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A B S T R A ~  
We investigated the effects of removing near- 
stream Rhododendron and of the natural blowdown 
of canopy trees on nutrient export to streams in the 
southern Appalachians. Transects were instru- 
mented on adjacent hillslopes in a first-order wa- 
tershed at the Coweeta Hydrologic Laboratory 
(35"03'N, 83'25'W). Dissolved organic carbon 
(DOC), I<+, ~ a + ,  ca2+, Mg2+, NO3--N, NH,+-N, 
PO,~--P, and ~ 0 , ~ -  were measured for 2 years 
prior to disturbance. In August 1995, riparian 
Rhododendron on one hillslope was cut, removing 
30% of total woody biomass. In October 1995, Hur- 
ricane Opal uprooted nine canopy trees on the 
other hillslope, downing 81% of the total woody 
biomass. Over the 3 years following the distur- 
bance, soilwater concentrations of NO3--N tripled 
on the cut hillslope. There were also small changes 
in soilwater DOC, ca2+, and Mg2+. How- 
ever, no significant changes occurred in groundwa- 
ter nutrient concentrations following Rhododendron 
removal. In contrast, soilwater NO3--N on the 

storm-affected hillslope showed persistent 500-fold 
increases, groundwater NO3--N increased four fold, 
and streamwater NO3--N doubled. Significant 
changes also occurred in soilwater pH, DOC,  SO^-, 
ca2+, and Mg2+. There were no significant changes 
in microbial immobilization of soil nutrients or wa- 
ter outflow on the storm-affected hillslope. Our 
results suggest that Rhododendron thickets play a 
relatively minor role in controlling nutrient export 
to headwater streams. They further suggest that 
nutrient uptake by canopy trees is a key control on 
NO3--N export in upland riparian zones, and that 
disruption of the root-soil connection in canopy 
trees via uprooting promotes significant nutrient 
loss to streams. 

Key words: biogeochemistry; dissolved organic 
carbon; hillslope hydrology; nutrient uptake; soil- 
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streamwater quality; vegetation removal; water- 
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Riparian zones in forested watersheds have been de- 
fined as locations of direct interaction between 
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aquatic and terrestrial ecosystems, with boundaries 
extending outward to the limits of flooding or near- 
surface saturation and upward into the canopy of 
streamside vegetation (Gregory and others 199 1). Ri- 
parian zones typically act as sinks for nutrients in 
solution moving along subsurface hydrologic flow- 
paths. Various processes result in nutrient sequestra- 
tion or loss in riparian zones, including vegetative 
uptake, soil adsorption, volatilization, and microbial 
immobilization (Naiman and DCcamps 1997). 
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The removal of forest vegetation generally causes 
transient increases in nutrient exports to streams 
(Johnson and others 1982; Swank 1988; Hornbeck 
and others 1990). The magnitudes of these in- 
creases depend greatly on the method and extent of 
vegetation removal (Pye and Vitousek 1985; Swank 
1988). Streamwater NO,--N is the ion most likely 
to increase and to persist at elevated levels in 
streams for years or even decades after cutting 
(Swank 1988). Most field studies, however, have 
consisted of whole-watershed experiments; far 
fewer studies have been done to connect biological 
and hydrological controls on biogeochemical pro- 
cesses to streams at the hillslope scale. 

In the southern Appalachian mountains, the ev- 
ergreen sclerophyllous ericaceous shrub Rhododen- 
dron maximum L. is a mesic understory species that 
grows primarily near streams. This shrub often acts 
to completely close the understory canopy in pure 
stands over upland streams. The expansion of 
Rhododendron in western North Carolina began in 
the early 1900% during a period that coincided with 
the cessation of fire and grazing disturbance in the 
region (McGee and Smith 1967). The burning of 
forests in the southern Appalachians before the 
20th century (Sharitz and others 1992) may have 
prevented the establishment of Rhododendron thick- 
ets in the area (Phillips and Murdy 1985). Logging 
operations in the early 20th century opened up the 
canopy dramatically and stimulated the establish- 
ment and growth of understory species. Subsequent 
opening of the forest canopy in the 1930s by the 
blight-induced decline of the American chestnut 
(Castanea dentata) has also been suggested as a factor 
in Rhododendron establishment (McGinty 1972). 
Vegetation analyses at Coweeta, over long periods 
as well as following severe drought, indicate that 
Rhododendron canopies can have a significant impact 
on hardwood regeneration (Clinton and others 
1993). A long-term study found that the regenera- 
tion of some hardwood species (Quercus prinus and 
Q. alba) was significantly reduced in plots with high 
Rhododendron densities (Phillips and Murdy 1985). 

Forest managers have considered the removal of 
near-stream Rhododendron thickets as a means of 
facilitating the regeneration of cove hardwood and 
to clear corridors in cove areas for wildlife move- 
ment. One potential problem with this strategy, 
however, is that the removal of near-stream 
Rhododendron thickets may decrease the nutrient- 
uptake capacity of riparian vegetation. Day and 
McGinty (1975) found that, in contrast to three 
other common species (Q. prinus, Tsuga canadensis, 
Cornus florida), Rhododendron had the largest leaf 
biomass for WS 18 at Coweeta. Rhododendron leaf 

turnover time ranges from 4 to 7 years (Nilsen 
1986). Although nutrient concentrations in 
Rhododendron leaves are generally lower than in 
deciduous leaves, the long-lived and abundant leaf 
mass of this species constitutes a significant nutrient 
storage reservoir in the riparian zone (Monk and 
others 1985). We hypothesized that Rhododendron 
might be a keystone species on this landscape at the 
interface between terrestrial and aquatic systems- 
that is, that near-stream thickets would have an 
impact on organic matter processing in the riparian 
zone, element transport into streams, and stream 
ecosystem structure and function. 

