubbard Brook (Table 4). The
Hubbard Brook watershed is unique in this comparison, because
herbicides were repeatedly applied to suppress regrowth after
cutting. In comparison to watersheds without herbicide applica-
tions, Baldwin Creek N export was four to 250 times greater, due
to cutting and continual tree decline. We estimated that the
Baldwin Creek watershed still had 40% tree mortality in year
2000 — 8 years after major salvage logging had occurred. Greater
N export from Baldwin Creek may have occurred because sal-
vage logging further reduced N demand, which was already low
because of the significant tree decline[6]. At the same time, for-
est decline may have resulted in greater availability of organic
matter (leaf and limb litter from declining trees), higher soil
moisture content (due to reduced water uptake by declining trees),
and higher soil temperatures (due to thinner canopy of declining
trees). These factors are favorable to N mineralization and nitri-
fication and could have increased amounts of N available for
leaching. Baldwin Creek is located in an area of historically high
acid deposition, and high atmospheric inputs of N may also have
contributed to the high N export observed[12,13,14].

Marks and Bormann[29] suggested that quick regeneration
prevented dramatic nutrient losses from clearcut areas. Vegeta-
tion assessment on Baldwin Creek watershed revealed unsuc-
cessful regeneration across the watershed. Unsuccessful woody
regeneration may have prolonged the period of reduced N up-
take by vegetation on Baldwin Creek watershed, compared to
other watersheds where rapid regeneration was observed after
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TABLE 4
Increases in NO,-N Export (kg/ha) Following Commercial
Harvesting of Several Watersheds, in Comparison to Baldwin Creek

Years after Harvest

Watershed 1 2 3 4 5 6
Hubbard Brook 102.7 145.0 > > > *
Leading Ridge? 0.04 0.02 0.05 * 0 0
Fernow 2.4 1.61 ** * * *
Coweeta 0.26 1.12 1.27 0.25 0.28 >
South Haddix 1.77 2.69 2.75 ** ** **
Baldwin Creek? 10.0 5.48 (0 * 1.81 1.36
Baldwin Creek x 1.56  15.6 8.55 o° > 2.82 212
Baldwin Creek x 2.38 23.8 13.04 (0 > 4.31 3.24

Note: ** = no data available.

@ Less than 100% of the total watershed area was harvested.
b Severely reduced stream flow due to drought.

cutting. Prolonged reduced N uptake could partially explain why
stream N concentration and export from Baldwin Creek were
slow to return to presalvage logging conditions (Table 3).

CONCLUSIONS

NO;-N export from Baldwin Creek increased significantly fol-
lowing salvage logging operations. Annual NO;-N export was
highest during the first year after harvesting (1993), totaling
13 kg/ha. During that year, NO;-N export increased approximately
10 kg/ha over the predicted NO;-N export. At the end of the study
period, N concentrations and exports remained higher than
presalvage logging values. Compared to other watersheds in North
Carolina, Pennsylvania, and West Virginia, N losses from Baldwin
Creek following harvesting were considerably greater.

These analyses support the hypotheses that significant in-
creases in N export occurred following harvesting on Baldwin
Creek watershed and that salvage logging to remove dead and
dying trees induced greater N losses in comparison to cutting of
basins with apparently healthy vegetation. We believe the ex-
tended reduction of N uptake due to slow revegetation in salvage
logged areas, coupled with increased amounts of N available to
leaching, was responsible for the larger magnitude and duration
of N losses from the Baldwin Creek watershed. The results of
this study infer that watersheds experiencing forest decline will
have N losses several times greater than previously reported for
harvesting activities on more vigorously growing trees.

Results from this study may have important implications for
management of watersheds with declining forests. Our results
suggest that the potential water quality impacts of salvage log-
ging should be considered more carefully by forest managers. In
some cases, salvage logging of dead and dying hardwoods may
not be advisable. More research is needed to better quantify the
edaphic characteristics of sites where salvage logging may result
in excessive N export.
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