We conducted a manipulative experiment to de- 
termine the effect that the removal of streamside 
Rhododendrort maximum L. would have on the ex- 
port of dissolved organic carbon (DOC) and nutri- 
ents (Nat, I<+, ca2+, ~ g ~ + ,  NO,--N, NH,+-N, 

PO,~--P) to a headwater stream in the 
southern Appalachian mountains. The experiment 
spanned periods of both extreme drought and high 
precipitation. A terrain-based hillslope hydrologic 
model was implemented to estimate water flux and 
nutrient export from these hillslopes at hourly in- 
tervals over the 6-year period of the experiment 
(Yeakley and others 1994). During the course of the 
experiment, windthrow and the uprooting of nine 
canopy dominant trees occurred on our untreated 
site during Hurricane Opal. As a result, our study 
became a contrast of the effects of two types of 
vegetation disturbance on the transport of riparian 
nutrients and dissolved organic carbon (DOC): (a) 
basal cutting of Rhododendron, and (b) the uprooting 
of canopy trees. 

Site Description 

The Coweeta Hydrologic Laboratory, Otto, North 
Carolina, USA, is situated in the eastern part of the 
southern Appalachian Blue Ridge (latitude 
3S003'N, longitude 83'25'W) (Hatcher 1988). Ele- 
vations in the Coweeta Basin range from 675 to 
1592 m, over a drainage area of 1626 ha. The soils 
of Coweeta consist of mostly Ultisols and Inceptisols 
underlain by a deep saprolite layer. Average weath- 
ering profile thickness (depth to bedrock) is about 
7 m (Swank 1986). Saprolite is thickest at the drain- 
age divides between the watersheds. On the slopes 
between the drainage divides, erosion and mass 
wasting keep saprolite thinner. Vegetation in the 
lower elevations at Coweeta consists of second- 
growth oak-hickory (Quercus-Carya) forest. Mean 
annual precipitation at the base climate station (CS 
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Figure 1. Schematic maps of the study site. (a) The 
Coweeta basin, including the stream network and basin 
divides. (b) The greater watershed, comprising both WS 
56 and the experimental hillslopes downstream of the 
WS 56 weir; the hillslope planes delineated by the terrain 
analysis (TAPES-C) are shown. (c) The two experimental 
hillslopes, including high point 1 (HPI) ,  the time domain 
reflectometry (TDR) transects, the lysimeter plots, the WS 
56 weir upstream, the stream sampling locations, and the 
areas of vegetation disturbance. 

01) is 177 cm. Rainfall varies seasonally from a 
monthly mean of 20.3 cm in March to a monthly 
mean of 11.2 cm in October (Swift and others 
1988). 

Site Selection and Hydrologic Analysis 

The study site was located in a small watershed 
abutting the Coweeta Basin divide near the basin 
outlet. Field locations had treatment and reference 
hillslopes with similar parent material, arpect, to- 
pography, vegetation, and upslope hydrologic and 
nutrient contributions (Figure 1). To guide our field 
instrumentation, we used a contour-based analysis 
of terrain (Ycaklcy and others 1994). The TAPES-C 
(Topographic Analysis Programs for the Environ- 
mental Sciences-Contour) programs provided a 
contour-based method for partitioning the water- 
shedv into natural units bounded by irregularly 
shaped polygons (Moore and Grayson 199 1 ). Equi- 

potential (or contour) lines bound these polygons 
on two sides; streamlines, orthogonal to the con- 
tours, bound the other two sides. Streamlines are 
assumed to be no-flow boundaries; thus, ground- 
water flow is constrained to flow through a series of 
elements positioned along a natural gradient. 

Two hillslope planes were selected (Figure l ) ,  
both starting at a common high point (HPl). These 
planes had an eastern aspect, with an average slope 
of 0.64. The soil series on both hillslopes has been 
identified as Fannin, a fine-loamy, micaceous, me- 
sic Typic Hapludult. The hillslope located further 
upstream was designated as the reference; the other 
hillslope was designated as the treatment, or "Cut," 
hillslope. After the hurricane impact, the reference, 
or uncut, hillslope was redesignated as the "Storm" 
hillslope. The areas of the hillslopes were 0.156 ha 
(Cut) and 0.211 ha (Storm); together, their area 
was 3.8% of the drainage area of WS 56 (9.68 ha) 
located further upstream (Figure 1 ). 

After terrain analysis was completed using 
TAPES-C (Yeakley and others 1994), we imple- 
mented a physically based hillslope hydrology 
model to estimate water flux from each hillslope. 
The model (Institute of Hydrology Distributed 
Model v. 4 [IHDM4]) (Beven and others 1987) 
consisted of an aboveground component for climate 
processing and interception (Rutter and others 
1975) and a subsurface hydrology component con- 
sisting of a finite element solution of a two-dimen- 
sional Richards equation. Along with spatially dis- 
tributed terrain attributes, model parameters 
included canopy characteristics, soil hydraulic char- 
acteristics, and root characteristics. External vari- 
ables that drive the model operated at an hourly 
time step and included rainfall, temperature, rela- 
tive humidity, wind speed, and incident solar radi- 
ation. The model allows both unsaturated and sat- 
urated water flux within the hillslope, a variable 
saturation surface, and root water uptake for 
evapotranspiration (Beven and others 1987). The 
model is constrained so that hillslope water flow 
only reaches the stream via groundwater flux; that 
is, the model does not account for unsaturated flow 
from hillslope to stream. Calibration of the hydro- 
logic model was performed following methods de- 
scribed elsewhere (Yeakley and others 2000) and 
used a month of wet antecedent conditions (April 
1994) that included two significant storms. Mod- 
eled water flux was 38% lower than the observed 
water flux for that month, although modeled hy- 
drograph timing of the storm peaks was very close 
to the observed. 

The model was validated using information from 
plot studies of soil moisture and groundwater depth 
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Figure 2. Profiles of near-stream instruments and mean 
groundwater level surface variation for the experimental 
hillslopes Plots show the surveyed locations of the pi- 
ezometers, lysimeters, and TDR rods for the first 3 m of 
each hillslope The dotted vertical lines show the range of 
variation of the mean groundwater surface for the period 
of measurement (April 1995 to December 1998) for each 
hillslope 

(Figures 1 and 2), plus measurement of watershed 
stream discharge over storm and baseflow periods 
from the WS 56 weir (Figure 3). The range of 
modeled soil moisture was within 32% of observed 
values over the course of the ~ t ~ i d y  for either hill- 
slope (Figure 3b). Modeled average soil moisture 
was within 9% of observed average values on the 
Storm hillslope, and it was within loh of observed 
average values on the Cut hillslope. For streamflow, 
the model was validated by cornparing water out- 

flow with measured streamflow from WS 56 (Fig- 
ure 3c) for March-November 1995 and April-Oc- 
tober 1996 (streamflow measurements at the weir 
were not taken during winter periods). This 15- 
month validation period included both low-flow 
summer periods and high-flow spring periods, as 
well as significant storm events such as Hurricane 
Opal (Figure 3a). Compared to measured stream- 
flow from WS56, the total modeled water outflow 
from the experimental hillslopes for those two pe- 
riods was 33% higher on the Storm hillslope and 
18% higher on the Cut hillslope. Generally, mod- 
eled hydrologic behavior was representative for 
these watersheds (Figure 3c). Simulated saturated 
surfaces were within 25 cm of the measured satu- 
rated surfaces on both hillslopes. Also, as is ex- 
pected for Coweeta soils with high infiltration ca- 
pacities, there was no overland flow in the 
simulations; hillslope water flux to stream occurred 
solely through the subsurface. 

Field and Laboratory Measurements 

On each experimental hillslope, the lower 15 m 
were instrumented with 24 porous-cup tension ly- 
simeters (Hansen and Harris 1975) in the BA and B 
soil horizons for solute measurement. On each 
transect, three lysimeter plots were placed approx- 
imately 15, 5, and 2 m away from the edge of the 
streambed (Figures 1 and 2) ,  with four replicates 
per plot at each of two depths (20-25 cm for the BA 
horizon, 45-50 cm for the B horizon). Volumetric 
water content (m3/m3) was estimated via time do- 
main reflectometry (TDR) (Topp and others 1985; 
Yeakley and others 1998) at measurement points 
installed along the entire span of each transect, 
from stream to the high point (HPI). TDR plots 
were installed every 5 m through the lower 25 m of 
each transect, with three replicates per plot at each 
of two depths. TDR rods (3-mm-diameter stainless 
steel) were inserted vertically 5 cm apart for the 
20-cm and 50-cm depths, corresponding to the BA 
and B soil horizons, respectively. Piezorneters 
(1.25-cm inner diameter) were installed vertically 
at approximately 0, 0.5-1.0, and 1.5-2.5 m from 
the edge of the streambed on each transect (Figure 
2). At each location, two replicates were installed, 
for a total of 12 piezometers on the experimental 
plots. 

TDR and piezometer measurements were con- 
ducted biweekly; TDR measurements began in 
March 1993, and piezometer measurements began 
in April 1995. Lysimeters were evacuated to -0.03 
MPa, and weekly collections were made from 
March 1993 to December 1998. Approximately 
weekly, streamwater grab samples were collected 
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upstream at the WS 56 weir (Figure 1) beginning in 
January 1993. Further streamwater grab samples 
were collected beginning in April 1995, including 
upstream of the Storm hillslope and downstream of 
the Cut hillslope. In August 1997, an additional 
streamwater sample was collected between the hill- 
slopes (Figure 1). 

Water samples from stream, lysimeters, and pi- 
ezometers were returned to the laboratory and 
refrigerated immediately; the weekly samples 
were composited monthly for analysis that fol- 
lowed within 7 days of compositing. For nutrient 
determinations, the samples were not filtered; 
prior studies of Coweeta water samples have 
shown negligible suspended concentrations (Vose 
and others 2002). Concentrations of I<', ~ a + ,  
ca2', and M ~ ~ '  were determined with a Perkin 
Elmer 2 100 Atomic Absorption Spectrophotome- 
ter (Perkin Elmer, Norwalk, CT, USA). PO,~--P, 
NO,--N, and C1- concentrations were 
measured with a Dionex Series 4500i Ion Chro- 
matograph (Dionex, Sunnyvale, CA, USA). 
NH,'-N concentrations were determined colori- 
metrically with an Enviroflow 3700 (01  Analyti- 
cal, College Station, TX, USA), and DOC concen- 
trations were determined on filtered samples 
using a Model 700 TOC Analyzer with persulfate 
oxidation (01  Analytical). Measurement of pH 
was performed with an Orion digital pH meter 
(model 61 1; Orion Research, Beverly, MA, USA). 

Figure 3. Rainfall, soil 
moisture, and hillslope run- 
off dynamics for the Storm 
hillslope. For the 22-month 
period bracketing Hurricane 
Opal, the panels show: a 
daily rainfall, b modeled 
and measured soil mois- 
ture, and c measured WS 
56 streamflow and modeled 
hillslope water outflow. On 
b and c, the solid lines rep- 
resent the modeled data, 
and the dotted lines repre- 
sent the measured data. 

Treatments 

On 29 August 1995, Rhododendron stems on the Cut 
hillslope were removed with chainsaw and shears 
in an area extending from the streambed to 10 m 
upslope and 30 m along the stream. The cut area 
included the 2-m and 5-m lysimeter and TDR plots 
and all piezometers. The upper 15-m lysimeter and 
TDR plot remained as an untreated area on the Cut 
hillslope (Figure 1). Soil water content and chem- 
istry on the upper undisturbed area were used as 
the reference in the study. All slash was immedi- 
ately removed, and soil disturbance was minimized. 
Sixty-five Rhododendron stems were cut. Using an 
allometric equation developed for Rhododendron at 
Coweeta, total biomass removed was estimated as 
2.2 Mg, or 9.7 kg/m2. Sixteen deciduous trees were 
left standing in the area of the cut. Total biomass 
was estimated as 7.2 Mg, or 22.5 kg/m2, using an 
allometric equation for deciduous species at 
Coweeta (Martin and others 1998). Hence, 30% of 
the total woody biomass was removed. After cut- 
ting, the herbicide Roundup (Monsanto, Luling, 
LA, USA) was applied once to the top of cut stumps. 
No tests were conducted of the potential effects that 
this single herbicide application might have on soil 
microbial communities. Subsequent sprouts from 
cut stumps were clipped. 

On 4-5 October 1995, Hurricane Opal struck the 
Coweeta Basin. The center of the storm track was 
180 km west of the basin. National Oceanographic 
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Figure 4. Soil moisture 
dvnamics at 0-20 cm and 
0-50 cm on the Cut and 
Storm hillslopes. The plots 
compare mean soil mois- 
ture, with error bars 
showing 1 SE, within 5 m 
of the stream at two dif- 
ferent depths for the Cut 
hillslope (V)  and the 
Storm hillslope (0). 

Months 

and Atmospheric Administration (NOAA) stations 
in the Asheville, North Carolina, vicinity recorded 
wind gusts of up to 26 m s-' at low elevations and 
up to 37 m s-' at high elevations. Coweeta received 
10.7 cm of rainfall during the 24 h prior to the 
storm and 8.9 cm of rain during the 24 h of the 
storm (Figure 3a). The storm caused uprooting of 
canopy trees throughout the Coweeta Basin, pri- 
marily on south-facing slopes. On the Storm hill- 
slope, the lysimeters and TDR plots at 15 m from 
stream were destroyed, but the lysimeters down- 
slope at 5 m and 2 m from stream remained intact. 
Nineteen deciduous trees ranging from 5.7 to 81.5 
cm diameter at breast height (DBH), including nine 
canopy trees (larger than 30 cm DBH), were up- 
rooted by the storm, beginning approximately 25 m 
upslope and continuing down to the stream. The 
total biomass of the uprooted trees was estimated as 
20.2 Mg, or 63 kg/m2. Eleven trees remained stand- 
ing in the area of the storm impact, estimated at 
11.5 kg/m2. Forty-one Rhododendron stems also re- 
mained alive in the impact area, with biomass esti- 
mated at 4.2 kg/m2. Assuming the same Rhododen- 
dron density prior to storm impact as on the Cut 
hillslope, total Rhododendron downed by the storm 
was 5.5 kg/m2. Overall, the storm removed 81%, or 
68.5 kg/m2, of the total woody biomass in the im- 
pact area. 

Basal cutting of riparian Rhododendron affected 
the 2-m and 5-m lysimeter plots on the Cut hill- 
slope. The hurricane impact on the canopy trees 

also affected the 2-m and 5-m lysimeter plots on the 
Storm hillslope. The only area that remained unaf- 
fected was the 15-m lysimeter plots above the 
Rhododendron cut (Figure 1); that lysimeter plot 
served as a reference for soilwater chemistry from 
both the lower Cut hillslope and the Storm hill- 
slope. 

Data Analysis 

Statistical analysis for treatment effects was con- 
ducted using randomized intervention analysis 
(RIA) (Carpenter and others 1989). For soilwater, 
RIA was conducted for mean concentrations of 
DOC and every nutrient in both the BA and B 
horizons. The undisturbed lysimeter plot above the 
Rhododendron cut served as the reference for both 
the BA and B horizon samples (Figure 1). RIA was 
conducted for monthly samples for both growing 
seasons (May through October) and the entire pe- 
riod of the experiment. For groundwater, RIA was 
conducted for mean concentrations of every nutri- 
ent in the piezometers located at the lowest lysim- 
eter plot (Figure 2), which contained water 
throughout the period of measurement. For 
groundwater, there was no undisturbed reference 
per se. RIA was conducted to determine the effect of 
hurricane impact on Storm hillslope groundwater 
nutrient concentrations using the groundwater val- 
ues from the Cut hillslope as a reference. For 
streamwater, RIA was conducted comparing mean 
concentrations of nutrients upstream and down- 
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Figure 5. Simulated 
hillslope water outflow 
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stream of the experimental hillslopes, before and 
after the hurricane impact. 

To obtain estimates of hillslope nutrient flux, 
monthly mean nutrient concentrations in ground- 
water were multiplied by modeled water flux at 
hourly intervals for each hillslope. Flux estimates 
reported here assume that nutrient contributions to 
stream occur through groundwater flux only and 
that nutrient concentrations in groundwater were 
constant for a given month. 

RESULTS 
Hydrologic Responses 

Over the period of the study (1993-98), there 
were four droughts and two extended wet periods 
(Figure 4) .  When compared with reference TDR 
plots from above the cut to the high point ( n  = 27 
plots per depth), soil moisture on the Storm hill- 
slope increased in both soil depths (0-20 cm, 
+30.9%; 0-50 cm, +6.1%).  Although reference 
soil nloisture also increased after the blowdown 
due to higher mean rainfall in the postimpact 
period, these increases on the Storm hillslope 
were significant (RIA, P < 0.01). In contrast, soil 
moisture on the Cut hillslope showed no change 
in the 0-20-cm depth and a significant decrease 
(-3.3"/0) in the 0-50-cm depth after cutting (P < 
0.05). 

Regardless of climate variation or contrasting soil 
moisture variations after disturbance, groundwater 
depths did not vary more than 25 cm vertically on 
either hillslope for the entire period of measure- 
ment (Figure 2).  The hydraulic gradient was larger 
on the Storm hillslope throughout the study. At all 

hillslopes. Values rep- 
resent monthly water 
outflow for each hill- 
slope. 

times, the depths of the phreatic surfaces remained 
at least 40 cm below the deepest porous lysimeter 
cup on either hillslope (Figure 2). 

Higher rainfall amounts and lower evaporative 
demand in winter resulted in seasonal variation in 
modeled water flux from the hillslopes for the pe- 
riod from January 1993 to September 1998 (Figure 
5). Water flux approached zero twice, during each 
of the dry summers of 1993 and 1998. Over the 
5.75-year period of the simulation, water flux was 
greater on the Storm hillslope (10,690 m3) than on 
the Cut hillslope (7880 m3). This 36% difference 
corresponded closely to the 35% difference in plane 
area between the two hillslopes. Modeled water 
flux between hillslopes was not significantly differ- 
ent before or after disturbance during the period of 
the study (RIA, P = 0.64). 

Soilwater Nutrient and DOC Responses 

Long-term mean nutrient concentrations in soilwa- 
ter on both hillslopes showed significant changes 
following disturbance. On the Cut hillslope, DOC, 

and base cation concentrations all decreased 
in both the BA and B horizons (Figure 6a and 
Tables 1 and 2). A statistically significant increase in 
NO,--N concentrations in the B horizon was also 
observed on the Cut hillslope, with mean NO3--N 
concentration tripling following the vegetation re- 
moval. No significant change in pH was observed on 
the Cut hillslope. 

Nutrient responses were much greater on the 
Storm hillslope than on the Cut hillslope in both the 
BA and B horizons (Figure 6b and Tables 1 and 2). 
On the Storm hillslope in the B horizon, DOC and 
SO,*- concentrations decreased, whereas H+ ion 
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Figure 6. Soilwater nutrtent dyllari~lcs In tlrc B horlron helore arlci after disturbance 011 all plots, the inearr 01 the rnorithly 
lyr~mcter sample conccntratlon5 (V)  in the B horlron from a reference plot ahove the cut area 15 compared with the rnean 
o f  monthly ly\inletei sample concentrations (0) in the B horrron In the aiea 0-5 m from stream for (a)  the Cu t  lr~llslope 
and (b)  the Stor111 hill\lope Error bar5 s l .10~ 1 SE, un~ t s  lor all nutrients and DOC are In 1ng1L. 

concentration increased (Figure 6 b  and  Table 2 ) .  111 
hot11 h o r i ~ o n s  on the  Storrn hillslope, base cation 
concentrations a n d  NO, -N concentrationr in- 
creased greatly (Figure 6h and  Tables 1 and  2 ) .  
Randomi/ed intelvention analysis result, lor grow- 
ing seasort data (May-September) were  consistent 
with RIA of the  long-tern1 n1eari re\ult\.  NO, -N 
concentration, in t h e  soilwater rernained elevated 
lor at least 3 years following the \tor111 di\turhanccx. 
Soilwater NO, -N concentration increases began 111 

t h e  growing season following tllc storrn di\ttirbance 
and  averaged approximately 500-told greater than 
p rcd i~ tu rbance  NO, -N concentration levels during 
t h e  3 years following the  stor111 (Figure 6h and  
Tal)le\ 1 atid 2 ) .  

Groundwater and Streamwater Nutrient 
Responses 

Near-strcarn groundwater n~ i t r i en t  concentration, 
did ilot vary on tlic Cut hillslope alter Klzododerzdrorz 
cutting. I11 contrast, near-5trearn groundwater n u -  
trient concentration\ 011 t he  Storrn l~illclopc tiad 
c l ~ a n g c t  in H ' ,   SO,^ , NO, -N, and  ba\e cation, 
(Table 3) .  Notably, t he  Storm Iriill\lope's near-  
stream groundwater showed more  than a doubling 
oi  H i  and  a lourfold increaw ol NO, -N concen- 
tration, alter Hurricane Opal. Preimpact groundwa-  
ter data were  recorded over a shorter period ( 6  
months)  than roilwater data in this < t~ idy ,  yet pre- 
ilnpact grounclwaler NO, -N concentrations were  
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Table 1. Soil Water Chemistry in the BA Horizon 

~reirnpac; ~ostimpacti '  
Means 
(mg/L) Reference Veg Cut Storm Reference Veg Cut Storm 

H ' 
NO, -N  
NI-I"' -N  
PO,' -P 
sod2 
C1 
Na ' 
I< ' 
Ca2 '  
Mg2 ' 
DOC 

Mean va1ue.s were conzpared for pre- and postinzpacr for hot11 rlzr V~:jctatiun Crrf (29 Arrytist 1995) and tire .Sturl?r Impnct (4-5 Ocroher 1995) R f l i ~ d o i n l ~ ~ i i  int?rvention airalysrs 
(KIA) wits used to dererrnirie s(qizijcari1 differences in soil water rtu1rirnl.s and di,sso/veii or.qiini1- ciirhoiz (DO(;) i,'onzpnri.son.sfor a / /  RIA were made will7 u refireirci, /y.sinretrr 
iite located above the Khoifoderrdrorz rcnioval area on the Cur hill,lopc. 
Monrhly lime series fionz Septenzh~r 1993 to Acr.qu.st 1995 

'Montli& time series fronz Octob~r 1995 lo Ilecenzhrr 1998 
:?iifnificanf at P < 0.05 
Sl~qrlrficant at P < 0.0 1 

Table 2. Soil Water Chenlistry in the R Horizon 

~reimpacr" 
1, 

Postimpact 
Means 
(mg/L) Reference Veg Cut Storm Reference Veg Cut Storm 

H ' 
NO, -N 
NH" "N 
 PO,^ -P 
sod2 
C 1 
N a '  
I< ' 
c a L i  
~ g l '  
DOC 

Mcarr ~~iiliies were ionrpiin~d Jbr prc- iirrd postiirrpiritjor- hot11 ihi, Vr~qt~riiliiifi Crii (29 Ari.qii.\r 19'15) iiizd il?e Srorrrz Inrpiicr (4-7 ihtober 1995) Rizrriiomizcd interveritio~z iiizri/ysis 
(RIA) cvus aised 111 ~irt~~rirzriie si:gr~ifi~.i~izl ~ i~~i~r t ' r~c~ ' . s  r r r  .soil lvarer 11~11rieiil.s iirtd drccol~~~~d oryiir?ii c~irhow (l)O(J i:orrzparimrr Ji?r all KIA uvre riziiil~ with a rej2re111.e Ij'sirne~~~r 
\rrc 10iiiI~d ahove tht. Rirodod(~ndrorz rvt~ioval urea or1 thc Ctrt hill\lopc. 
" ~ o r z t h l y  tirne serieh j-on? .Cc~ptei?ihrr 1993 to Arr,qrist 19')5 
"~orzrh ly  Irr?lc seric.~ fi'orn Ocfobrr 1995 io l~ec~~rnher- I998 
'Ciqrz#t~arrf C I I  P c: 0.05  
.: . . Syizij~ci~nl ill P c 0.01 

consirtent with prior studies. For example, a storm 
study of NO, -N in 12 streambed wells in WS 56 
over a storm period during 7-10 March 1994 
rllowed NO, -N concentrations ranging Irorn 0.009 
to 0.064 mgll. (J. R .  Webster and J. A. Yeakley 
unpublished). Further, RIA showed that difiercilccs 
between groundwater NO, -N concentrations on 
the Storm hillslope before and after Hurricane Opal 
were quite significant ( P  < 0.0  1 ) . 

Tllese changes in nutrient concentration corre- 
rpondcd to changes in modeled elemental flux be- 
fore and after dirturbance. On the Stornl hillslope, 
dnring the 3 years iollowing disturbance, mean 
NO, -N flux increased fivetold (Figure 7) .  Due to 
higlier water outflow from these hillslopes during 
high precipitation and low evapotranspiration peri- 
ods of the winter months, modeled nutrient fluxes 
were higher during winter. These model results 
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Table 3. Ground Water Chemistry in the Riparian Zone 

 rei impact" 
h 

Postimpact 
Means 
(mg/L) Veg Cut Storm Veg Cut Storm 

H '  4.91E-07 4.40E-07 5.94E-07 1 . 1 2 ~ ~ 0 6 '  
N O ,  -N 0.042 0.057 0.047 0.245 
N H ~ '  -N 0.089 0.156 0.049 0.059 
 PO,^ -P 0.002 0.020 0.003 0.003 
 SO,^ 0.496 1.16 0.487 0.759' 

CI - 0.85 1 0.701 0.645 0.591 
~ a +  1.04 1.13 0.842 0.796 
K i  0.537 1.08 0.440 1.24 
c a 2 '  1.15 0.506 0.565 0.606' 
Mg2' 0.544 0.585 0.341 0.600' 

Mean values were conzpared for pre- and postimpacf for the Storm Inipact (4-5 October 1995). Randonzizcd intervention analysis (RIA) was used io deterrtzine significatit 
differences in groilndwater nutrients. Comparrsol7s for all RIA were made crsing groundwater ncrtrier~t oi?cmtrations on the Cut hil1,slope as a referenii.. 
"Monthly time series from April 1995 to October 1995 
h ~ o n l h l y  time series from November 1995 to Decmiber 1998 
:pgnijicant ar P < 0.0 5 
S~gnificanr ar P < 0.0 1 

Hum'cang Opal 

the Storm hillslope clearly implicates the Storm 
impact as the cause of the streasnwater NO,--N 
increase. Streamwater nutrient concentrations 
taken between slopes (Figure 1 ) from August 1997 
to December 1998 were indistinguishable from 
streamwater nutrient concentration data recorded 

g 0 6 0 -  
tor that same period below the Cut hillslope (Figure 

c 8) ,  isolating the streamwater chemistry response to 
. 2 0 3 0 -  the Storm hillslope. No other significant changes in - streamwater pH or nutrients were observed. In- 

creases in NO, -N concentration following the 
storm disturbance were observed in all hydrologic 
components: soilwater, groundwater, and stream- 
water (Figure 8) .  These increases were persistent 
and significant for the entire 3-year postdisturbance 
period. 

Jan93 Jan94 Jan95 Jan96 Jan97 Jan98 

Months 

Figure 7. Modcled nutrlent export from both the Stoil11 
h~llslope (a) and the Cut It11lsloj)e (V). 

account tor nutrie~rt flux to stream via grouritlwatcr 
flow only and show relative flux difference\ fro111 
the hilltlopes aiter contrasting irrtpacts (Figure 7) .  

Following the uprooting of canopy trees from 
Hurricane Opal, streamwater concentrations of 
NO, -N doubled (Figure 8 and Table 4). Although 
the postimpact streamwater data were taken irom 
below both Iiillrlopes, the lack of groundwater nu-  
trient rcsponw on thc Cut hilldope combined with 
the sign~ficant increase in g r o ~ ~ l ~ d w a t e r  NO, -N on 

Rhododendron Removal 

Nutrient concentrations in soilwater 011 the R h o d o d e n -  

drorz Cut hillslope thowed changes in concentrations 
of several nutrients and of DOC; however, these 
changes did not reach the groundwater or the ttream- 
water. N o  disruptions of the so11 or Rhododendron root 
syttcmc occurred during the understory rernoval. In a 
concurrent study on the site, microbial bso~~iass mea- 
tured cjuarterly from March 1994 to Septeinhcr 1997 
on the Cut hillslope showed no rriajor changes, rang- 
ing between 0.7 and 1.4 mg C g ' dry soil in the top 
5 c111 oi soil and between 0.5 and 0.8 mg C g ' dry toil 
at a depth of 5-10 cni (Wright and Coleman 2002). In 
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Hurricane Opal 

- Downstream 

Jan93 Jan94 Jan95 Jan96 Jan97 Jan98 

Months / 

Figure 8. Mean NO,--N concentrat~ons in so~lwater, groundwater, and streamwater over the perlod of the study 
Sollwater samples were taken from the R hor~zon lys~meters In the area 0-5 m from stream Groundwater samples were 
taken froni p~e~omete r s  located at the lowest lys~meter ~ t e  on each hlllslope Streamwater samples upstream were taken 
froni the WS 56 welr from January 1993 to March 1995, and then from above both h~llslope\ from Aprll 1995 to December 
1998 Streamwater sarnples downstream of the h~llslopes were taken from Aprll 1995 to December 1998 Streamwater 
5amplcs between h~llslopes were taken from August 1997 to December 1998 

Table 4. Streamwater Chemistry Upstream and Downstream of the Experimental Hillslopes 

Means 
(mg/L) Upstream Downstream Upstream Downstream 

II ' 
NO, -N 
N H ~  ' -N 
PO,'--P 
SO," 
C 1 
Na ' 

I< ' 
Ca2 ' 
Mg2 ' 

Meiii~ siilires iverc cOi?iprircd for pre- niid poslinipiict for borh ubove aiid bcloid~ ihc experiini~iiinl hillrlopn Iiiiridoiiiiz~~d i~~lerveiziioiz niin1ysi.s (RIA) ivus riscd to deieriniiie 
;i~giziJicuiii i i i f ~ i ~ r ~ i ~ c e ~  iii s! i?a~iiw~fer-  nurrieii1.s ('on~pliricoi?.~ for all RIA ulcri7 nraiiiz iisiry \lri2unir&~ufcr i?uirienf m~icei?/rutinws uratr-fun? of horh hillslop~~s .sis 11 rcj?r~~i?ce 
A4onilily lirne seri(,.s from April 1995 lo Oiiobt'r 1995 

h ~ ~ ~ i ~ t h l l ,  iiiiw serin frortz Ni?veniher 1995 to I)ec~~n~ber 1998 
Snji?ific.'i~zf n f  i' < 0.0 1 

situ net N minerali7ation increa~ed significantly in nitrification occurs following vegetation disturbasice 
only one month (September 1996) following the cut- (Likens and others 1970). The increases observed in 
tlng (Wright and Coleman 2002). soilwater NO,--N concentrations after Rhododendron 

Base cations decreased rather than responding with cutting, although statistically significant, were not suf- 
an increase, as has been observed when significant licient to lower pH or to increa~e base cation soilwater 
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concentrations. Observed decreases in DOC concen- 
tration are consistent with declines in streamwater 
DOC observed after clear-cutting an entire watershed 
(Meyer and Tate 1983). These decreases may have 
been a consequence of reduced root exudates and 
leachable organic matter in the litter layer, although 
no significant changes in soil carbon were found 
(Wright and Coleman 2002). 

Uprooting of Canopy Vegetation 

In contrast to the Cut hillslope, soilwater nutrient 
concentrations on the Storm hillslope increased 
markedly beginning in the growing season (spring 
1996) following the hurricane. Net N mineraliza- 
tion rates increased significantly on the Storm hill- 
slope during the growing season that followed the 
hurricane impact (Wright and Coleman 2002). The 
likely reason for these growing-season responses 
was an increase in soil temperature, resulting in 
ammonification increases. Increased ammonifica- 
tion likely resulted in increased nitrification, which 
generated acidity by liberating protons during the 
oxidation of ammonium (Vitousek and others 
1982). Soilwater pH on the Storm hillslope de- 
creased significantly in both horizons. Increased 
acidity can cause the increased mobilization of cat- 
ions, which are removed from cation exchange sites 
in favor of hydrogen ions (Likens and others 1970). 
In our study, ca2+ and ~ g ~ +  increased in the soil- 
water of both horizons and I<+ increased in the BA 
horizon following the uprooting of canopy vegeta- 
tion during the hurricane. ~ 0 , ~ -  decreases in the B 
horizon may have been a result of increased soil 
anion adsorption capacity with increased acidity 
(Mitchell and others 1989) and/or accelerated mi- 
crobial transformation of inorganic S to organic S 
forms (Fitzgerald and others 1982). Similar effects 
have been observed after prescribed harvests at the 
whole-watershed scale (Nodvin and others 1988; 
Swank 1988). 

The soilwater ~ 0 , ~ -  decrease observed on the 
Storm hillslope following the storm impact was not 
large enough to affect a change in groundwater 
~ 0 , ~ -  concentrations. NO,--N, in contrast, was ex- 
ported to both groundwater and streamwater from 
the Storm hillslope at significantly higher rates fol- 
lowing Hurricane Opal (Figure 8). Elevated NO,--N 
streamwater concentrations have also been ob- 
~erved following canopy tree blowdown in the 
higher elevation WS 34 at Coweeta (Swank and 
Vose 1997). Hurricane impact caused a similar ef- 
fect in a tropical forest. NO3--N and base cations 
were found to have increased in groundwater at the 
Luquillo Experimental Forest for several years fol- 

lowing Hurricane Hugo (McDowell and others 
1996). 

On the Storm hillslope in our study, NO3--N 
concentrations dropped by more than two orders of 
magnitude from soilwater to groundwater and 
again by a factor of two or more from groundwater 
to streamwater. This reduction of NO3--N concen- 
trations from soilwater to groundwater to stream- 
water was probably due to one or both of two 
factors: denitrification in the riparian zone, a pro- 
cess shown to be important in other Coweeta wa- 
tersheds (Davidson and Swank 1987, 1990), and 
the dilution of NO3--N as soilwater mixed into 
larger groundwater and streamwater volumes. 

Controls over NO,--N Export 

Most studies of control over nutrients in riparian 
zones have focused on lowland agricultural or 
mixed forest/agricultural watersheds, with shallow 
slopes and periodically saturated surface soils (Pe- 
terjohn and Correll 1984; Hedin and others 1998). 
Although a few studies have been conducted in 
upland riparian areas (see, for example, Mulholland 
and Hill 1997), generally there have not been many 
studies in steeply sloped, headwater riparian areas 
where the saturated surface remains below the soil 
surface (Figure 2) ,  leaving near-stream topsoil in a 
predominantly aerobic state. Results from our study 
suggest that nutrient uptake by vegetation exerts a 
key control over nutrient export at riparian inter- 
faces in such upland headwater forests. 

One hypothesis concerning nutrient cycling in 
forest ecosystems is that the root-soil connection 
may form a critical link in controlling NO,--N 
losses (Aber and others 1998). Our results support 
that hypothesis. Disruption of the root-soil connec- 
tion on the Storm hillslope likely resulted both in a 
decrease of nutrient uptake by tree vegetation, as 
well as a disruption of soil microbial nutrient up- 
take in these upland riparian zones. Relative to 
these biological controls, hydrologic variation 
played a much less important role in controlling 
nutrient export from our study plots. Ongoing nu- 
trient accumulation by plant uptake in aggrading 
forests at Coweeta has been shown over a 20-year 
period (Icnoepp and Swank 1994). Although bio- 
mass lost on the Storm hillslope was significantly 
greater (by sevenfold) than biomass lost on the Cut 
hillslope, the difference in soilwater nutrient re- 
sponse was proportionally far greater. Moreover, 
we observed significant NO,-N losses to streamwa- 
ter only in our plot of windthrown and uprooted 
vegetation, where the soil-root connection was dis- 
rupted. 
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Implications 

On the basis of this experiment, with respect to 
control over nutrient flux in upland headwater ri- 
parian areas, Rhododendron did not behave like a 
keystone species. Only small changes in soilwater 
nutrient concentrations occurred following 
Rhododendron removal, and none of these reached 
groundwater or streamwater. In terms of manage- 
ment implications, our recommendation to forest 
managers is that, with minimal soil disturbance, 
basal cutting and removal of near-stream Rhododen- 
dron understory will not have a significant effect on 
streamwater quality in first-order watersheds, pro- 
vided that canopy trees remain, understory root 
systems are left in place, and removal is accompa- 
nied by minimal soil disturbance. If canopy trees 
have already been removed and near-stream un- 
derstory Rhododendron is the only remaining vege- 
tation, then our recommendation based on the 
present study would not apply. 

In contrast to the lack of response following 
Rhododendron removal, a localized uprooting of can- 
opy trees in the near-stream area created large in- 
creases of soilwater NO,--N, which resulted in a 

- 
persistent increase in streamwater NO, -N. This 
outcome suggests that nutrient uptake by canopy 
dominant vegetation, and by their associated soil 
microbial communities, may provide a key control 
on NO,--N export in riparian zones of upland for- 
ests. Disruption of the root-soil connection in dom- 
inant trees via uprooting in this study promoted 
significant nutrient loss to streams. Management 
strategies for water quality and nutrient retention 
by riparian vegetation buffers in upland forested 
watersheds should minimize the removal of domi- 
nant canopy trees and pay close attention to pre- 
serving existing root-soil integrity. 
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